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Abstract 
 

Both poxviruses and γ2-herpesviruses share the K3-family of viral immune 

evasion proteins.  These proteins are characterized by an amino-terminal RING-CH 

domain followed by two transmembrane domains.  We analyzed several human 

homologues of the K3-family termed membrane-associated RING-CH (MARCH) 

proteins.  All MARCH proteins localized to subcellular membranes while several reduced 

surface levels of known K3-family substrates.  Thus, MARCH proteins appear to be 

structurally and functionally homologous to viral K3 proteins.  One of the major 

challenges in determining the function of this family is the identification of their 

physiological substrates.  To overcome this we created a quantitative proteomics 

approach which can be used to identify novel substrates for both the K3- and MARCH-

families.  Using stable isotope labeling by amino acids in cell culture, we compared the 

proteome of plasma membrane, golgi, and endoplasmic reticulum membranes in the 

presence and absence of K5 and MARCH-VIII.  Quantitative mass spectrometric protein 

identification from these fractions revealed that CD316 (bone marrow stromal antigen 2), 

CD166 (activated leukocyte cell adhesion molecule) and syntaxin-4 were consistently 

underrepresented in the plasma membrane of K5 expressing cells, while CD44, CD81 

(TAPA-1) and B-cell receptor-associated protein 31kDa (Bap31) were consistently 

underrepresented in the plasma membrane of MARCH-VIII expressing cells.  

Furthermore, downregulation of each of these proteins was independently confirmed.  

Our results both identify and characterize a novel family of human ubiquitin ligase 

enzymes and elucidate a novel technique which can analyze this family and be easily 

adapted to the analysis of other cellular enzymes viral immune modulators.   
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Chapter 1:  Introduction 

 

Viral Immune Evasion 

Viruses are obligate intracellular parasites, which survive by infecting host cells 

and utilizing host machinery to proliferate and disperse.  Host organisms have evolved a 

wide variety of defense mechanisms to counter these infections, including the innate and 

adaptive immune systems.  In order to survive, viruses have developed an arsenal of 

immune evasions mechanisms to neutralize these defenses.  While all viruses have some 

method of immune evasion, one family which is particularly efficient is the 

Herpesviridae.  Herpesviruses are defiend by their structure (1).  These viruses contain 

large dsDNA genomes which are contained inside a capsid in mature virions.  These 

capsids are then encased in an amorphous tegument and surrounded by a lipid envelop.  

In addition to these structural characteristics, all examined herpesviruses share four 

additional properties: they all encode a significant number of enzymes, new synthesis of 

viral DNA occurs in the nucleus, production of viral progeny results in destruction of the 

infected cell, and all are able to exstablish a persistant or latent infection in their hosts (1).  

Herpesviruses are extremely common in nature with virtually every species infected with 

at least one herpesvirus.  The family herpesviridae is divided into three subfamilies α- β- 

and γ-herpesviruses.  α-herpesviruses are characterized by a wide species host range, 

short reproductive cycle and rapid spread in culture.  Examples of human α-herpesviruses 

include HSV-1, HSV-2 (Herpes Simplex) and ZSV (Varicella-zoster).  β-herpesviruses 

are characterized by a limited by non-exclusive host range and slow growth cycle.  The 

major exmple of a human β-herpesvirus is HCMV (Human Cytomegalo Virus).  γ-
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herpesviruses are characterized by a host range exclusive to a single species.  Two good 

examples of human γ-herpesviruses include EBV (Epstein Barr) and KSHV (Kaposis 

Sarcoma Associated Herpes) (1).   

Herpesviruses use a variety of mechanisms to evade the host’s immune response, 

including modulation of the major histocompatibility complex class I (MHC-I) pathway, 

evasion of natural killer (NK) cells, alteration of cytokine expression, and circumvention 

of the humoral response (2-4).   Due to their efficient immune evasion, herpesviruses are 

able to establish long-term persistent or latent infections in the face of extremely robust 

immune responses.  For example, human cytomegalovirus (HCMV) is able to establish a 

persistent/latent infection in humans despite 10% of all CD4+ and CD8+ memory T cells 

being specific to this single pathogen (5).  

Evasion of the MHC-I antigen presentation pathway is particularly important to 

viral immune evasion.  This pathway displays antigenic peptides from infecting viruses 

on the cell surface, allowing cytotoxic T-lymphocytes (CTL’s) to monitor cells for viral 

infection.  MHC-I is a dimer consisting of a heavy chain and light chain.  The heavy 

chain is a 42kDa type-1 glycoprotein containing three Ig folds and two anti-parallel beta 

sheets, while the light chain is a 12kDa soluble protein known as beta-2 microglobulin 

(β2M).  The MHC-I pathway begins following proteolysis of proteins into 8-10 amino 

acid antigenic peptides in the cytoplasm.  These peptides are translocated into the lumen 

of the endoplasmic reticulum (ER) via the TAP (transporter of antigenic peptides) 

complex, which consists of TAP1 and TAP2, and loaded onto MHC-I with the help of the 

molecular chaperones tapasin, protein disulfide isomerase, calnexin and calreticulin.  

Following peptide loading, MHC-I interacts with the B-cell receptor-associated protein 
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31kDa (Bap31) and traffics from the ER to the plasma membrane (6,7).  Antigenic 

peptides, in the context of MHC-I, are then recognized by CD8+ CTL’s which lyse 

infected cells, thus inhibiting viral spread.     

Herpesviruses have evolved diverse mechanisms which inhibit MHC-I 

presentation.  For example, EBNA-1, the major latent nuclear protein from Epstein-Barr 

virus, contains a 239 amino acid Gly-Ala repeat which inhibits EBNA-1’s protealysis 

into antigenic peptides (8).  In contrast, the ICP47 protein, from Herpes Simplex virus-1, 

inhibits antigenic peptide translocation through the TAP complex (9).  The best examples 

of the diverse mechanisms herpesviruses use to evade MHC-I antigen presentation, 

however, are those found in the related viruses HCMV and MCMV (murine 

cytomegalovirus).  HCMV encodes four related proteins, US2, US3, US6, and US11, 

which inhibit MHC-I antigen presentation via different mechanisms (US6 inhibits TAP 

(10), US3 retains MHC-I in the ER (11), US2 and US11 degrade MHC-I via the 

proteosome (12).  In contrast to HCMV, the related mouse herpesvirus, MCMV, encodes 

three unrelated proteins, m4, m6 and m152, which also inhibit MHC-I presentation (m6 

targets MHC-I for lysosomal destruction, (13), m152 retains MHC-I in the ER (14,15), 

and m4 traffics to the cell surface with MHC-I and inhibits CTL recognition by an 

unknown mechanism (16,17).  Despite the different mechanisms used, both viruses 

successfully subvert the MHC-I pathway, inhibiting detection within host cells (18). 

 

K3 and K5 

Recently, several groups observed that cells infected with a γ2-herpesvirus, 

termed KSHV, displayed reduced surface expression of MHC-I (19,20).  KSHV, also 
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known as HHV-8, is a fairly recently discovered human γ-herpesvirus which infects a 

variety of cell types, including endothelial cells, B cells, macrophages and hematopoeitic 

stems cells (21).  KSHV is the etiological agent of several B cell proliferative disorders, 

including primary effusion lymphoma (PEL) and multicentric Castleman’s disease (CD) 

(22), as well as a multifocal neoplasm known as Kaposi’s sarcoma (KS) (22,23).   

The mechanism of KSHV induced B cell disorders are fairly well understood.  In 

B cell infections, KSHV exists mainly in a latent state.  The viral DNA is maintained as 

an episome while only limited genes are highly expressed (24).  CD is a polyclonal B cell 

proliferative disorder presumably driven by the secretion of vIL-6.  In contrast, PELs are 

monoclonal B cell lymphomas derived from an individual B cell which is transformed by 

expression of viral genes including LANA (latency associated nuclear antigen) and the 

kaposins (25,26).  LANA is a multifunctional protein which maintains the KSHV genome 

in an episomal state by tethering the viral DNA to the host chromosomes (27-29), inhibits 

cell death by altering p53 function (30), controls latent vs lytic infection by inhibiting the 

KHSV lytic activation Rta (31), and drives cells towards the S1 phase of the cell cycle 

(32,33). 

Unlike KSHV induced B cell disorders, KS is an extremely complex disorder 

whose molecular mechanism are not yet completely understood.  There are several 

known forms of KS, including classic KS which affects mainly elderly Mediterranean 

men, endemic KS which is found in sub-Saharan Africa and is more severe then classic 

KS, post transplant KS which occurs following treatment with immunosurppressive 

drugs, and epidemic KS which is extremely aggressive and found mainly in AIDS 

patients who have compromised immune systems.  KS is normally characterized by the 

 4



formation of highly vascularized bruise-like lesions in the mouth or on the extremities 

(34).  KS lesions contain a wide variety of cell types, including endothelial cells, 

infiltrating inflammatory cells, and KS spindle cells (34-37).  The KS spindle cells, 

named for their distinctive spindle morphology, are considered to be the true tumor cells 

in KS (23,34,35).  While the nature of KS spindle cells is still under debate, they are 

probably derived from several sources, including vascular endothelial cells and spindle 

shaped macrophagic cells (34-39).  Spindle cells are the most common infected cells in 

KS tumors (40).  At late stages of KS development, almost 60% of spindle cells stain 

positive for latent markers of KSHV infection such as LANA-1, v-flip, and v-cyclin (41).  

While almost no spindle cells stain positive for lytic KSHV markers, treatment with the 

viral inhibitor ganciclovir reduced the occurance of KS in patients infected with AIDS 

(42) suggesting that lytic KSHV infection plays a key role in KS tumor formation (43).   

The reduction of MHC-I in KSHV infected cells was subsequently determined to 

be caused by expression of two KSHV open reading frames (ORFs), K3 and K5 (also 

known as MIR1 and MIR2), which are 40% identical to each other (19,20,44,45).  

Although K3 and K5 localize primarily to the ER (19,45,46), their expression did not 

alter synthesis of the MHC-I heavy chain, association of the heavy chain with β2M, or 

loading of MHC-I with antigenic peptide (19,20,44).  Instead, K3 and K5 directly bound 

to MHC-I in a post Golgi compartment (47).  This interaction was mediated by the 

transmembrane domains of both K3/K5 and MHC-I and catalyzed the ubiquitination of 

lysines in the cytoplasmic tail of the MHC-I heavy chain (20,47-50) resulting in the rapid 

clathrin dependent endocytosis of MHC-I from the cell surface (19,20,47,51).  Depletion 

of tsg101 (tumor susceptibility gene 101), which functions to sort ubiquitinated proteins 
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down the multivesicular body pathway (MVB), restored surface expression of MHC-I 

(47).  Following endocytosis, internalized MHC-I colocalized with the lysosomal marker 

LAMP-2 and inhibition of lysosomal acidification restored MHC-I to the cell surface 

(19,20,45,52).  These data led to the conclusion that, in the presence of K3 or K5, MHC-I 

was ubiquitinated, endocytosed, targeted down the MVB pathway, and degraded via 

lysosomal proteases. 

  Both the K3 and K5 genes encode type-3 integral membrane proteins, which 

contain two membrane spanning domains with the amino- and carboxy-Termini located 

in the cytoplasm (48).  The amino-terminus of both K3 and K5 contains a series of 

conserved cysteines and histidines which form a RING-CH (really interesting new gene) 

domain (46,53).  Hybrid molecules, in which the RING-CH domain and transmembrane 

domains of K3 were exchanged with those of K5, downregulated MHC-I (48), however, 

mutation of the conserved cysteines in the RING-CH domain or deletion of the 

transmembrane domains resulted in constructs which failed to downregulate MHC-I 

(45,47,48,54).  These data suggest that the RING-CH domain and transmembrane 

domains of K3 and K5 are absolutely required to downregulate MHC-I and play a similar 

role in both proteins.   

A role for the RING-CH domains of K3 and K5 as ubiquitin ligase (E3) domains 

was suggested following the observation that the purified RING-CH domain of K5 

catalyzed the formation of high molecular weight ubiquitinated products in vitro (49).  

E3s provide specificity to the ubiquitin pathway by interacting with both substrates and 

ubiquitin conjugating (E2) enzymes.  This interaction brings E2s into proper spatial 

orientation with each substrate, as well as catalyzing the transfer of ubiquitin from the E2 
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to the substrate via an unknown mechanism.  K5 interacts with two E2s, UbcH5 and 

Ubc13.  Depletion of UbcH5 completely inhibits ubiquitination and downregulation of 

MHC-I.  In contrast, depletion of Ubc13 results in the addition of a monoubiquitin onto 

the MHC-I heavy chain, but not multiple ubiquitins (50).  This monoubiquitinated MHC-

I is removed from the cell surface and stored in intracellular vesicles.  These data led to 

the hypothesis that K5 interacts with both UbcH5 and Ubc13 in a sequential fashion.  An 

initial interaction, between K5 and Ubc13, catalyzes the monoubiquitination of MHC-I.  

This monoubiquitination leads to removal of MHC-I from the cell surface and storage in 

intracellular vesicles.  A second interaction, between K5 and UbcH5, then catalyzes the 

addition of polyubiquitin onto intracellular MHC-I, resulting in lysosomal degradation.   

While the carboxy-termini of K3 and K5 are largely divergent from one another, 

deletion of this region results in constructs which are unable to downregulate MHC-I 

(48,52).  This effect was mapped to several small conserved regions, including two 

clusters of acidic amino acids, a potential tyrosine based sorting motif, and a small cluster 

of four conserved amino acids termed a NTRV motif (48,52).  The acidic clusters of K5 

likely function as binding sites for the adapter proteins PACS1 and PACS2 (52,55) which 

mediate retrograde trafficking from the endosomes to the transgolgi network (TGN), and 

from the TGN to the ER, respectively (56,57).  This interaction is important for K5 

function since overexpression of a PACS2 dominant negative inhibits some functions of 

K5 (55).  While a function has not been proposed for either the putative tyrosine based 

sorting signal or the NTRV motif, mutation of either domain results in constructs which 

are unable to downregulate MHC-I (52), implying that these regions play vital roles in 

K5 function.   
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While both K3 and K5 degrade MHC-I, these genes likely play significantly 

different roles during viral infection.  K3 is very efficient at removing all three MHC-I 

alleles (HLA-A, HLA-B, and HLA-C) from the cell surface, while K5 is generally less 

efficient and downregulates only HLA-A and HLA-B (19,20,54).  Since removal of all 

MHC-I alleles from the cell surface can lead to activation of natural killer (NK) cells 

(58), the observation that K5 did not downregulate HLA-C led to the hypothesis that K5 

played a role in evasion of NK cells (54).  While cells expressing K5 could not be lysed 

by NK cells, surprisingly, cells expressing both K3 and K5 were equally resistant (54), 

suggesting that NK cell resistance was not due to the failure of K5 to downregulate HLA-

C.  This observation led to the discovery that, in addition to MHC-I, K5 degrades the T 

cell and NK cell costimulatory molecules ICAM-1 and B7.2 (49,51,54).  Restoration of 

ICAM-1 and B7.2 surface expression, using dominant negative constructs of clathrin and 

dynamin or addition of the lysosomal inhibitor NH4Cl, allowed for efficient NK mediated 

lysis of cells expressing K5 (51).  These data suggest that K5 inhibits NK cell activation 

by downregulating ICAM-1 and B7.2 via the same mechanism as MHC-I (51,54).       

The observation that K5 downregulated proteins besides MHC-I led to the 

hypothesis that K5 might have additional targets.  In fact, a series of antibody-based 

screens which demonstrated that, in addition to MHC-I, K5 downregulated CD31 (55), 

while both K3 and K5 downregulated the interferon-γ receptor (Ifnγ-R) (59) and CD1d 

(60).  The ability of K3 and K5 to downregulate their unique substrates is determined by 

each proteins transmembrane domains.  However, each substrate must also contain a 

cytoplasmic lysine as a target for ubiquitination (47,60).  The substrates extracellular 

region does not appear to play a significant role in substrate selection, since replacement 

 8



of the extracellular region of ICAM-1 or B7.2 with the extracellular region of the 

nonsubstrate protein CD8 did not alter K5 mediated downregulation (54).  

While the observations above outline a basic mechanism for the function of K3 

and K5 (51), many questions remain unanswered.  For example, K5’s downregulation of 

CD31 occurs through two distinct pathways (55).  CD31 present on the cell surface prior 

to K5 expression is ubiquitinated and targeted down the MVB pathway for destruction in 

the lysosome.  CD31 synthesized following K5 expression, however, is ubiquitinated in 

the ER and destroyed via a proteosomal mechanism.  Treatment of cells with the 

proteosomal inhibitor lactacystin restored CD31 to the cell surface (55), suggesting that 

both mechanisms play a role in K5’s ability to inhibit CD31 surface expression.  

Likewise, cleavage intermediates of the MHC-I heavy chain caused by expression of K3, 

could be stabilized by the addition of proteosome inhibitors (61) suggesting that the 

proteosome might play a role in K3 mediated degradation of MHC-I.  The reason for this 

two-pronged approach, however, is currently unknown. 

A second part of the K3/K5 mechanism which is not well understood is substrate 

selection.  While this selection appears to be mediated mainly through the transmembrane 

domains, conserved features or motifs within these domains have not been determined 

which could mediate this selection.  Additionally, other factors, such as proper 

subcellular localization also appear to play a critical role.  For example, disrupting K5 

localization using Brefeldin A or a dominant negative version of PACS2 inhibits 

downregulation of CD31 but not MHC-I (55).  These data suggest that the substrate 

selection of K5 is influenced by PACS2 mediated localization.   
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Since an animal model does not exist for KSHV, K3 and K5’s effect in vivo is 

difficult to determine.  Both K3 and K5, however, are expressed in KSHV infected 

endothelial cells and B cells (44,46).  In vitro, K5 expressing endothelial cells display a 

decreased ability to migrate during wound healing (55), while K5 expressing B cells fail 

to stimulate MHC-I or CD1d restricted T cells and do not respond to interferon-γ 

(51,59,60).  Thus, K3 and K5 are likely to play a critical role in KSHV pathogenesis, this 

hypothesis has not yet been formally proven.   

 

Homologues of K3 and K5 in other Viruses 

Around the time that K3 and K5 were characterized, it was also observed that the 

KSHV homologue, murine γ2-herpesvirus 68 (MHV-68) downregulated the murine 

MHC-I molecule H2-Db (62).  This downregulation was caused by expression of the 

MHV-68 ORF MK3.  Interestingly, MK3 shares limited homology with KSHV-K3.  

MK3 contains both an amino-terminal RING-CH domain and two transmembrane 

domains, and expression of MK3 results in the direct ubiquitination and destruction of 

H2-Db molecules (63).  However, while MK3 appears to be a structural and functional 

homologue of KSHV-K3, the mechanism MK3 uses to downregulate MHC-I appears to 

be very different.  For instance, the carboxy-terminus of MK3 interacts with several 

proteins involved in MHC-I peptide loading including TAP1, TAP2, and Tapasin (64-

67).  Since MK3 mutants which fail to associate with TAP/Tapasin are unable to degrade 

H2-Db (66,67), and H2-Db mutants which fail to interact with TAP/Tapasin are not 

degraded by MK3 (66), the peptide loading complex appears to act as a bridge between 

MK3 and H2-Db (66).  Additionally, MK3 mediated ubiquitination of H2-Db can occur 
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on serine, threonine, or lysine residues (68), and MK3 degrades H2-Db molecules via the 

proteosome before they traffic through the Golgi (62,63,66).  MK3 also interacts with 

several proteins in the ER associated degradation (ERAD) pathway, including Derlin1, 

VIMP, and p97(69).  The ERAD pathway functions to degrade terminally misfolded 

proteins.  Proteins unable to fold properly in the ER are ubiquitinated and translocated 

back to the cytoplasm, primarily through the SEC61 translocon, where these proteins are 

degraded via the proteosome (70-72).  Inhibition of the ERAD pathway inhibits MK3 

mediated degradation of H2-Db (69), suggesting that, despite structural homology to 

KSHV-K3, MK3 degrades MHC-I via a mechanism closer to US2 and US11 (12,73).   

While most viral ORF’s targeting MHC-I are highly virus specific, homologues of 

K3 and K5 are found in several members of the γ2-herpesviridae as well as the unrelated 

poxviridae (74).  Like herpesviruses, poxviruses are large ssDNA viruses encoding a 

variety of enzymes and surrounded by a amorphous tegument and host derived envelope.  

Unlike herpesviruses, however, poxviruses replicate exclusively in the cytoplasm and 

infection results exclusively in an extremely rapid lytic replication cycle (1).  In fact, 

despite both being dsDNA viruses, herpesviruses and poxviruses are relatively unrelated 

to each other (75).  Like MK3, these ORF’s share limited primary homology but contain 

an amino-terminal RING-CH domain and two predicted transmembrane domains.  Only 

one of these homologues, the ORF M153R encoded by the rabbit poxvirus myxoma, has 

been analyzed.  Expression of M153R downregulated MHC-I, CD4 and Fas via the same 

mechanism as K5 (76,77), while deletion of M153R from myxoma resulted in decreased 

viral virulence in vivo.   Thus, several unrelated viral families encode structural and 
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functional homologues of K3.  These proteins define the K3-family of viral immune 

evasion molecules. 

 

The Ubiquitin System and the Multivesicular Body Pathway 

Ubiquitin is a 76 amino acid soluble protein named for its ubiquitous expression.  

The ubiquitin system was originally characterized for playing a role in protein 

degradation (78,79).  There are four basic components of the ubiquitin system: ubiquitin, 

a single ubiquitin activating enzyme (E1), a series of E2s and a wide array of E3s.  Upon 

initiation of the ubiquitin pathway, ubiquitin forms a thioester linkage with the active 

cysteine on E1.  This activated ubiquitin is then transferred via a trans(thio)esterification 

reaction onto the active cysteine of a cellular E2.  An E3 then links this E2:ubiquitin 

conjugate to a specific substrate and catalyzes the transfer of ubiquitin from the E2 onto 

lysine residues in the substrate.  This initial conjugation of ubiquitin then frequently leads 

to the formation of large polyubiquitin chains (80-83) (reviewed in (84)).  

Historically, modification with ubiquitin was proposed to result in proteolysis of 

the modified protein by the 26S proteosome.  Recently evidence, however, suggests that 

ubiquitination plays an important role in a variety of cellular processes, including cell 

cycle control (85), DNA repair (86), signaling (87), and protein destruction via the 

lysosome (88-90).  Ubiquitinated transmembrane proteins destined for lysosomal 

destruction are frequently targeted down the MVB pathway (reviewed in (91)).  

Targeting down this pathway is mediated by a series of three multiprotein ESCRT 

(endosomal sorting complex required for transport) complexes.  ESCRT-I, in conjunction 

with the ubiquitin interacting proteins, Vps27/HRS and Hse1, binds directly to 
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ubiquitinated transmembrane proteins through ubiquitin interacting motifs in both 

Vps27/HRS and Hse1.  ESCRT-I then recruits ESCRT-II whose main function appears to 

be the recruitment and organization of ESCRT-III.  ESCRT-III catalyzes the invagination 

and pinching off of the limiting endosomal membrane to form a small vesicle within a 

larger vesicle, or a multivesicular body.  Following release of ESCRT-I, -II, and –III from 

the MVB membrane by the AAA-type ATPase Vps4, the outer MVB membrane fuses 

with a lysosome, allowing for degradation of the inner vesicle by lysosomal proteases.   

 

Ubiquitin Ligases (E3) 

Due to the complexity of the ubiquitin system proper ubiquitin regulation is 

critical to cell survival.  Due to the lack of variety in ubiquitin, E1 and E2s (92), most of 

this regulation is carried out by E3s (93).  There are around 500 known E3s.  This makes 

E3s one of the most numerous enzymes families.  The importance of E3s is clearly 

demonstrated by the number of diseases resulting from misregulation of these enzymes, 

including Parkinsons (94), Fanconi Anemia (95), prion diseases (96), as well as 

numerous examples in a wide variety of cancers (97-99).  Most E3s fall into one of three 

families: Fbox/SCF complexes, HECT (Homologous to E6-Associated Protein carboxy-

Terminus) domain containing proteins, and RING domain containing proteins.  

Fbox/SCF complexes are multiprotein complexes which function as single E3s (100).  In 

contrast, HECT domains and RING domains are individual protein domains defined by a 

unique amino acid sequence.  The HECT domain is a large 336 amino acid domain with a 

defined tertiary fold (Uniprot), while the RING domain is a small (20-50 amino acid) 

zinc binding domain characterized by a series of conserved cysteines and histidines (53).  
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While HECT domains are not very common, the RING domain is extremely widespread 

with over 500 known human RING containing proteins (Uniprot).   

HECT domains are always found at a proteins carboxy-terminus and contain two 

large loops connected by a flexible linker (101-103).  The first loop contains a low 

affinity E2 binding site while the second loop contains an active cysteine.  The remaining 

amino-terminus of the HECT domain containing protein is involved in substrate selection 

and recruitment.  The low affinity of the HECT domain E2 binding site suggests that 

several rounds of E2-E3 interaction are probably required for successful ubiquitination 

(104).  HECT domain containing E3s catalyze ubiquitination directly by enzymatically 

transferring ubiquitin from a bound E2 to the active cysteines on the second loop of the 

HECT domain.  This ubiquitin is then transferred from the HECT domain E3 enzymes to 

the substrate.   

RING domains, which can be found at any location in a protein, coordinate two 

zinc ions with a cross braced structure (53).  RING domain containing E3s bind E2s 

through a groove formed by this coordination of zinc.  However, unlike HECT domain 

containing E3s, RING domain containing E3s do not appear to form a ubiquitin-E3 

intermediate.  The mechanism by which RING domain containing E3s catalyze 

ubiquitination is still unknown.  One possiblility is that these E3s merely serve as a 

bridge to bring substrates into the proper spacial orientation for ubiquitination to occur.  

Mutations in several RING E3s which abolish substrate selection, however, only 

moderately reduce these E3s catalytic activitiy (105,106).  Thus, the exact mechanism by 

which RING domains catalyze ubiquitination is currently only poorly understood.   
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Statement of Purpose & Hypothesis 

This work was initiated to identify the origins of the K3-family of genes found in 

the herpesviridae and poxviridae.  Since the K3-family of genes is conserved across 

multiple members of two diverse viral families, it is unlikely that each virus evolved 

these genes separately (46,74,107,108).  Since the K3-family of genes is limited to 

distinct subgroups within each viral family, however, it is equally unlikely that these 

genes represent remnants of a common viral ancestor.  Since both the herpesviridae and 

poxviridae are known to acquire genes, including E3s, from their hosts (106,109-115) 

(reviewed in (116)), and K3 and K5 are found in a region of the KSHV genome which is 

rich in cellular homologues (110), we hypothesized that each virus had acquired its K3-

family gene from its host.  This hypothesis predicted the existence of previously 

uncharacterized cellular homologues of the K3-family in the genomes of viral hosts, such 

as humans.  The purpose of this work was to identify these cellular homologues and 

characterize their function.  
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Chapter 2:  Relevant Techniques 

 

Proteomics and the Ubiquitin Pathway 

The sequencing of the human genome has simplified the identification of proteins 

containing HECT and RING domains.  Novel proteins containing these domains are 

frequently involved in ubiquitination.  Additionally, well characterized in vitro assays 

allow investigators to rapidly establish if a HECT or RING domain containing protein is 

an active E3.  Identifying the substrates recognized by these E3s, however, is much more 

difficult.  Despite a wide range of techniques being used to link novel E3s with their 

physiological substrates, numerous examples now exist of E3s being proposed without 

the identification of a corresponding substrate (117-120).    The most common methods 

to identify E3 substrates center on purifying each potential substrate via its direct 

interaction with the E3.  These techniques, however, require the substrate:E3 interaction 

be strong enough and abundant enough to survive the purification process (121),(122).  

Along with potential substrates, these studies also occasionally discover non-substrate 

proteins which interact with an individual E3 enzyme (69).  While identification of these 

proteins helps determine the mechanism used by a specific E3, such identifications do not 

usually help determine direct substrates.   

Recently, proteomics has been used to discover potential E3 substrates.  For 

example, Su et al used a prokaryotic ubiquitination screen to determine that RhoGDI was 

a novel substrate for the E3 enzyme GRAIL (Gene Related to Anergy In Lymphocytes) 

(122).  This technique reconstituted the entire ubiquitin system in bacterial cells and then 

screened a cDNA library for ubiquitinated proteins.  In contrast, Ayad et al elucidated 
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novel substrates for the Anaphase Promoting Complex by reconstituting the entire 

ubiquitin system in vitro (123).  These techniques, however, can only analyze soluble E3s 

and require a proper E3:substrate interaction to occur outside of a physiological setting. 

  

Two Dimensional-PAGE 

Ideally, screens for novel E3 substrates allow each E3 to remain in a physiological 

setting while still analyzing large portions of the proteome simultaneously.  One 

technique that fits these criteria is two-dimensional polyacrylamide gel electrophoresis 

(2D-PAGE) (124,125).  Originated in 1975 (126), 2D-PAGE separates complex protein 

samples based on two sequential criteria.  First, 2D-PAGE separates proteins based on 

their isoelectric point (pI), the pH at which a protein does not contain a net charge.  

Following this initial separation, 2D-PAGE then separates proteins based on their 

molecular weight (MW).  Most uses of 2D-PAGE fall into one of two categories.  

Individual 2D-PAGE gels can fully separate complex protein samples allowing for 

identification of hypothetical proteins (127) and mapping of novel proteomes (128-131).  

In contrast, replicate 2D-PAGE gels can be used to analyze differential protein 

expression.  This comparative 2D-PAGE is particularly powerful since due to the 

simultaneous analysis of protein expression and post-translational modifications (132).  

Comparative 2D-PAGE has been used to discover cellular changes induced by a wide 

variety of stimuli, including responses to drug treatment and viral infection (133-135), as 

well as changes induced by certain cancers (136,137).  Additionally, several groups have 

used 2D-PAGE to analyze the ubiquitin pathway by identifying novel E3 substrates (138-

140), and modification of proteins in the ubiquitin cascade (141,142).   
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Quantitative Mass Spectroscopy 

A second method to analyze complex protein samples is to link the separating 

power of liquid chromatography (LC) with the analyzing power of the mass spectrometer 

(reviewed in (143,144)).  LC is a general term for any separation chemistry which takes 

place in the liquid state including anion and cation exchange, reverse phase, and size 

exclusion (145).  Each type of LC separates samples using different chemical properties, 

allowing researchers to tailor sample separation to their specific needs.  Since all LC 

occurs in the liquid phase, multiple forms of LC can be run sequentially (LC/LC) (145).  

The resolving power of LC/LC is roughly equal to the product of the resolving powers of 

the two individual LC steps used, allowing for comprehensive separation of extremely 

complex samples (145,146).   

The mass spectrometer is a name given to a family of instruments which measure 

the mass/charge (m/z) ratio of ionized molecules.  Computer programs then match the 

observed m/z ratio of each particle to m/z’s predicted for known peptides (147), allowing 

for identification of individual peptides contained within the analyzed sample (146).  

Mass spectrometers consist of two basic parts; an ionization source which creates ionic 

particles, and a mass analyzer which determines the m/z ratio of these particles (148).  

Since some of the ionization sources used in mass spectrometers are compatible with LC, 

samples separated via LC/LC can be directly analyzed via mass spectroscopy (MS) (146).  

The combination of liquid chromatography followed by mass spectroscopy (LC/MS) has 

been widely successful in analyzing complex biological processes including 

ubiquitination (149-154). 
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Recent advances also allow MS to determine the relative abundance of individual 

proteins identified in two protein samples (155-157) (reviewed in (158)).  This 

quantitative MS relies upon the incorporation of isotopic labels into each protein sample.  

The mass spectrometer can identify each differential label, and computer programs can 

quantitate the amount of each peptide present.  These data can then be used to determine 

the relative amounts of a specific protein present in each sample (159,160).  The major 

difference between methods utilizing this technique is how they incorporate the isotopic  

label.  ICAT (isotope coded affinity tagging), and the related technique iTraq, use 

reactive chemistry within each protein to incorporate the isotopic label (156).  ICAT and 

iTraq have the advantage that they add a label onto preformed proteins, allowing these 

techniques to be used on samples which cannot be easily manipulated, such as tissue or 

serum.  ICAT has been employed to analyze differential protein expression in many 

systems, including Huntington’s disease (161), sickle cell anemia (162), pancreatic 

cancer (163), and breast cancer (164).  However, ICAT is limited to proteins that can be 

labeled with the chosen chemistry (165).  The most common chemistry used in ICAT is 

cysteine reactive, which excludes proteins without available reactive cysteines.  iTraq is a 

relatively new technique which overcomes this problem by using an amine reactive 

chemistry to bind an isotopic label onto the amino-Terminus of all tryptic peptides (157).   

Both ICAT and iTraq are best utilized in systems where proteins are not 

synthesized or turned over during the course of the experiment.  For experiments done in 

cell culture, however, the preferred method of isotopic labeling is SILAC (stable isotope 

labeling with amino acids in cell culture) (155).  In SILAC, one sample of cells is grown 

in media spiked with isotopically ‘heavy’ amino acids (C13 and N15), while a second 
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sample is grown in isotopically ‘light’ amino acids (C12 and N14).  These amino acids are 

metabolically incorporated into cellular proteins as they are synthesized.  Each protein 

labeled with SILAC contains an endogenous isotopic label, eliminating the need to label 

samples with reactive chemistry.  SILAC has been used to determine relative protein 

abundance in yeast, plant and human systems (166-168).  

2D-PAGE has two major advantages over LC/MS.  The first is that the ability of 

2D-PAGE to analyze post-translational modifications.  Since many post-translational 

modifications do not significantly alter a proteins MW, it can be difficult to analyze these 

modifications using standard 1D-PAGE analysis.  However, the ability of 2D-PAGE to 

analyze both MW and pI simultaneously allows it to detect many modifications which 

might otherwise be missed.  In contrast, MS analyzes only select peptides from each 

protein.  This incomplete coverage limits MS analysis of post-translational modifications 

to peptides recovered peptides which frequently represent less than 20% of the total 

protein.  Additionally, since MS based peptide identification works using a ‘best fit’ 

model, it is impossible for MS to analyze unknown or unanticipated post-translational 

modifications, even if these modifications occur on recovered peptides.  The second 

advantage of 2D-PAGE is that this technique is far more accurate for protein quantitation.  

Analysis of proteins displaying differential expression using 2D-PAGE results in 

different intensity spots which each represent a significant amount of protein.  The 

differences between these spots can be easily analyzed and quantified using either the 

naked eye or commercially available analysis software.  In contrast, LC/MS quantitation 

relies on complex software algorithms which cannot be easily confirmed.  Additionally, 

 20



the minute quantities of peptide which is quantitated during MS analysis results in 

extremely inaccurate quantitation.   

Despite the power of 2D-PAGE in analyzing complex samples, this technique is 

limited by several inherent restrictions.  First is that 2D-PAGE requires proteins to 

remain soluble through both the first and second dimension separation steps (169).  

Unfortunately, many large or hydrophobic proteins are not soluble under the conditions 

required for 2D-PAGE.  The lack of protein solubility during 2D-PAGE is particularly 

problematic when attempting to use 2D-PAGE to identify ubiquitinated proteins, since 

the addition of polyubiquitin tends to make proteins large and highly insoluble.  A second 

limitation is that 2D-PAGE is useful over only a small dynamic range of protein 

expression.  Regardless of protein input, only the most abundant proteins in a sample are 

observed in 2D-PAGE (170), largely due to the requirement that proteins separated via 

2D-PAGE must be visualized before they can be analyzed.  Silver staining, the most 

common method used to visualize proteins separated by 2D-PAGE, detects linear protein 

expression over less than one order of magnitude (171).  A final constraint is that the fist 

dimension separation step of 2D-PAGE is unable to resolve highly acidic or basic 

proteins, which is particularly problematic when analyzing post-translational 

modifications, which often shift a protein to a more acidic pI.  These limitations restrict 

most 2D-PAGE experiments to highly soluble, highly abundant proteins, with an 

isoelectric point between 3 and 9 (172). 

Like 2D-PAGE, LC/MS analysis has several inherent advantages.  The first is that 

LC/MS analysis results in the direct identification of each protein analyzed.  In contrast, 

2D-PAGE requires researchers to identify each spot in their analysis separately.  Since 
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2D-PAGE can analyze from several hundred to a thousand spots simultaneously this 

separate identification step can represent a significant investment of both time and 

resources.  A second advantage of LC/MS is that it has a much larger dynamic range than 

2D-PAGE.  By using exhaustive separation of samples prior to analysis it is possible to 

analyze virtually every protein in samples as complex as a yeast whole cell extract.  This 

level of proteome coverage is simply not available using 2D-PAGE analysis.  Finally, 

LC/MS is not subject to the solubility or acidity issues which plague 2D-PAGE.  Since 

the separation steps for most MS analysis occurs in the liquid phase, virtually any protein 

which can be made soluble can be analyzed using LC/MS.  One caveat to this is that 

certain peptides will be incompatible with certain forms of LC separation.  For example, 

highly hydrophobic peptides, such as those deriving from with a proteins transmembrane 

region, are extremely difficult to remove from a reverse phase column.  In general, 

however, many fewer proteins and peptides are excluded during LC/MS analysis then 

would be excluded during standard 2D-PAGE.   

Most quantitative proteomics techniques are designed to monitor global changes 

in protein expression.  While braod analysis has led to a better understanding of certain 

cellular processes, such as the general role of ubiquitin, it does not necessarily lend itself 

to analysis of individual enzymes, such as E3s.  Since individual E3s have limited 

substrate specificity, using proteomic techniques to identify these substrates can prove 

extremely challenging.  No technique is currently available which has proven successful 

in identifying substrates for a wide variety of novel E3s.   
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Chapter 3:  Discovery of MARCH proteins1

 

Introduction 

Ubiquitination plays a central role in diverse cellular functions, many of which 

are the consequence of ubiquitin-mediated proteosomal degradation (173). However, 

ubiquitination also regulates the sorting of proteins along the endocytic route to 

lysosomes (174). Protein targets are selected for ubiquitination by ubiquitin-ligases (E3s). 

E3s simultaneously interact with a substrate and an ubiquitin conjugating enzyme (E2s), 

which receive activated ubiquitin from the ubiquitin activating enzyme (E1). Two major 

families of E3s contain HECT-domains (homologous to E6 AP c-terminus) and RING-

domains (really interesting new gene) (175). The RING-domain belongs to a large class 

of zinc finger motifs that is characterized by a conserved series of cysteines and 

histidines: the RING-finger (C3HC4), the RING-H2-finger (C3H2C3), the LIM-finger 

(C2HC5) and the TRIAD-finger (C6HC). A motif structurally related to the RING-finger 

is the plant homeo domain (PHD) or leukemia-associated protein domain (LAP) 

(176,177) which is characterized by the C4HC3-sequence. A subfamily of the PHD/LAP 

domain, termed BKS domain, was discovered in γ2-herpesviruses and poxvirus as well as 

several eukaryotic genomes (110). Yeast contains a single protein with this motif, SSM4 

or Doa10. SSM4 is responsible for the ER-associated degradation of a subclass of 

                                                 
1  This chapter has been previously published under the following reference:  
Bartee E, Mansouri M, Hovey Nerenberg BT, Gouveia K, Früh K. Downregulation of cell surface 
glycoproteins by a family of human ubiquitin ligases homologous to viral immune evasion proteins. J 
Virol. 2004 Jan;78(3):1109-1120. 
All data included in this thesis is my work except where noted by footnote. 

 23



hydrophobic proteins by the proteosome (178). The BKS-domain of this protein was 

further shown to act as an ubiquitin ligase in vitro. Given both the sequence and 

functional similarity to the RING- and RING-H2 domain, it has been proposed to rename 

the BKS subtype of PHD/LAP motifs as RING-CH (178), a nomenclature adopted in this 

thesis.  

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 γ2-herpesvirus 

68 (MHV68) were determined by several groups to encode proteins that inhibit the 

surface expression of major histocompatibility complex class I (MHC-I) molecules 

(19,20,62). In addition to MHC-I, K5 was found to downregulate surface expression of 

the co-stimulatory molecules ICAM-1 and B7.2 (51,54). Sequences homologous to the 

γ2-herpesvirus RING-CH proteins are present in poxvirus genomes (110) and the 

myxomavirus homologue M153R downregulates MHC-I and CD4 by a similar 

mechanism as the herpesviral proteins (76,77). Thus γ2-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) (49), Scrapins (76), or K3-family (74). 

Target molecules for the K3-family are rapidly internalized from the cell surface 

and destroyed in the lysosomes (19,20,77). A notable exception is MK3 which associates 

with MHC-I during peptide loading and causes MHC-I to be degraded by the proteosome 

(63,66,179). K3-family proteins require lysines in the cytoplasmic tail of their target 

molecules for downregulation and MHC-I, CD4 and B7.2 are ubiquitinated in cells 

transfected with K3 proteins (47,49,63,77). Moreover, since the isolated RING-CH-

domain of several K3-family protein was shown to display ubiquitin ligase activity in 
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vitro, it was proposed that this family of RING-CH proteins act as E3s that mediate the 

ubiquitination of the cytosolic tails of target transmembrane proteins (49,63,77).  

The viral RING-CH proteins likely originated from eukaryotic hosts since 

poxviruses and herpesviruses are unrelated viral families. Several examples exist for 

host-related immune evasion genes shared between herpesviruses and poxviruses (180).  

Moreover, the existence of genes homologous to K3 and K5 in the genomes of lower 

eukaryotes was noted by Nicholas et al upon completion of the sequence for the 

corresponding region of the KSHV genome (110). Furthermore, several investigators 

described K3-related genes in mammalian genomes that are related to K3 family of viral 

proteins (109). One of these homologous proteins, termed c-Mir, was recently shown to 

downregulate B7.2 in a manner very similar to K5 (181). In contrast to the viral K3-

family proteins, however, c-Mir was unable to reduce the surface expression of MHC-I 

(181). In addition to c-MIR, I 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 

reduced the surface expression of MHC-I but not B7.2. I further report that MHC-I is 

ubiquitinated and internalized in a lysine-dependent manner in the presence of MARCH-

IV and -IX. To our knowledge these are the first cellular gene products identified that 

downregulate surface expression 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 
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Reagents 

Conanamycin A (Sigma) and lactacystin (Boston Biochem) were used at 50nM 

and 20 μM, respectively. Protein A/G beads were from Santa Cruz Biotechnology. 

Antibodies: AP-1 (Sigma), K455 (from Per A. Peterson), 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 Labs), anti-Golgin-97 (Molecular 

Probes), anti-Calnexin (Stressgen), anti-Flag:FitC (Sigma), anti-LAMP-1 (University of 

Iowa).  Hybridomas for W6/32, BB7.2 and OKT4 were obtained from ATCC and grown 

in house. HeLa cells used in this study were stably transfected with tet-transactivator 

(Clontech). 

 

Plasmids: 

CDNA for B7.1 was isolated from B7.1/pRMHa3 (from Lars Karlsson) and 

inserted into pUHD10.1.  B7.2 (181) was obtained from Satoshi Ishido, A2.1 and CD4 

wildtype and lysine mutants were described in (77), vps4 wildtype and vps4-EQ mutant 

were obtained from Phillip Woodman (182). MARCH-I cDNA was a gift from Sumio 

Sugano (cDNA FLJ20668, clone KAIA585).  cDNAs for MARCH-II, MARCH-V, 

MARCH-VII, MARCH-VIII and both splice variants of MARCH-IX were obtained via 

the IMAGE consortium (clone IDs 24525, 3905766, 3449089, and 4830278, 4811410, 

3936171 respectively). MARCH-IV cDNA was obtained from the Kazusa DNA 

Research Institute (clone KIAA1399). Each MARCH gene was amplified via PCR both 

with and without a carboxy-terminal FLAG epitope tag using suitable primers. The PCR 

products were digested with appropriate restriction enzymes and ligated into either the 
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pUHD10-1 or tet-regulatable pUHG10-3 vector (183). The amino-terminal portions 

including the RING-CH domains of selected MARCH-I, II, IV, VIII, and IX were fused 

to GFP using pGEX-4T-1 vector (AP Biotech).  

Deletion constructs of MARCH-IV were created by amplifying the corresponding 

region of the MARCH-IV mRNA via PCR using suitable primers both with and without a 

carboxy-Terminal FLAG epitope tag.  PCR products were digested with appropriate 

restriction enzymes and ligated into the pUHD10-1 vector. 

 

Real-Time PCR 

Short (50-100bp) fragments from MARCH-I, MARCH-II, MARCH-IV,  

MARCH-VIII and two splice variants of MARCH-IX cDNA were amplified via PCR 

using appropriate primers.  The PCR reaction was carried out in the following buffer: 1x 

SYBR Green PCR Buffer (PE Biosystems), 3mM MgCl2, .8mM dNTP’s, .625U 

Amplitaq Gold (PE Biosystems), .01μl Amperase (PE Biosystems), and 50nM primers. 

23μl buffer was added to 2μl template cDNA and run under the following conditions: 

950C for 10min, followed by 40 cycles of 950C for 15 seconds, 600C for 1 minute.  

Amplification was tracked via CYBR-Green (PE Biosystems) incorporation using an 

ABI-PRISM 7700 Sequence Detection System (Applied Biosystems, Foster City, CA).  

Absolute standards were generated using known quantities of cloned MARCH cDNA’s. 

 

Uptake Assay 

Uptake of MHC-I was measured as previously described (77). In short, 24 hours 

post-transfection, HeLa cells were washed and the polyclonal anti- human MHC-I 
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antiserum K455 (1:100) was allowed to bind for 30min at 40C. Cells were washed with 

PBS and either fixed immediately in 2% paraformaldehyde or incubated in fresh growth 

media at 370C for 120 minutes to allow uptake of antibody bound MHC-I. K455 was 

visualized with Alexaflour:594 conjugated goat anti-rabbit secondary antibody 

(Molecular Probes). 

 

Immune Fluorescence and flowcytometry 

For flowcytometry, cells were trypsinized, washed with ice-cold PBS, and 

incubated with appropriate antibodies for 30 min at 4oC. After washing several times in 

PBS, cells were incubated with PE-conjugated goat anti-mouse secondary antibody 

(DAKO) and washed again before analysis with a FACScalibur flowcytometer (BD 

Biosciences). 

Immune fluorescence was described previously (77). In short, cells were plated on 

glass coverslips (Fisher), transfected for 24 hours, fixed with 2% paraformaldehyde, 

permeabilized with 0.2% triton and blocked with 3% BSA and 0.5% fish gelatin. After 

staining with primary antibody and secondary antibodies for at least 30 min at 370C, 

coverslips were mounted on slides and covered with Vectashield H-1200 + DAPI (Vector 

Laboratories). All pictures were taken in monochrome; contrast enhanced, and artificially 

colored using Openlab software (Improvision).  

 

Metabolic labeling, Immunoprecipitation and Western Blotting 

After starving in methionine-free medium for 30 minutes, HeLa transfectants 

were metabolically labeled with 35S-cysteine/35S-methionine (250 μCi, Amersham) for 15 
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min. Labeled cells were washed twice with PBS and either lysed immediately in PBS 

containing 1% Triton X-100 and protease inhibitors (Roche), or the label was chased with 

excess (2mM) unlabeled cysteine and methionine for the indicated time. Lactacycstine or 

ConA were present throughout starvation, labeling and chase.  Lysates were precleared 

with protein A/G agarose beads and incubated with 3μg of antibody for 1 hr and followed 

by 2 hours incubation with protein A/G beads. Immunoprecipated proteins were washed 

five times with 0.1% Triton X-100 in PBS. Samples were treated with Endoglycosidase 

H (Roche) according to manufacturer’s instructions prior to boiling in SDS buffer and 

analyzed by SDS-PAGE gel electrophoresis. Re-immunoprecipitation experiments were 

as described (77).  

For immunoblotting of unlabeled immunoprecipitates, I used the WesternBreeze 

Chemiluminescent Detection System (Invitrogen) following Semi-dry transfer to PVDF 

membranes (Millipore). 

 

Ubiquitination assay 

UbcH2 and UbcH3 were obtained from Boston Biochem.  (His)6-UbcH5a was 

obtained from Roger Everettt, expressed in BL21-DE3 cells (Stratagene) and purified as 

previously described (115). Purified E2 proteins were stored at –800C. E3 proteins were 

purified as described (77) and stored at 40C. In vitro reaction mixtures (20μl total) 

included: 50nM rabbit E1 (Boston Biochem), 28μM Ubiquitin, 5mM ATP, 50mM Tris-

HCl pH 7.5, 50mM NaCl, and 2mM DTT. E2 enzymes were used at concentrations 

varying from 0.1 to 2.3μM, and E3 concentrations ranged from 3 to 30μM. After 90 

minutes of incubation at 300C, reactions were stopped by boiling in SDS sample buffer. 
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Samples were electrophoresed through 12% polyacrylamide SDS gels and 

immunoblotted using anti-ubiquitin antibody P4D1. 

  

Results 

Mammalian K3-family homologues  

Hallmarks of the viral K3-family are an amino-terminal RING-CH domain 

followed by two transmembrane domains. Using the RING-CH domain of K3 and K5 I 

searched the Genbank database using BLAST 2.0. Nine hypothetical human proteins of 

unknown function were identified that display RING-CH domains followed by two or 

more predicted transmembrane domains (Fig. 1). We propose to name this mammalian 

gene family Membrane Associated RING-CH (MARCH) proteins. MARCH-VI, also 

called TEB-4, contained twelve predicted TM-domains and is the predicted homologue of 

yeast SSM4/Doa10 (178). MARCH-V is predicted to contain four transmembrane 

domains. In the remaining seven predicted proteins, the RING-CH domain is followed by 

two predicted transmembrane domains. MARCH-VII has an aminoterminal 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, MARCH-IV and -IX. MARCH-VIII is identical to the 

previously characterized c-MIR (181). The primary structure and topology of the viral 

K3-proteins, which all display short amino-termini containing the RING-CH domain 

succeeded by two transmembrane domains, is thus most closely related to these six 

MARCH proteins.  
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Tissue specific expression of MARCH proteins 

To investigate whether MARCH protein expression is ubiquitous or tissue-

specific, I performed real-time RT-PCR using primers specific for MARCH-I, -II, -IV, 

and -VIII and both splice variants of -IX on a panel of human tissue samples (Fig. 2). The 

most abundant expression was observed for MARCH-II and -IX which were expressed in 

every tissue analyzed at high copy numbers (note the different scale). The most restricted 

expression was observed for MARCH-IV which was mainly expressed in brain and 

placenta. Transcripts for the other three MARCH proteins tested were detected in only 

some tissues and at generally lower levels. These data indicate both a tissue-specific and 

a wide-spread expression of MARCH proteins. 

 

Subcellular localization of MARCH proteins 

The predicted transmembrane domains implied that MARCH proteins localize to 

membranous compartments. To determine their subcellular localization I transfected 

HeLa cells with FLAG-tagged cDNA constructs for MARCH-I, -II, -III, -IV, -V, -VIII, 

and -IX. Cells were analyzed by immunofluorescence using anti-FLAG together with 

antibodies to various markers of subcellular compartments (Fig. 3). MARCH-I, -III, and -

VIII showed a distinct punctuate staining pattern that partially overlapped with endocytic 

or lysosomal vesicles. MARCH-II and -V showed an ER-like staining pattern that 

overlapped with calnexin staining (staining a). In some cells however, MARCH-II 

showed a vesicular staining that did not overlap with calnexin but co-stained partially 

with Lamp (staining b). The reason for these mutually exclusive patterns is currently not 

 31



known. MARCH-IV and -IX co-stained with the Golgi-markers Golgin or the trans-Golgi 

marker AP-1, respectively. The staining pattern observed for most of the MARCH 

proteins is thus quite distinct from the ER-staining observed for the γ2-herpesvirus and 

poxvirus proteins (45,49,77) 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 co-incubated with ubiquitin, ATP, E1, and an appropriate E2 (175). Using purified 

GST-fusion proteins, I examined if the RING-CH domains of MARCH-I, -II, -IV, -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 in the next paragraph. The purified proteins were incubated with ubiquitin, 

ATP, and E1 together with E2. Immunoblotting 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 (data not shown). 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 contradict a ubiquitin ligase function for MARCH-IX. More likely, MARCH-IX was 
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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). The finding 

that four out of five RING-CH-domains examined in this assay demonstrated E3 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 K5 as well as Fas and CD4 for 

M153R. To examine if MARCH proteins affected MHC-I or any of these other 

glycoproteins I transiently transfected HeLa cells with expression plasmids for all two-

transmembrane MARCH proteins (except MARCH-VII) and the four-transmembrane 

MARCH-V, and monitored surface expression of selected glycoproteins. The following 

known substrates for viral K3-family members were tested: Fas (CD95) and MHC-I, both 

of which are endogenously expressed in HeLa cells, as well as transfected HLA-A2.1, 

CD4 and B7.2. I used endogenously expressed transferrin receptor (TfR) and transfected 

B7.1 as controls, neither of which is downregulated by the viral proteins. The results are 

plotted as fluorescence of the respective surface markers versus fluorescence of co-

transfected 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 immuno-precipitation and 
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immunoblot of their FLAG-tagged versions (Fig. 5B,C). MARCH-II, which is 

approximately 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 (181). Our results indicate an intrinsic substrate 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 was also 

weakly reduced by MARCH-VIII and transfected B7.2 was weakly reduced by MARCH-

IV. Downregulation of TfR 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 glycoproteins. 

 

Functional domains of MARCH-IV and MARCH-IX 

The distinct substrate specificity of MARCH-I/VIII and MARCH-IV/IX 

correlates with homologies in their primary structure. 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 are less than 20% identical. A 

similar relationship is also observed between MARCH-IV and -IX which are more than 

90% identical in their RING-CH domain and TM-domain but generally less than 20% in 

the remaining sequence (Fig. 6). In contrast, the RING-CH and TM domains of MARCH-

II and -III, which differ in their ability to downregulate surface molecules, are only about 
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60% identical. Thus it seems that the substrate specificities are largely determined by the 

RING-CH and TM-domains. To test this assumption I performed deletion analysis of 

MARCH-IV. Expression of the predicted full-length MARCH-IV yields four different 

protein bands of which the full-length protein (product 4) is only a minor fraction. In 

contrast, protein bands of the same size as those observed in a construct that lacks 63 

amino acids in the amino-terminal region are predominant (Fig. 5). Since both full-length 

and truncated version downregulate MHC-I (Fig. 5), and since MARCH-IX does not 

display an amino-terminal extension, it seems that the truncated version of MARCH-IV 

is the functional form with respect to MHC-I and CD4 downregulation. Therefore, the 

truncated form was used and denoted as MARCH-IV in all other experiments. 

Interestingly, the observed molecular weight (MW) of (truncated) MARCH-IV is 55kDa 

(Fig. 5) whereas the predicted MW is 38kDa. In contrast, the observed MW of all other 

MARCH-proteins, including MARCH-IX, is as predicted (Figs. 5, 6). I deleted the 

amino-terminal and carboxy-terminal domains of MARCH-IV to map substrate-

determining regions as well as to determine the region of MARCH-IV responsible for 

this shift in apparent MW. MHC-I downregulation was monitored by flowcytometry 

using non-tagged versions of the truncated proteins whereas the apparent molecular 

weight was determined by immunoblot 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 ability to 

downregulate MHC-I (Fig. 6). Therefore the amino-terminal or carboxy-terminal regions, 

including small stretches conserved between MARCH-IV and -IX, are not essential for 

MHC-I downregulation consistent with the hypothesis that substrate specificity is 
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determined by the RING-CH and TM-domains. However, a truncated version of 

MARCH-IV lacking both the amino-terminus and the carboxy-terminus was unable to 

downregulate MHC-I (Fig. 6). Thus, at least parts of the non-conserved regions are 

required for a functional molecule but not for substrate specificity. The apparent MW of 

the shortest MARCH-IV construct containing only the RING-CH and TM-domains 

corresponded to the predicted MW. In contrast, constructs that contained the MARCH-IV 

carboxy-terminus showed an increase in apparent size of approximately 5kDa. 

Furthermore, each of the two amino-terminal regions seemed to shift the MW by 5kDa 

suggesting that MARCH-IV contains three modifications each of which is approximately 

5kDa. Since the truncation experiments rule out trivial explanations such as read-

throughs or alternative start codons for this increase in size, we conclude that MARCH-

IV is post-translationally modified. At present, we do not know the nature of this 

modification, but we ruled out N-linked glycosylation or ubiquitination (data not shown). 

Additional experiments to identify this modification are currently in progress. Mutations 

in the RING-CH domains also established that this domain is essential for MHC-I 

downregulation by MARCH-IV and -IX. MARCH-IX occurs in two splice variants, one 

lacking the RING-CH domain. Forced expression of this RING-CH-deleted form does 

not downregulate MHC-I (Fig. 6). Likewise, point mutations in the RING-CH domain of 

MARCH-IV abolish MHC-I downregulation (Fig. 6) consistent with an essential role of 

the E3 activity for MHC-I downregulation. 

 

Comparison of MHC-I downregulation by MARCH-IV and KSHV-K5 
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We were wondering if MHC-I downregulation by MARCH-IV was only observed 

at very high expression levels. MARCH-IV is expressed only at a very low level in HeLa 

cells, (data not shown). Therefore, I compared MHC-I expression at different expression 

levels of MARCH-IV or K5 by taking advantage of the tetracycline-regulatable system to 

partially express either protein (183). Tet-off HeLa cells were transfected with either 

MARCH-IV or with K5 in the presence of increasing amounts of tetracycline to shut off 

transcription. After 48 hours, surface expression of MHC-I molecules was analyzed by 

flowcytometry (Fig. 7A) and expression of MARCH-IV and K5 (both FLAG-tagged) was 

determined by immunoblot (Fig. 7B). In both cases I observed partial MHC-I 

downregulation below the detectable level of RING-CH protein expression. MARCH-IV 

was consistently expressed at lower levels compared to K5 which might indicate that 

high levels of MARCH-IV expression are not well tolerated by transfected cells. A lower 

percentage of MARCH-IV transfectants showed reduced MHC-I expression levels 

compared to K5, which could be explained by the lower expression levels of MARCH-

IV. The efficient downregulation of MHC-I at low expression levels suggested an 

efficient MHC-I downregulation by MARCH-IV comparable to K5. 

 

MHC-I downregulation by MARCH-IV and MARCH-IX occurs via endocytosis 

MHC-I downregulation of MARCH-IV is as efficient as that of K5 at comparable 

expression levels (Fig. 7). Thus, 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 MK3 which mediates 
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proteosomal degradation of MHC-I prior to its exit from the ER (63). To study if MHC-I 

was internalized by MARCH-IV and -IX, I compared the internalization of MHC-I in 

MARCH-IV or -IX transfected and non-transfected cells. After incubation with anti-

MHC-I antibody at 40C, cells were either fixed immediately or transferred to 370C for 2 

hours to allow uptake of MHC-I. After fixation and visualization with a secondary 

antibody, a distinct punctuate staining was observed in MARCH-IV or -IX transfected 

cells consistent with rapid uptake of MHC-I (Fig. 8A). In contrast, uniform surface 

staining was observed in non-transfected cells. These results suggest that MHC-I traffics 

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 suggested by experiments using inhibitors of endosome 

acidification such as concanamycin A (ConA). Treatment of MARCH-IV or –IX with 

ConA restored MHC-I surface expression measured by flowcytometry (Fig. 8C). 

Moreover, pulse-chase analysis and immunoprecipitation of HLA-A2.1 in MARCH-IV 

transfected cells revealed that the acquisition of EndoH-resistance by HLA-A2.1 

occurred with the same kinetics in the presence or absence of MARCH-IV (Fig. 8B) 

which argues against and interference with MHC-I exocytosis. However, MHC-I 

degradation was accelerated in MARCH-IV transfected cells, a process that was slowed 

down by ConA, whereas the proteosome inhibitor lactacystin had no stabilizing effect 

(Fig. 8B). 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. 
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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 MVBs, a process that is regulated by several 

sequential multiprotein ESCRT complexes (184). After completion of the MVB sorting, 

the AAA-type ATPase vps4 (vacuolar protein sorting protein 4) is required for the 

dissociation of the ESCRT complexes from the membrane (184). Using an ATPase-

deficient, GFP-tagged form of vps4 (GFP-Vps4-E228Q) which is dominant-negative 

(182) I examined whether the internalization of MHC-I in MARCH-IV and –IX 

transfected cells involves MVB formation. Surface expression of MHC-I was monitored 

on HeLa cells, co-transfected with MARCH-IV and either WT or DNvps4. Neither DN- 

nor WTvps4 changed the surface levels of MHC-I in HeLa cells in the absence of 

MARCH-IV or -IX (data not shown). In contrast, co-transfection of DNvps4 with 

MARCH-IV or -IX partially restored surface MHC-I expression as shown by an increase 

in the mean fluorescence of transfected cells (Fig.9A). In a separate line of experiments, I 

studied the subcellular localization of internalized MHC-I in cells transfected with 

DNvps4. It was shown previously that DNvps4 generated and bound to aberrant 

vacuolated endosomes whereas WTvps4 stained the cytosol (182). Uptake of MHC-I 

molecules in MARCH-IV and –IX transfected cells was assayed as above except that 

cells were also co-transfected with DNvps4. MHC-I remained at the cell surface in cells 

that stained brightly for GFP indicating large amounts of DNvps4 (Fig. 9B) consistent 

with the FACS-analysis. However, MHC-I and DNvps4 colocalized in MARCH-IV- and 

-IX transfected cells that expressed low levels of DNvps4. We interpret this observation 

as evidence that MHC-I is taken up by endocytosis and sorted via the MVB pathway.  
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Ubiquitination is essential for MHC-I internalization 

To examine if MHC-I molecules are ubiquitinated in the presence of MARCH-IV 

and -IX, I co-transfected HeLa cells with an HA-tagged truncated version of HLA-A2.1, 

d331 (45), together with MARCH-IV or -IX. For control, I also transfected the RING-CH 

mutants of MARCH-IV and -IX described above. To slow down MHC-I turnover, cells 

were also treated with ConA. HLA-A2.1 molecules were immunoprecipitated with 

antibody-BB7.2 (not shown) and re-precipitated either with anti-HA or with ubiquitin-

specific antibody P4D1 (Fig. 10A). A single higher-molecular weight species of 

approximately 49kDa was precipitated by P4D1 from the ConA-treated cells transfected 

with wildtype MARCH-IV and -IX but not with their mutant forms. The size of this 

protein band is approximately equivalent to the 50kDa expected for mono-ubiquitinated 

HLA-A2.1d331 (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 ConA is also consistent with our previous observations in 

M153R-transfected cells (77). The most likely targets for ubiquitination on 

transmembrane glycoproteins are lysines in the cytoplasmic tail. To examine the role of 

lysines for substrate downregulation by MARCH-IV and -IX I used a panel of constructs 

derived from HLA-A2.1 and a lysine-deleted version of CD4 (77). Flowcytometry 

revealed that removal of lysines from the tail of HLA-A2.1 renders these molecules 

resistant to MARCH-IV or -IX downregulation (Fig. 8B). Removal of cytoplasmic 

lysines also renders CD4 resistant to downregulation by MARCH-IV (Fig. 10C). To rule 

out the possibility that these mutations changed the target molecules in such a way that 
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they are unable to be recognized by MARCH-IV or -IX, we introduced a lysine residue 

into a HA-tag at the carboxy-terminal end of HLA-A2.1. This re-introduction of a lysine 

residue into a sequence not related to HLA-A2.1 restored downregulation both by 

MARCH-proteins. Therefore, we conclude that lysines in the tail are an absolute 

requirement for MHC downregulation by MARCH-IV and -IX suggesting that 

ubiquitination is essential for internalization. 

 

Discussion 

We addressed the question whether MARCH family proteins were functionally 

related to viral immune evasion proteins 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 to conclude 

which of these proteins were functionally related to the viral immunomoldulators. Using 

a panel of potential substrates selected as known substrates of viral K3-family proteins, I 

observed an efficient and specific downregulation of various cell surface glycoproteins 

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 unknown, but substrates seem to interact 

transiently with the viral proteins (47) and substrate recognition seems to reside in the 

transmembrane regions of the targets (49). Consistently, I observed that sequence 

correlation in the RING-CH domains and TM-domains correlated with substrate 

specificity whereas deletion of the amino-terminal or carboxy-terminal domains did not 

affect substrate downregulation.  
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My results also confirm the previously reported downregulation of B7.2 by 

MARCH-VIII (c-MIR) (181). However, I also observed that MARCH-I which is 

homologous to MARCH-VIII efficiently downregulated B7.2 and that both MARCH-I 

and -VIII downregulated Fas and Tfr. Moreover, the unrelated MARCH-II also 

downregulated B7.2. Different from Goto et al I did not observe a preferential expression 

of MARCH-VIII in lymphnodes. 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-VIII. Our observed 

downregulation of HLA-A2.1 could be caused by a higher level of expression achieved in 

our study using the tetracycline-inducible system which might facilitate a weak 

interaction. In general, however, a pattern emerged whereby MARCH-I and -VIII 

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. While K3 

downregulates a broader spectrum of MHC-I alleles compared to K5 (20), K5 but not K3 

also downregulates B7.2 and ICAM-1 (51,54).  

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 Goto et al who 

reported multiple ubiquitination of B7.2, I observed only a single species of ubiquitinated 

HLA-A2.1. This difference could be caused by the fact that B7.2 contains eleven lysines 

in its cytoplasmic tail (Coscoy et al, 2001), whereas the HA-tagged A2.1 form used in our 

experiments contained only two lysines (45). Recent data showed that multiply 

ubiquitinated receptor tyrosine kinases did not contain poly-ubiquitin but were mono-
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ubiquitinated at multiple sites (185). Thus it is possible that B7.2 contains mono-

ubiquitins 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 the 

murine MHC-I molecule H2-Db, which contains three lysines, where found in MK3 

transfected cells (63). 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-I surface expression by DNvps4. Very similar observations were reported for both 

herpesviral and poxviral K3-family proteins which were shown to require at least one 

lysine in the tail (49,63,77) and substrate internalization was inhibited by interference 

with the MVB pathway (47,77). The isolated RING-CH domains of both K5 and M153R 

also act as ubiquitin ligases (49,77). 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 the observations by (181), are 

consistent with the cellular homologues acting in a manner very similar to their viral 

relatives.  

While MARCH proteins induced the internalization of glycoproteins at the cell 

surface, subcellular localization studies revealed that they all localize to intracellular 

membrane compartments. Similarly, all members of the viral K3-family localize to 

intracellular membranes, mostly the ER. Therefore, the stage of intracellular transport at 

which target glycoproteins become ubiquitinated is currently unclear. It is possible that 

ubiquitination occurs en route to the cell surface or target proteins could be ubiquitinated 

during recycling. The localization of MARCH-IV and -IX in the Golgi and TGN, 

respectively, is consistent with either possibility. 
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The MARCH-family represents a novel family of ubiquitin ligases with a non-

canonical RING-domain for which we adopted the name RING-CH-domain as previously 

proposed for the SSM4/Doa10 protein (178). A close relationship between the RING-CH 

domain and other RING-domains is also suggested by structural predictions whereas 

other PHD-domains are predicted to fold into structures that are clearly distinct from the 

RING-domain (53). The RING-CH domain thus expands the RING-E3 family, already 

the most abundant E3 family with potentially several hundred members (175). Different 

from the MARCH-family, however, most RING-E3s are either cytosolic, nuclear or 

peripheral transmembrane proteins (175). To our knowledge, only two non-MARCH-

family transmembrane RING-E3s have been described: Der3/Hrd1 (186,187) and p78 

(188). These E3s have all been shown to be involved in the degradation of misfolded 

proteins in the ER or ER-associated protein degradation (ERAD). MARCH-VI, the 

human homologue of SSM4/Doa10, is also likely to be involved in ERAD. In contrast, 

MARCH-IV and -IX (this study) and MARCH-VIII (181) direct the internalization of 

their substrates. Since most two-TM MARCH-proteins localize to the 

endosomal/lysosomal compartment, endocytosis, rather than proteosomal degradation, 

will likely be the major mechanism of MARCH mediated protein degradation. 

The membrane association of MARCH proteins implies that their corresponding 

ubiquitin-conjugating enzymes are also membrane associated or need to be recruited to 

membranes. Indeed, experimental evidence suggests that SSM4/Doa10, p78 and 

Der3/Hrd1 cooperate with ubc6 and ubc7 (178,186-188). Ubc6 and ubc7 are bound to the 

ER-membrane via a transmembrane domain or by interacting with another protein 

respectively (189,190). MARCH-VI might therefore interact with the human homologues 
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of ubc6 or ubc7. MARCH proteins that leave the ER and regulate internalization, 

however, are more likely to interact with different E2s in vivo.  While the E2s interacting 

with MARCH proteins in vivo have yet to be identified, our in vitro ubiquitination 

experiments 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. Results obtained with forced expression of MARCH proteins in our experiments 

strongly suggest that several members of this family regulate the degradation of 

glycoproteins at the cell surface. MARCH-IV and -IX could be involved in the 

internalization of free heavy chains upon dissociation of peptide and β2M. However, gene 

knockdown of MARCH-IX by siRNA did not affect the turnover of MHC heavy chains 

in HeLa cells (data not shown). Alternatively, MARCH-IV and -IX might have to be 

upregulated by external stimuli before they affect MHC-I turnover whereas they are 

involved in the turnover of other cell surface protein at basal levels. Since I only screened 

a small number of cell surface proteins, MARCH proteins will probably be involved in 

the internalization of other, yet to be identified transmembrane proteins. Many cell 

surface receptors are internalized upon engagement with ligands, either soluble or bound 

to the surface of neighboring cells (175).  The involvement of ubiquitin in these processes 

is just beginning to emerge and the regulation of ubiquitination is not known. We 

therefore speculate that MARCH-proteins will be involved in regulating receptor 

internalization as well as protein turnover.  

The functional relationship between MARCH-family and the viral K3-family 

suggests that the viral proteins were derived from their cellular homologues. Ample 
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precedence exists for common host-related immunomodulators in both herpesviral and 

poxviral genomes (180). 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 roadmap 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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Figure 1: Human homologues of viral K3 family proteins
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Figure 1: Human homologues of viral K3 family proteins  

The RING-CH domain from the nine identified human MARCH proteins (I-IX) 

and the known viral K3-family proteins were aligned using Vector NTI 7.0 software. The 

RING-CH-domain is shown boxed in dark gray, while other conserved amino acids are 

shown boxed in light gray.  The hydropathy plots (middle panel) for each MARCH 

protein were generated using TMPRED (www.ch.embnet.org). The location of the 

RING-CH domain is shown by a black box under the hydropathy plot, while the number 

of transmembrane domains predicted is shown to the right of the RING-CH alignment. 

Phylogenetic relationships (bottom) were generated using Vector NTI suite 7 software. 
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Figure 2: Tissue Distribution of MARCH proteins
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Figure 2: Tissue Distribution of MARCH proteins 

Expression of MARCH-I, II, IV, VIII, and both variants of IX was measured by 

real-time PCR in a panel of human tissue cDNAs (Clonetech). Expression of each gene 

was quantified using absolute standards created from plasmid DNA. Concentrations of 

cDNAs were normalized using the housekeeping genes GAPDH and β-actin. 
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Figure 3: Localization of MARCH proteins to intracellular membranous organelles.
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Figure 3: Localization of MARCH proteins to intracellular membranous organelles.  

HeLa cells were transfected with plasmids encoding carboxy-terminally Flag-

tagged versions of the indicated MARCH proteins. 20 hours post-transfection 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 those results are shown which indicated a significant overlap. Markers of subcellular 

compartments were: calnexin (Cxn) for ER, Golgin-97 for Golgi, Adaptor protein 1 (AP-

1) for TGN, early endosomal antigen (EEA) for endosomes, LAMP-1 for lysosomes.  
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Figure 4: MARCH proteins act as ubiquitin ligases in vitro.
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Figure 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-PAGE 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.  
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Figure 5: Downregulation of surface glycoproteins by the MARCH-family.
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Figure 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 using specific primary antibodies and a PE conjugated secondary at 24 hours 

post-transfection. Black arrows indicate significant downregulation. Expression of 

FLAG-tagged versions of MARCH proteins was confirmed with anti-FLAG antibody by 

immunoprecipitation (B) while 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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Figure 6: Functional domains of MARCH-IV and MARCH-IX
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Figure 6: Functional domains of MARCH-IV and MARCH-IX  

(A) A schematic diagram showing the homology between MARCH-IV and 

MARCH-IX as well as the deletion mutants in MARCH-IV. The RING-CH domain 

(black), the two TM-domains (gray) and additional regions (hatched) are >90% identical, 

whereas the remaining parts of the molecules (white) are less than 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-IV RING 

mutant. Amino- and carboxy-terminal deletion constructs of MARCH-IV are indicated, 

the predicted full-length construct contains a 63 amino acid amino-terminal extension. 

(B) Ratio (in percent) of the mean fluorescence of surface MHC-I detected by 

flowcytometry with W6/32 24hours of MARCH-transfected versus non-transfected 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 TM regions only. (C) 

Immunoprecipitation followed by immunoblot with anti-FLAG reveals the presence of 

two major protein bands of approximately 55kDa (53,184) in cells transfected with both 

full-length MARCH-IV and MARCH-IV (1-347) whereas the predicted full-length 

protein (189) 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 (A). Only MARCH-IV (89-259) migrated at 

the predicted position. 
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Figure 7: Comparative efficacy of MHC-I downregulation by MARCH-IV and viral 

KSHV-K5
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Figure 7: Comparative efficacy of MHC-I downregulation by MARCH-IV and viral 

KSHV-K5 

The efficiency of MARCH-IV downregulation of MHC-I was compared to that of 

KSHV-K5 using the tetracycline responsive system (A). HeLa cells were transfected in 

the presence of 1μg/ml tetracycline with constitutively expressed A2.1-331/pUHD10-1 

and either MARCH-IV/pUHG10-3 or K5/pBI, both under tet-regulation (45). GFP was 

used to track transfected cells. Eight hours post-transfection the media was removed and 

replaced with media containing the given amount of tetracycline. Thirty-six hours later 

the cells were harvested and A2.1 surface expression was measured by flowcytometry 

using antibody BB7.2 and a PE conjugated secondary antibody. The graph depicts the 

average percent of GFP+ cells that exhibited A2.1 downregulation. Error bars depict the 

range of the results from two separate experiments. Expression of each protein (B) was 

measured by immunoblotting whole cell lysates with an anti-Flag antibody conjugated to 

alkaline phosphatase and quantified using a Typhoon 8600 variable mode imager. The 

graph depicts protein expression as relative units at each tetracycline concentration. 

 

 60



Figure 8: Endocytosis and lysosomal degradation of MHC-I by MARCH-IV and 

MARCH-IX
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Figure 8: Endocytosis and lysosomal degradation of MHC-I by MARCH-IV and 

MARCH-IX 

(A) Uptake of MHC-I in HeLa cells transfected with vector control, MARCH-IV 

or MARCH-IX. 24 hours post-transfection MHC-I was stained with antiserum K455 and 

either fixed after 30 min at 4oC (top panel) or transferred to 37oC for 2 hours (bottom 

panel) prior to fixation and staining with Alexaflur:594 anti-rabbit secondary antibody. 

(B) Pulse-chase and immunoprecipitation of HLA-A2.1 transfected alone (none) or 

together with MARCH-IV. Transfectants were labeled for 30 minutes (P) and chased for 

1,2,4 and 8 hours in the presence or absence of the indicated inhibitors. HLA-A2.1 

molecules were immunoprecipitated using BB7.2 mAb and treated with Endo H. Endo H 

resistant (ER) and Endo H sensitive (ES) bands are labeled. (C) Flowcytometry of MHC-

I (W6/32 staining) on MARCH-IV or -IX transfected HeLa cells in the presence or 

absence of concanamycin A.  
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Figure 9: Vps4 restores MHC-I surface levels and colocalizes with MHC-I in HeLa 

cells transfected with MARCH-IV and MARCH-IX.
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Figure 9: 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 WTvps4 or the 

dominant negative, ATP-hydolysis-deficient mutant GFP-vps4(E228Q) (182) together 

with vector-control, MARCH-IV or -IX. 24 hours after transfection cells 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 in percent. Co-trasnfection of GFP-vps4(E228Q) partially restored MHC-I 

surface levels in MARCH-IV and –IX transfected cells compared to cells that were only 

transfected with GFP-vps4(E228Q) and vector. (B) Uptake and co-localization of MHC-I 

molecules with GFP-vps4(E228Q). Internalization of MHC-I by MARCH-IV and -IX 

was monitored as in Fig. 6, except that cells were co-transfected with GFP-vps4(E228Q). 

Punctuate staining of vps4 (right panel, green) is consistent with its localization to 

endosomes (182). 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 GPF fluorescence 

indicating lower vps4 levels (cell in the center of upper and lower panel, merged 

fluorescence is shown in the middle column). No colocalization of MHC-I and vps4 was 

observed in the absence of MARCH-IV and -IX and WTvps4 stained the cytoplasm (data 

not shown). 
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Figure 10: Ubiquitination of MHC-I and role of carboxy-terminal lysines for MHC-

I downregulation by MARCH-IV and MARCH-IX
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Figure 10: Ubiquitination of MHC-I and role of carboxy-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 (45) 

and MARCH-IV, -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 5ng tetracycline (see also supplemental Figure 2) since high levels of 

expression were not compatible with the long labeling protocol. Therefore, there is only a 

slight reduction of MHC-I expression levels in MARCH-IV transfectants compared to 

MARCH-IX transfectants. Where indicated, cells were treated with ConA prior to and 

during labeling for 6 hours. HLA-A2.1 was immunoprecipitated with BB7.2 and, after 

denaturation with SDS, re-immunoprecipitated with ubiquitin-specific antibody P4D1 

(90% of the lysate, left panel) or anti-HA (10% of the lysate, right panel). Due to the high 

amount of MHC heavy chain in the primary immunoprecipitation, some of it was carried 

over in the P4D1 re-immunoprecipitation. The arrow indicates ubiquitinated heavy 

chain2. (B) Downregulation of HLA-A2.1 lysine mutants by MARCH-IV and -IX. 

Cytoplasmic tails of HLA-A2.1 are schematically depicted on the left (77). 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 flowcytometry with antibody BB7.2. 

Transfection with vector (left), MARCH-IV (middle) or -IV was tracked by co-

transfection of GFP. (C) Surface expression of wildtype CD4 or CD4 lacking lysines in 

its cytoplasmic tail in the presence of MARCH-IV.  

                                                 
2 Fig. 10A courtesy of Mandana Mansouri 
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Chapter 4: 2D-PAGE Analysis of M153R3

 

Introduction 

The K3-family of proteins are viral immune evasion proteins found in the 

herpesviridae and the poxviridae which remove immunologically relevant glycoproteins 

from the cell surface by acting as ubiquitin ligase (E3) enzymes (108).   K3 proteins 

catalyze the addition of ubiquitin onto lysines in the cytoplasmic tails of their substrates 

resulting in clathrin dependant endocytosis, targeting down the multivesicular body 

(MVB) pathway and lysosomal destruction (19,76,77).   While all studied K3 proteins 

downregulate major histocompatibility complex class I (MHC-I), recent evidence 

demonstrates that these proteins often have additional substrates.  For example, the K5 

protein encoded by the γ2-herpesvirus Kaposi’s Sarcoma associated herpesvirus (KSHV), 

downregulates: MHC-I, ICAM-1, B7.2, CD1d, CD31, ALCAM, and the interferon-γ 

receptor (51,55,59,60,191). By removing a select set of cell surface immuno-receptors, 

K3 proteins render infected cells invisible to immune surveillance.  The K3 proteins are 

likely derived from human homologues termed membrane associated RING-CH 

(MARCH) proteins.  Like K3 proteins, MARCH proteins downregulate specific panels of 

transmembrane proteins, including MHC-I, MHC-II, ICAM-1, CD4, TfR, B7.2, and Fas 

(105,192-194).   While many substrates are known for both the K3- and MARCH-

families, these substrates were identified through antibody based screens which might 

                                                 
3 This data is not currently published 
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give a biased view of each family’s substrates.  To date, attempts have not been made to 

determine K3- or MARCH-family substrates using a non-biased approach.   

M153R is a K3-family member, encoded by the rabbit poxvirus myxoma, which 

downregulates MHC-I, CD4, Fas, and ALCAM (76,77,191).  However, due to the wide 

variety of proteins targeted by other K3 proteins, additional M153R substrates probably 

exist.  To identify these additional M153R substrates, I used quantitative 2-dimensional 

polyacrylamide gel electrophoresis (2D-PAGE) to compare the proteomes of cells 

infected with a recombinant vaccinia virus expressing M153R to that of cells infected 

with a control vaccinia virus.  2D-PAGE physically separates complex protein samples 

based on two sequential criteria (126).  2D-PAGE has been used to determine the makeup 

of protein mixtures (128-131) as well as map cellular responses to various stimuli such 

as: drug treatment (133), viral infection (134,135), and cancer metastasis (136,137).  2D-

PAGE is an excellent technique to determine novel substrates for E3s such as M153R due 

to the ability to analyze both protein expression and posttranslational modifications.  

Our results demonstrate that M153R inhibits a previously undocumented cleavage 

of the mitochondrial chaperone heat shock protein 60kDa (Hsp60) caused by infection 

with vaccinia virus.  This cleavage is induced late in vaccinia infection and is linked with 

loss of mitochondrial membrane potential.  Since both the mitochondria and Hsp60 play 

roles in apoptosis(195,196), we hypothesize that M153R plays a previously unidentified 

role as an early inhibitor of programmed cell death.   

 

Materials and Methods 

Reagents 
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The following antibodies were used: Hsp60 clones LK-1 and H-1 (Santa-Cruz 

Biotech), cytochrome C and Fas (Pharmingen).  Cytosine arabinoside and Staurosporine 

(Sigma) were used at 40μg/ml and 1μM respectively.  Tetramethylrhodamine, ethyl ester, 

perchlorate (TMRE) was obtained from Molecular Probes and used at .2μM. 

 

Sample Preparation 

2x107 HeLa cells were harvested via trypsinization and washed with PBS.  Cells 

were then resuspended in PBS + 2mM EDTA and lysed mechanically using 30 strokes 

from a dounce.  Lysate was clarified via centrifugation for 5 minutes at 300xg.  The 

clarified supernatant was transferred to a fresh tube and the membrane and soluble 

proteins separated via centrifugation for 30 minutes at 45,000xg.  The soluble proteins 

were precipitated from the resulting supernatant using 10% Trichloroacedic acid (TCA) 

(Sigma), while the membrane proteins was resuspended in PBS and centrifuged for 30 

minutes at 45,000xg.  The resulting pellet was washed in 1ml Acetone:Methanol (9:1) for 

2 hours -20°C and then centrifugation for 10 minutes at 16,000xg.  The pellet was 

washed in 50mM sodium bicarbinate (pH 8.5) and the proteins precipitated using 10% 

TCA.  The final pellet was resuspended in 2D-PAGE sample buffer (7.8M Urea, 2.0M 

Thiourea, 100mM DTT, 4% CHAPS, 1x Biolyte Ampholytes pH 3-10 (BioRad)).   

 

2D-PAGE 

300μg of protein were loaded onto a 17cm Ready Strip™ IPG strip (pH 5-8) 

(BioRad) using passive overnight rehydration.  Strips were focused on a Protean IEF Cell 

(Biorad) using the following conditions: 250V for 20 minutes, 10,000V for 2.5 hours, 
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10,000V for 40,000 V/hrs.  Following focusing strips were reduced and alykylated 

according to the manufacturers recommendations.  Strips were then place on top of a 

12% SDS-PAGE gel and separated in the second dimension. 

 

MS and Informatics 

Peptide mixtures were analyzed by electrospray ionization tandem MS, which 

was performed using a modified version of the protocol described by Link and coworkers 

(197). Briefly, spots were visualized via silver staining (Invitrogen) and recovered from 

the 2D-PAGE gel by manual extraction.  Acrylamide pieces were washed with 50mM 

sodium bicarbinate in 40% Ethanol followed by acetonitrile.  Each wash was repeated 3 

times, after which acrylamide spots were dried in a speed vacuum.  Spots were 

rehydrated in 50mM sodium bicarbonate containing 10ng/μl modified trypsin (Promega) 

and the proteins allowed to trypsinize overnight.  The resulting peptide mixture was then 

loaded onto a reverse phase C-18 capillary column (180 um × 100 mm, BioBasic-18; 

Thermo Electron, http://www.thermo.com). Peptides were eluted using an acetonitrile 

gradient (5%, 5 min; 5%–40%, 75 min; 40%–90%, 10 min) into a ProteomeX LCQ Deca 

XP Plus mass spectrometer (Thermo Electron) equipped with a low-flow (1 µl/min) 

electrospray source. The instrument was set to trigger data-dependent MS/MS acquisition 

of the three most intense ions detected during the MS survey scan when total ion current 

per MS survey scan exceeded 5.0 × 105 counts.   

Proteins were identified by analyzing tandem mass spectra with the Sequest 

algorithm (Thermo Electron) as described by Yates et al. (147) using the human subset of 

the UniProt/Swiss-Prot protein database (UniProt release 5.1, 
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http://www.expasy.org/sprot). The search results were further analyzed using 

PeptideProphet (198). All positive results were manually verified.  

 

Western Blot 

SDS-PAGE gels were transferred to PVDF membrane using semi-dry transfer.  

Membranes were blocked for 1 hour with 10% milk in PBS + 0.1% Tween-20.  

Membranes were washed three times for 10 minutes with PBS + 1% Tween-20, followed 

by a single wash with water.  Primary antibody was diluted in 1% milk in PBS + 1% 

Tween-20 and incubated for 30 minutes.  Membrane was then washed three times as 

above.  An appropriate HRP conjugated secondary antibody (Santa Cruz) was diluted 

1:5000 in 1% milk in PBS + 1% Tween-20 and incubated for 30 minutes.  Membrane 

was then washed three times as above.  Membrane was exposed to Supersignal™ west 

chemiluminescent substrate (Pierce) and analyzed via exposure to light sensitive film.   

 

TMRE Staining 

Cells were incubated at 37°C for 30 minutes in DMEM containing .2μM TMRE.  

Cells were then harvested via trypsinization, washed twice with PBS, and analyzed on a 

FACScalibur flowcytometer (BD Biosciences).  

 

Results 

M153R alters expression of a wide variety of cellular proteins 

2x107 HeLa cells were infected at a multiplicity of infection (MOI) of 10 with 

recombinant vaccinia virus expressing either CD4 (VV-CD4) or M153R (VV-M153R).  
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Membrane fractions were prepared as described and 150μg of each sample was labeled 

with limiting amounts of DIGE fluorophors (Amersham).  Combined samples were then 

focused on a Protean IEF Cell, separated in the second dimension on a 12% SDS-PAGE 

gel and visualized on a Typhoon 8600 variable mode imager (Molecular Dynamics) (Fig. 

11A).  Each spot corresponds to a single protein or protein fragment.  Spots visualized as 

red are underrepresented in the VV-M153R infected sample, while spots visualized as 

green are underrepresented in the VV-CD4 infected sample.  Proteins expressed at the 

same level in both samples are visualized as yellow.  20 spots displaying differential 

expression were selected for further analysis.  These spots were excised from the gel, 

subjected to tryptic digestion, and analyzed via mass spectroscopy.  Only six of the 

analyzed spots yielded peptides mapping to known cellular proteins.  Peptides recovered 

from four spots, which ran close together as a pair of doublets, mapped to actin (Fig. 

11A-Arrow 3), while peptides recovered from the other two spots mapped to the carboxy-

terminus of the mitochondrial chaperone Hsp60 (Fig. 11A-Arrow 1 and Fig. 11B). 

 

Analyzed spots correspond to cleavage products of Hsp60 

Since the spots containing peptides mapping to Hsp60 were observed at a lower 

molecular weight (MW) than has been previously reported for full length Hsp60 analyzed 

using 2D-PAGE (Fig. 11A-Arrow 2 and Swiss 2D-PAGE, http://www.expasy.org/swiss-

2dpage/), we hypothesized that our spots might correspond to cleavage products of 

Hsp60.  To test this hypothesis, HeLa cells were infected with VV-CD4, and samples 

were prepared and separated using 2D-PAGE.  The location of Hsp60 was then analyzed 

via immunoblotting with the anti-Hsp60 antibody LK-1.  Importantly, the LK-1 antibody 
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recognizes an epitope near the carboxy-terminus of Hsp60 within the region of peptides 

recovered from the initial spot (Fig.11B).  In samples from mock infected cells, 

immunoblot with LK-1 revealed a single spot whose molecular weight and pI 

corresponded to those predicted for full length Hsp60 was observed (Fig. 12A and Fig. 

11A-Arrow 2).  In samples infected with VV-CD4, however, multiple spots with lower 

molecular weights and a wide range of pI’s could be seen.  Two of these spots displayed 

the same MW and pI the spots initially selected for analysis (Fig. 12A-Arrow 1).  

Immunoblot of samples infected with either VV-WT (data not shown) or VV-K5 

revealed a similar pattern of spots.  To prove that the lower molecular weight spots 

corresponded to cleavage products of Hsp60, samples were immunoblotted with a second 

antibody (clone H-1), which recognizes an epitope at the extreme amino-terminus of 

Hsp60.  Samples from VV-WT infected cells, immunoblotted with H-1, failed to display 

spots with the same MW and pI as those initially analyzed (Fig. 12B).  Immunoblot with 

H-1, however, did reveal spots with lower MW and higher pI than full length Hsp60, 

thus, while the spots initially selected for analysis corresponded to amino-terminal 

cleavages of Hsp60, infection with VV-WT results in cleavage of Hsp60 from both the 

amino- and carboxy-termini.  Interestingly, in samples infected with VV-M153R, only 

spots corresponding to full length Hsp60 were observed following immunoblot with 

either LK-1 or H-1, suggesting that the reason the initially analyzed spots displayed 

altered protein expression is the failure of Hsp60 to be cleavage following infection with 

VV-M153R.  

 

Cleavage of Hsp60 is induced as a late effect of vaccinia infection 
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To determine the kinetics with which vaccinia infection induces cleavage of 

Hsp60 analyzed the appearance of cleavage products following infection (Fig. 13A).  

Spots corresponding to cleavage products of Hsp60 were observed in samples prepared 

10 hours post-infection, with additional cleavage products appearing in samples prepared 

15 to 25 hours post-infection.  In contrast, full length Hsp60 was highly abundant at time 

points prior to 10 hours post-infection, while at later time points full length Hsp60 steady 

decreased until it represented a fairly minor fraction at 25 hours.  Samples treated with 

cytosine arabinoside (AraC), which inhibits viral DNA synthesis, showed no evidence of 

Hsp60 cleavage (Fig. 13B), suggesting that cleavage of Hsp60 requires vaccinia late gene 

expression.   

 

Expression of M153R actively blocks Cleavage of Hsp60 

Both VV-WT and VV-M153R grew to similar titers and caused similar cytopathic 

effects following infection of HeLa cells (data not shown).  This result suggested that the 

failure of VV-M153R to induce cleavage of Hsp60 was not due to a general viral defect.  

To rule out this possibility, cells were either infected singlely with VV-WT or coinfected 

with VV-WT and VV-M153R at various MOI.  15 hours post-infection, cells were 

harvested and cleavage of Hsp60 was analyzed via immunoblotting with LK-1.  Similar 

levels of Hsp60 cleavage were observed following infection with any MOI of VV-WT 

(Fig. 14 left side).  In contrast, samples coinfected with both VV-WT and VV-M153R 

displayed significantly reduced cleavage of Hsp60 compared to samples infected with a 

similar MOI of VV-WT (compare Fig. 14 right to left).  These data suggest that 

expression of M153R actively blocks cleavage of Hsp60.   
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Cleavage of Hsp60 is not the result of normal Cellular Apoptosis 

Since Hsp60 plays a role in the endogenous apoptotic pathway, we hypothesized 

that cleavage of Hsp60 might be a result of cellular breakdown during apoptosis.  To test 

this, I induced both the endogenous and exogenous apoptotic pathways using the general 

kinase inhibitor staurosporine (STS) or crosslinking of Fas with anti-Fas antibody.  To 

determine if the endogenous apoptotic pathway played a role in Hsp60 cleavage, Hela 

cells were treated with 1μM STS for 3 hours.  To confirm the induction of apoptosis, 

cells were fractionated into mitochondrial and soluble fractions and the localization of 

cytochrome c and Hsp60 were analyzed via immunoblot (Fig. 15).  As previously 

reported, treatment of HeLa cells with STS induced release of cytochrome c from the 

mitochondria to the cytoplasm (Fig. 15A Top)(199).  In samples infected with VV-WT, 

VV-CD4, or VV-M153R, however, release of cytochrome c was inhibited, probably due 

to the previously characterized apoptotic inhibitor F1L expressed by vaccinia (199).  

Consistent with previous results, induction of apoptosis or infection with vaccinia did not 

alter the mitochondrial localization observed for the majority of Hsp60 (Fig. 15A 

Bottom).  To determine if induction of apoptosis via STS affected cleavage of Hsp60, 

samples were infected with VV-WT for 12 hours and then treated with STS for an 

additional 3 hours.  In cells infected with either VV-WT or VV-CD4 the addition of STS 

did not significantly alter the pattern or abundance of Hsp60 cleavage (Fig. 15B).  

Additionally, mock infected cells treated with STS or cells infected with VV-M153R and 

treated with STS also failed to display cleavage of Hsp60.  These data suggest that, while 
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treatment with STS induced apoptosis in HeLa cells, that induction does not have an 

obvious affect on Hsp60. 

To determine if the exogenous apoptotic pathway might have a larger impact on 

Hsp60 cleavage, cells were treated with anti-Fas activating antibody overnight.  Cells 

were then harvested and analyzed as above.  Crosslinking of Fas caused release of Hsp60 

from the mitochondria to the cytosol (Fig. 15C), however, cleavage was not observed in 

either soluble or membrane bound Hsp60.  This result is consistent with previous findings 

that induction of apoptosis via crosslinking with Fas antibody had little to no affect on 

Hsp60 (200).  Interestingly, cells treated with anti-Fas antibody and infected with VV-

WT also failed to show cleavage of Hsp60, suggesting that while cleavage of Hsp60 is 

not a direct result of apoptosis, the induction of specific apoptotic pathways might play 

an important role.     

 

M153R blocks damage to the mitochondria 

One of the major steps in apoptosis is the loss of mitochondrial membrane 

potential (201).  To determine if expression of M153R affected the loss of mitochondrial 

membrane potential, infected cells were stained with TMRE dye for 30 minutes and then 

analyzed via flowcytometry.  Since TMRE incorporates only into mitochondrial 

membranes with intact membrane potential, it can be used to measure the mitochondrial 

viability.  Cells from mock infected samples stained uniformly TMRE high, 

demonstrating that their mitochondria were intact (Fig. 16A and B).  Following infection 

with VV-WT or VV-CD4, however, a small percentage of cells displayed a loss of 

TMRE florescence, corresponding to a loss of mitochondrial membrane potential.  
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Interestingly, cells infected with VV-M153R displayed far fewer TMRE low cells than 

cells infected with control viruses, suggesting that expression of M153R inhibited the 

loss of membrane potential induced by VV-WT infection.   

To determine if M153R was able to block the loss of mitochondrial membrane 

potential induced by other apoptotic stimuli, HeLa cells were infected with vaccinia for 

12 hours and then treated with STS for 3 hours.  Mock infected cells treated with STS 

displayed a loss of TMRE florescence, confirming that STS treatment induced loss of 

mitochondrial membrane potential (Fig. 16C).  Similarly, cells infected with VV-WT or 

VV-CD4 and treated with STS also displayed a similar loss of TMRE florescence, In 

contrast, cells infected with VV-M153R and treated with STS showed significantly fewer 

TMRE low cells, suggesting that M153R could inhibit the damage to the mitochondria 

induced by STS.   

 

Discussion 

Our analysis was designed to use 2D-PAGE to identify novel substrates for the 

K3-family protein M153R.  Our data reveal that there are numerous differences in 

membrane protein expression between cells infected with VV-M153R and cells infected 

with VV-WT, VV-CD4, or VV-K5 (Fig. 11A and data not shown).  This result suggested 

that M153R affects a global cellular process.  Although K3 proteins are not known to 

directly affect global cellular processes, there is evidence that their downregulation of 

surface proteins can have significant downstream impacts.  For example, in endothelial 

cells, K5 downregulates the cell surface proteins CD31 (55) and VE-Cadherin (Mansouri, 

personal communication) resulting in the release of the transcription factor β-catenin 
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from the cell surface, likely increasing transcriptional activity of β-catenin (our 

unpublished observations).  Similarly, K3 and K5 downregulate the interferon-γ receptor, 

potentially altering expression of every protein which responds to secreted Interferon-γ 

(59). 

One potential cellular process that could be affected by M153R is apoptosis.  

M153R has been previously proposed to play a role in apoptosis due to the observed 

downregulation of Fas (76).  Deletion of M153R from myxoma did not increase levels of 

apoptosis observed during myxoma infection in vivo, leading to the conclusion that 

M153R was not an apoptotic inhibitor.  Myxoma-infected cells, however, do not undergo 

significant apoptosis due to the presence of the apoptotic inhibitor M11L (202).  Like 

F1L, M11L localizes to the mitochondria and inhibits loss of mitochondrial membrane 

potential and release of cytochrome c (203).  It is possible that deletion of M153R did not 

affect apoptosis in vivo due to the expression of M11L.  Similarly, the presence of 

M153R might have played a role in reducing apoptosis in viruses lacking M11L (202).  

These data leave open the possibility that, in the absence of M11L, M153R might play a 

key role in regulating apoptosis.   

Since F1L is expressed during VV-M153R infection, the observation that samples 

infected with VV-M153R display significantly fewer TMRE low cells than samples 

infected with VV-WT, suggests that M153R might have anti-apoptotic effects.  

Expression of M153R did not alter late markers of apoptosis such as DNA fragmentation; 

however, since these markers of apoptosis are inhibited by F1L, these data do not indicate 

that M153R does not inhibit apoptosis.  Since F1L inhibits apoptosis at the level of 

mitochondrial involvement, the observation that M153R protects additional cells from 
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loss of mitochondrial membrane potential suggests that it functions prior to F1L.  

However, further studies are needed to determine the exact step at which M153R might 

inhibit apoptosis. 

Our data also reveal that infection with vaccinia results in the amino- and 

carboxy-terminal cleavage of Hsp60 and that this cleavage is inhibited by expression of 

M153R.  However, while the cleavage of Hsp60 induced by vaccinia was highly 

reproducibile, Hsp60 cleavage products could only be observed in samples that 

underwent the purification steps required for 2D-PAGE (outlined in materials and 

methods).  In samples that underwent this purification process, cleavage products of 

Hsp60 could be observed following either 2D-PAGE or standard SDS-PAGE (data not 

shown).  In contrast, whole cell lysates did not display cleavage of Hsp60 regardless of 

whether they were separated using standard SDS-PAGE of 2D-PAGE (data not shown).  

These data suggest that sample preparation plays a role in the observation of Hsp60 

cleavage.  There are two possible explanations for this observation.  First is that cleavage 

of Hsp60 is the direct result of 2D-PAGE sample preparation.  For example, whole cell 

extracts are generally prepared in the prescence of either SDS or proteosomal inhibitors 

to prevent protein degradation.  However, neither of these compounds is used during my 

2D-PAGE sample preparation due to their incompatibility with 2D-PAGE.  Thus, certain 

proteases may be active during 2D-PAGE sample preparation that are inactive during 

standard whole cell lysate preparation.  Since cleavage of Hsp60 is only observed in 

vaccinia infected samples, however, either the expression or activation of any potential 

proteases associated with this degradation must be affected by vaccinia infection.  A 

second possibility is that my 2D-PAGE sample preparation enriches a subpopulation of 
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Hsp60 in which cleavage preferentially occurs.  For example, Hsp60 is localized to the 

mitochondria, cytosol and plasma membrane.  If infection with vaccinia induces cleavage 

of only plasma membrane localized Hsp60, cleaved Hsp60 might represent a small 

enough percentage of total Hsp60 that it could be missed following immunoblot of a 

whole cell lysate.  In contrast, 2D-PAGE purification might enrich plasma membrane 

localized Hsp60 to the point that cleavage products of Hsp60 could be easily observed.  

We are currently unable to distinguish between these two hypotheses and thus, the 

physiological relevance of Hsp60 cleavage remains very much in doubt. 

Since Hsp60 is known to play a role in apoptosis, M153Rs inhibition of Hsp60 

cleavage could be either a direct effect or a side effect of M153Rs inhibition of apoptosis.  

M153Rs localization to the endoplasmic reticulum, late endosomes and plasma 

membrane(76,77) allows several mechanisms by which it might directly cause cleavage 

of Hsp60.  For example, 20% of ER membranes are in constant contact with the 

mitochondria (204).  Thus, ER localized M153R might cleavage mitochondrial Hsp60 

through a direct interaction.  A second possibility is that M153R interacts with the small 

percentage of Hsp60 which traffics to the plasma membrane (205).  This hypothesis is 

supported by the observation that only a small percentage of Hsp60 is cleaved in VV-WT 

infection.   

Alternatively, cleavage of Hsp60 might be a side effect of apoptosis.  The 

observation that Hsp60 cleavage did not occur following treatment with STS or 

crosslinking with Fas antibody (Fig. 15) suggests that Hsp60 cleavage is not a general 

feature of apoptosis, however, it is possible that Hsp60 cleavage only results from 

specific forms of apoptotic stimuli.  For example, vaccinia infection induces a specific 
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form of apoptosis due to the presence of its apoptotic inhibitor F1L (199).  Cleavage of 

Hsp60 might be the result of the incomplete apoptosis induced by vaccinia and blocked 

by F1L.  Interestingly, crosslinking of Fas inhibited cleavage of Hsp60 even in the 

presence of VV-WT infection (Fig. 15).  Normally, apoptosis activates caspases 3 and 8 

following release of cytochrome c.  Since F1L blocks apoptosis prior to this release, these 

caspases are not likely to be activated in vaccinia infection.  Crosslinking of Fas in HeLa 

cells, however, activates caspases 3 and 8 without requiring the loss of cytochrome c 

(206,207).  This could lead to differential caspase activation in cells treated with Fas and 

infected with VV-WT as opposed to cells infected with VV-WT alone.   

Whether M153R plays a role as an apoptotic inhibitor during myxoma infection 

remains to be determined.  It has proven difficult to study the potential anti-apoptotic 

effects of M153R for several reasons.  First, M153R is unable to block loss of 

mitochondrial membrane potential unless it is expressed in the context of a poxviral 

infection (our unpublished observations).  M153R’s failure to block loss of mitochondrial 

membrane potential under these condidtions, however, could be the result of 

mislocalization of M153R following expression from a plasmid vector (76,77).  

Unfortunately, all common poxviral vectors contain other apoptotic inhibitors, such as 

F1L.  Since the exact mechanism of M153R’s inhibition of Hsp60 cleavage is unknown, 

the role these other apoptotic inhibitors might play cannot currently be addressed.  

Second, M153R might block only specific apoptotic pathways, however, the apoptotic 

pathways induced by infection with VV-WT and myxoma-WT are not currently known.  

Infection of HeLa cells with myxoma-WT or myxoma-ΔM153R did not result in 

cleavage of Hsp60 (data not shown), however, HeLa cells are not permissive for full 
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myxoma infection.  Thus, we were unable to determine if the failure of myxoma infection 

to induce Hsp60 cleavage was the result of an inappropriate apoptotic stimuli or a failure 

to generate a productive infection.  Thus, further investigation is required to determine if 

the potential anti-apoptotic effects of M153R occur in vivo. 
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Figure 11: 2D-PAGE Analysis of M153R Expressing Cells
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Figure 11: 2D-PAGE Analysis of M153R Expressing Cells 

HeLa cells were infected with either VV-CD4 or VV-M153R.  20 hours post-

infection cells were harvested and prepared for 2D-PAGE analysis as described.  Prior to 

2D-PAGE analysis, samples were labeled with either Cy3 (red) or Cy5 (green) DIGE 

florophors (Amersham).  Samples were combined and florescence visualized on a 

Typhoon 8600 imager (A).  The location of full length Hsp60 (arrow 2) and the 

differentially expressed spot chosen for analysis (arrow 1) are marked.  (B) Shows the 

amino-acid sequence of Hsp60.  Peptides regions corresponding to peptides recovered 

during MS analysis are shown in red.  The epitopes of the anti-Hsp60 antibodies LK-1 

and H1 are underlined. 
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Figure 12: Infection with vaccinia results in cleavage of Hsp60
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Figure 12: Infection with vaccinia results in cleavage of Hsp60 

HeLa cells were infected with VV-CD4, VV-K5 or VV-M153R.  Samples were 

prepared as described in materials and methods.  Following 2D-PAGE analysis, gels were 

transferred to PVDF membranes and the localization of Hsp60 was analyzed via 

immunoblot with LK-1 (A).  An arrow indicates the location of the spots which 

correspond to the spots initially selected for MS analysis.  To determine if these spots 

represented cleavage products of Hsp60, cells were infected and samples prepared as 

above.  Samples were then analyzed via immunoblotting with either the LK-1 or H-1 

antibodies (B).    
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Figure 13: Cleavage of Hsp60 is a late effect following vaccinia infection
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Figure 13: Cleavage of Hsp60 is a late effect following vaccinia infection 

HeLa cells were infected with VV-WT.  At the indicated time points post-

infection, cells were harvested, samples separated using 2D-PAGE and the presence of 

cleaved Hsp60 was determined via immunoblot with LK-1 (A).  To determine if vaccinia 

gene expression was required for Hsp60 cleavage, HeLa cells were infected in the 

presence of the viral replication inhibitor AraC.  16 hours post-infection cells were 

harvested and analyzed as above.   
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Figure 14: M153R actively blocks cleavage of Hsp60
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Figure 14: M153R actively blocks cleavage of Hsp60 

Cells were infected with varying MOI’s of either VV-WT alone (Left) or VV-WT 

+ VV-M153R (Right).  16 hours post-infection cells were harvested and analyzed as 

previous described.  The numbers to the left and right of the immunoblots show the final 

MOI’s of each virus used to infect that sample (VV-WT/VV-M153R). 
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Figure 15: Cleavage of Hsp60 is not induced by other forms of apoptosis
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Figure 15: Cleavage of Hsp60 is not induced by other forms of apoptosis 

HeLa cells were infected with VV-WT, VV-CD4, or VV-M153R for 12 hours and 

then treated with STS for an additional three hours.  Cells were then harvested and 

mitochondrial and soluble fractions prepared as previously described (199).  The 

presence of cytochrome C and Hsp60 in each fraction was then analyzed via immunoblot 

(A).  Cells were infected with various VV and treated with STS as above.  Cells were 

then harvested, samples separated using 2D-PAGE and the cleavage of Hsp60 analyzed 

via immunoblot with LK-1 (B).  Cells were treated with an activation Fas antibody for 16 

hours either in the presence of absence of VV-WT infection.  Cells were then harvested 

and prepared for 2D-PAGE as described in the materials and methods.  Both the 

membrane fraction and the soluble fraction were analyzed for the localization and 

cleavage of Hsp60 via immunoblot using LK-1 (C). 
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Figure 16: M153R blocks loss of mitochondrial membrane potential
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Figure 16: M153R blocks loss of mitochondrial membrane potential 

Cells were infected with VV-WT, VV-CD4, or VV-M153R.  16 hours post-

infection media was removed and cells were incubated in DMEM containing 0.2μM 

TMRE dye for 30 minutes.  Cells were then trypsinized and the intensity of TMRE 

florescence was measured using flowcytometry.  Cells in which some mitochondria have 

lost their membrane potential stain TMRE low as indicated by the circle and arrow (A).  

The percent of cells which are TMRE low was quantitated.  The results of three separate 

experiments were combined and the average percent TMRE low cells and standard 

deviation are shown (B).  To determine if M153R blocked the loss of mitochondrial 

membrane potential induced by other stimuli, cells were infected with VV-WT, VV-CD4, 

or VV-M153R for 12 hours followed by treatment with STS for three hours.  Cells were 

then labeled with TMRE and analyzed as above.  The results and standard deviation of 

three separate experiments is shown (C).  
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Chapter 5:  SILAC Analysis of K54

Introduction 

Viral and bacterial virulence often correlates with the pathogen’s ability to 

modulate the host’s immune response. One pathway that is frequently targeted by 

intracellular pathogens, particularly viruses, is antigen presentation by major 

histocompatibility complex class I (MHC-I) molecules. By interfering with MHC-I 

expression, transport, or peptide loading, viruses become invisible to cytotoxic T cells. 

Interestingly, many viral gene products that interfere with MHC-I also target other 

immunologically relevant host cell proteins. For instance, US3 and US11 of human 

cytomegalovirus affect surface expression of both MHC-I and MHC-II (12,208). The 

murine cytomegalovirus protein m152 causes mislocalization of both MHC-I and Rae-1, 

an unrelated molecule that is a ligand for the activating receptor NKG2D found on 

natural killer cells and T cells (209,210). Finally, the HIV-1 proteins nef and vpu both 

downregulate MHC-I and the T cell co-receptor CD4 (211-214). 

This multi-functionality is likely advantageous for the virus since it interferes 

with recognition by different immune cells and might counteract negative side effects of 

MHC-I downregulation such as activation of natural killer cells. These observations, 

however, also raise the question of whether the currently known host cell proteins are the 

only targets of a given viral immune regulator or whether additional targets exist. To 

                                                 
4 This chapter has been previously published under the following reference:  
Bartee E, McCormack AL, Früh K.  Quantitative membrane proteomics reveals new cellular targets of 
viral immune modulators. PLoS Pathogens.  2006 Oct;2(10). 
All data included in this thesis is my work except where noted by footnote. 
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address this question experimentally, we selected the K5 protein of Kaposi Sarcoma 

associated herpesvirus (KSHV), a particularly promiscuous member of a family of viral 

immune modulators. KSHV encodes two homologous members of the K3-family of viral 

immune modulators, K5 and K3 (19,20). These proteins display an amino-terminal 

RING-CH domain facing the cytoplasm which is followed by two membrane-traversing 

domains, resulting in a type III transmembrane topology (48). K3-family immune 

modulators are also found in several poxviral genomes (76,77) and are most likely 

derived from host genes since many eukaryotic organisms, including humans, contain 

similar proteins, termed membrane-associated RING-CH (MARCH) proteins, or c-MIR 

(105,181). Both viral and mammalian members of this family act as RING-type ubiquitin 

ligases (RING-E3s) and mediate the ubiquitination of lysines or cysteines in the 

cytoplasmic tail of transmembrane proteins (49,63). In most cases, ubiquitination occurs 

post–endoplasmic reticulum (ER), and ubiquitinated transmembrane proteins are 

endocytosed, sorted to multivesicular bodies (MVBs), and degraded in lysosomes 

(19,20,47,77,105). ER-associated proteosomal degradation (ERAD) has also been 

observed for the K3 protein of murine γ2-herpesvirus 68 (63) and for some substrates of 

K5 (55).  

All viral K3-family proteins studied so far, and two of the human MARCH 

proteins, target MHC-I for degradation. Several K3-family proteins target other 

immunoreceptors in addition to MHC-I. For example, K5 also downregulates CD1d, 

ICAM-1, PECAM (CD31), and B7.2 (51,54,55,60), and M153R also targets CD4 (77). 

While the rules for substrate selection have yet to be established, this protein family has 

likely evolved to target subsets of transmembrane proteins. These proteins are thus an 
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excellent model for viral immune modulators that have more than one cellular target. In 

addition, these proteins are representative for other ubiquitin ligases that target certain 

groups of proteins, not all of which might be known (175).  

K5 was initially identified by screening the KSHV genome for gene products 

inhibiting MHC-I expression (19). Further targets for K5 were then revealed by 

monitoring the expression of a small set of cell surface proteins, particularly those 

involved in T cell recognition of infected cells (51,55,60). These experiments, however, 

did not rule out that expression of other cellular proteins is inhibited by K5. Ideally, to 

determine whether additional targets exist, the entire cellular proteome would be studied 

in the presence or absence of K5. A method to absolutely quantify the entire protein 

complement of a cell has yet to be developed; however, recent advances in quantitative 

proteomics using stable isotope labeling allow the relative quantification of proteins in 

different samples by mass spectrometry (MS) (158). 

In cell culture, the preferred method of comparative quantitative proteomics is to 

metabolically incorporate heavy or light forms of specific amino acids. This technique is 

known as stable isotope labeling with amino acids in cell culture (SILAC) (155,215). 

SILAC incorporates naturally occurring amino acids (C12 and N14) into one sample and 

isotopically labeled amino acids (C13 and N15) into another sample. The ratio of the 

“light” to “heavy” peptide can then be determined upon MS analysis of the combined 

samples. SILAC has been successfully used in yeast, plant, and mammalian cells to 

measure relative protein abundance (166-168).  

K5 localizes to the ER, Golgi, and plasma membranes (48,55). Since K5 is known 

to degrade other transmembrane proteins, I focused on identifying proteins that were 
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reduced upon K5 expression in ER, Golgi, and plasma membrane fractions. In three 

independent repeat experiments I observed that MHC-I, activated leukocyte cell adhesion 

molecule (ALCAM), bone marrow stromal antigen 2 (BST2), and syntaxin-4 (STX4) 

were consistently reduced in plasma membranes of K5-expressing cells, whereas only K5 

itself was increased in any fraction. While reduced MHC-I expression was expected, 

none of the other proteins were previously known to be affected by K5. Importantly, 

downregulation of each of these proteins by K5 was confirmed in independent 

experiments and by independent methods, thus validating the quantitative proteomics 

approach as a new method for identifying cellular proteins affected by viral 

immunomodulators. 

Materials and Methods 

Reagents and antibodies. 

Concanamycin A (Sigma, http://www.sigmaaldrich.com) and MG132 (Sigma) 

were used at 50 nM and 50 μmol, respectively. The following reagents were obtained as 

indicated: protein A/G beads (Santa Cruz Biotechnology, http://www.scbt.com), 

ammonium bicarbonate (Sigma), sodium carbonate (Fisher Scientific, 

https://www1.fishersci.com), sucrose (Fisher Scientific), and urea (Fisher Scientific). The 

following antibodies were used: W6/32 (made in-house); anti-BST2 (Genetex, 

http://www.genetex.com); anti-Bap31 (Affinity Bioreagents, 

http://www.bioreagents.com); anti-STX4, anti-CD9, and anti-ALCAM (BD Biosciences, 

http://www.bdbiosciences.com); anti-Flag:FitC and anti-HA (Sigma); anti-ubiquitin 

(clone P4D1 from Invitrogen, http://www.invitrogen.com); anti-CD29 (University of 
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Iowa Developmental Studies Hybridoma Bank, http://www.uiowa.edu/~dshbwww); and 

goat anti-mouse Alexa Fluor 594 (Molecular Probes, http://probes.invitrogen.com).   

 

Plasmids and cloning. 

The following plasmids have been described previously: K5 C-Flag/pUHD10-1, 

K5 RING C-Flag/pUDH10-1, K3/pUDH10-1, M153R C-Flag/pUHD10-1, K5DE12 C-

Flag/pUHD10-1, plasmids expressing both Vps4 and Vps4mut, and all full-length 

MARCH constructs in pUHD10-1 (45,77,105,182). An adenoviral vector expressing K5 

C-Flag (Ad-K5) has been described previously (55). Adenovirus-expressing vpu was a 

generous gift from A. Moses (Vaccine and Gene Therapy Institute, USA). 

A plasmid containing the ALCAM cDNA was a gift from G. Swart (Radboud 

University, Netherlands). ALCAM-HA was generated from this plasmid by PCR 

amplification of the ALCAM open reading frame. A carboxy-terminal HA tag was added 

during the amplification. The PCR product was then digested using suitable enzymes and 

ligated into the pUHD10-1 vector. MARCH-VIII truncation mutants (Δ46, Δ62, and Δ74) 

were generated by PCR amplification of the given region. An amino-terminal FLAG tag 

was added to each construct during amplification. Each PCR was then digested using 

suitable enzymes and ligated into the mammalian-expressing vector pUHD10-1. An 

adenoviral vector expressing MARCH-VIII was generated by cloning the full-length 

open reading frame from MARCH-VIII into the pShuttle vector (Stratagene, 

http://www.stratagene.com). Ad-MARCH-VIII virus was generated by linearization, 

transfection, and amplification according to the manufacturer’s directions.  
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Culture conditions. 

Prior to labeling, HeLa-Tet Off cells were grown in DMEM (Invitrogen) 

supplemented with 10% fetal calf serum (Hyclone, http://www.hyclone.com) and 1× 

Pen/Strep (Invitrogen). KSHV-infected DMVECs were established and maintained as 

previously described. KSHV-infected DMVECs were used in experiments when >90% of 

the cells expressed LANA-1. 

 

Stable isotope labeling of HeLa cells. 

Cells were labeled with stable isotopes using labeling medium (DMEM, 

Invitrogen) lacking the amino acids L-lysine and L-leucine (prepared according to the 

manufacturer’s protocol). Medium was supplemented with 10% dialyzed fetal calf serum 

(Hyclone), 1× Pen/Strep (Invitrogen), and either isotopically light L-lysine and L-leucine 

(Sigma) or isotopically heavy L-lysine (U-13C6, 98%; U-15N2, 98%) and L-leucine (U-

13C6, 98%; 15N, 98%) (Cambridge Isotope, http://www.isotope.com). Cells were 

maintained in labeling medium for 6 days prior to initiation of the experiment to insure 

complete labeling. 

 

Preparation of samples for MS/MS analysis. 

Cells grown in labeling medium were infected with either Ad-K5 (heavy-labeled 

cells) or Ad-WT (light-labeled cells) at an MOI of 25. Then 24 h post-infection, cells 

were harvested by scraping, washed twice in PBS, resuspended in PBS containing 5 mM 
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EDTA, and lysed by douncing. Unlysed cells and debris were cleared from the lysate by 

centrifugation for 5 min at 3,000 × g. The cleared lysates were separated into membrane 

and soluble fractions by centrifugation for 30 min at 45,000 × g. The membrane fraction 

was resuspended in PBS by sonication and separated over a discontinous sucrose gradient 

(2 M, 1.6 M, 1.25 M, 1.2 M, and 0.8 M) by centrifugation for 2.5 h at 25,000 rpm 

(Sorvall SW-28 rotor, http://www.sorvall.com). The bands corresponding to the plasma 

membrane (0.8–1.2 M interphase), Golgi (1.25–1.2 M interphase), and ER (1.6–1.25 M 

interphase) fractions were removed, diluted 5× in Tris-EDTA (pH 8.0), and centrifuged 

for 30 min at 45,000 × g to pellet the proteins contained in each fraction. Pellets were 

washed for 30 min in 50 mM sodium bicarbonate (pH 11.5) and centrifuged for 30 min at 

45,000 × g, followed by a second wash in 50 mM ammonium bicarbonate (pH 8.5) and 

further centrifugation for 30 min at 45,000 × g. Final pellets were resuspended in 8.0 M 

deionized urea and 50 mM ammonium bicarbonate (pH 8.5) and protein levels 

quantitated using the Bio-Rad Protein Assay (Bio-Rad, http://www.biorad.com). Samples 

were reduced with DTT (Sigma) and alkylated with iodoacetamide (Sigma) prior to 

overnight digestion with trypsin (Promega, http://www.promega.com). 

 

Chromatography, MS, and informatics.  

Peptide mixtures were analyzed by electrospray ionization tandem MS, coupled to 

two-dimensional liquid chromatography, which was performed using a modified version 

of the protocol described by Link and coworkers (197). Briefly, 22 µg of sample was 

loaded onto an Opti-Pak capillary SCX trap cartridge (Optimize Technologies, 

http://www.optimizetech.com) and eluted stepwise (12.5, 25, 37.5, 50, 62.5, 75, 87.5, 
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100, 112.5, 125, 200, 300, or 450 mM ammonium acetate in 0.1% formic acid) onto a 

reverse phase C-18 capillary column (180 um × 100 mm, BioBasic-18; Thermo Electron, 

http://www.thermo.com). Peptides were then eluted using an acetonitrile gradient (5%, 5 

min; 5%–40%, 75 min; 40%–90%, 10 min) into a ProteomeX LCQ Deca XP Plus mass 

spectrometer (Thermo Electron) equipped with a low-flow (1 µl/min) electrospray 

source. The instrument was set to trigger data-dependent MS/MS acquisition of the three 

most intense ions detected during the MS survey scan when total ion current per MS 

survey scan exceeded 5.0 × 105 counts.   

Proteins were identified by analyzing tandem mass spectra with the Sequest 

algorithm (Thermo Electron) as described by Yates et al. (147) using the human subset of 

the UniProt/Swiss-Prot protein database (UniProt release 5.1, 

http://www.expasy.org/sprot). The search results were further analyzed using 

PeptideProphet (198). SILAC ratios were determined using the ASAPRatio algorithm 

(160). Multiple peptides derived from a single protein were included if PeptideProphet 

probability was greater than or equal to 0.85. All positive results were manually verified. 

The putative subcellular localization of proteins was determined using the Swiss-Prot 

database. 

 

Immune fluorescence and flowcytometry. 

Cells (1.5 × 104) were plated on 15-mm coverslips (Fisher Scientific) and allowed 

to adhere overnight prior to transfection. Following transfection, cells were washed with 

PBS, fixed with 2% paraformaldehyde for 20 min at room temperature, and 

permeabilized with 0.2% Triton X-100 for 3 min at room temperature. Nonspecific 
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binding sites were blocked with 3% BSA and 0.5% fish gelatin in PBS for 30 min at 

37°C. The fixed cells were incubated overnight at 37°C with primary antibody diluted in 

blocking solution. Secondary and conjugated antibodies were diluted in blocking solution 

and incubated with the cells for at least 30 min at 37°C. Cells were washed six times with 

PBS between all antibody treatments. Slides were fixed a second time in 2% 

paraformaldehyde after the final antibody treatment and washed twice with PBS. 

Coverslips were then mounted on slides and covered with Vectashield H-1200 + DAPI 

(Vector Laboratories, http://www.vectorlabs.com).  

For flowcytometry, cells were removed from tissue culture dishes with 0.05% 

trypsin-EDTA (Invitrogen), washed with ice-cold PBS, and incubated with appropriate 

antibody for 30 min at 4°C. The cells were washed with ice-cold PBS and either 

resuspended in ice-cold PBS or incubated with PE-conjugated anti-mouse secondary 

antibody (Dako, http://www.dako.com) and washed again before analysis with a BD 

Biosciences FACSCalibur flowcytometer. 

 

Metabolic labeling, immunoprecipitation, and Western blotting. 

HeLa cells were grown to 80% confluency in 100-mm tissue culture dishes and 

were transfected as above. At 24 h post-infection, cells were incubated in serum-free and 

methionine-free medium for 30 min, and metabolically labeled with 35S-cysteine/35S-

methionine (300 μCi/plate; Amersham, http://www.amersham.com) for 20 min. After 

labeling, cells were washed twice with PBS and the label was chased for the indicated 

time in DMEM containing excess cold methionine/cysteine. Following chase, cells were 

lysed in PBS containing 1% NP-40 and protease inhibitors (Roche, 
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http://www.roche.com). The cell lysate was pre-cleared with protein A/G agarose beads 

overnight and incubated with 3 μg of antibody for 1 hours, followed by 1 hours with 

protein A/G beads. Immunoprecipated proteins were washed five times with 1% NP-40 

in PBS. All samples were boiled in Laemmli buffer and analyzed by SDS-PAGE gel 

electrophoresis. Gels were fixed, dried, and exposed to Kodak (http://www.kodak.com) 

BioMax MR film. Western blotting was accomplished using the WesternBreeze 

Chemiluminescent Detection System (Invitrogen) following semi-dry transfer to PVDF 

membranes (Millipore, http:// www.millipore.com). 

 

Results 

Membrane Preparation and Mass Spectrometric Analysis 

Since all previously described targets of K5 were type I transmembrane 

glycoproteins, we hypothesized that novel targets of K5 were most likely to be found in 

the membrane fraction. Most targets of K5 are ubiquitinated in a post-ER compartment 

and then sorted to endosomes in a clathrin-dependent process (108). We recently showed, 

however, that newly synthesized CD31/PECAM is degraded by K5 prior to ER exit by 

ERAD (55). Thus, novel targets could be eliminated from either the plasma membrane or 

from intracellular membranes, particularly within the exocytic pathway. For these 

reasons, we wanted to measure changes in the proteome of the plasma membrane, the 

Golgi membrane, and the ER membrane.  

To measure changes in the membrane proteome I used SILAC coupled with MS 

analysis. Since SILAC incorporates differentially weighted tags directly into proteins, 
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this method allows the fractionation of membranes after combination of samples, thus 

minimizing variation due to sample preparation. The weight differential is then used to 

discriminate between peptides derived from each sample and to determine relative 

protein abundance by mass spectrometric analysis. Previous work has demonstrated that 

isotopically labeled amino acid analogs are indistinguishable from the natural product 

with respect to supporting cell growth in tissue culture (155). For our experiments, I 

added both N15/6C13-labeled leucine and 2N15/6C13-labeled lysine to HeLa cells. Since 

trypsin cleaves after lysines, and almost 70% of predicted tryptic peptides in the human 

genome contain at least one leucine, this double labeling procedure ensures that most 

tryptic peptides will contain at least one isotopic amino acid (215). HeLa cells were 

grown in labeling medium for 5 days prior to expression of K5 via adenovirus 

transduction. Due to rapid doubling of HeLa cells, this time frame allowed for the 

complete incorporation of isotopic amino acids (unpublished data). Control cells were 

grown in medium containing natural amino acids and transduced with the same 

multiplicity of infection of control adenovirus. K5-mediated downregulation of MHC-I 

was confirmed by flowcytometry 24 hours post-infection (unpublished data). To 

minimize variation due to biochemical procedures, plasma membrane, ER, and Golgi 

fractions were generated by sucrose gradient separation after lysis of the combined 

labeled and unlabeled cells (Figure 17). To further control for technical and biological 

variation, I repeated each experiment three times. Tryptic peptides from the resulting 

fractions were separated by two sequential chromatography steps (strong cation and 

reverse phase) prior to analysis by MS using an LCQ ion-trap instrument in data-

dependent MS/MS mode. Tandem mass spectra of dissociated peptides were used to 
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search the human subset of the UniProt database, which was spiked with the viral K5 

sequence using SEQUEST (216). To discriminate true assignments of MS/MS spectra to 

peptide sequences from false assignments, I applied PeptideProphet software using a 

score of 0.85 as the cutoff value for each identified peptide (198). 

For each fraction I identified 500–700 unique proteins by at least one peptide in at 

least one experiment (Figure 18A). Of these, 100–150 proteins were identified in all three 

experiments, a finding that is consistent with previous reports (217). To validate the 

membrane preparations, I analyzed proteins that were identified in all three replicate 

experiments of each fraction with respect to their subcellular localization (Figure 18B). 

The plasma membrane fraction contained a large percentage of predicted cell surface 

proteins. The ER and the Golgi fraction contained both bona fide ER- and Golgi-resident 

proteins and many plasma membrane or transmembrane proteins, presumably on route to 

the cell surface. In addition, all fractions contained significant numbers of proteins 

predicted to localize to other intracellular organelles such as the nucleus, cytoplasm, or 

mitochondria. These proteins are likely derived from contaminating protein fractions. 

Since K5 is not expected to affect proteins in these compartments, these proteins serve as 

internal controls. 

 

Differentially Expressed Proteins 

To identify proteins whose expression was altered by K5, I analyzed proteins 

identified in all three experiments using the program ASAPRatio (160). ASAPRatio 

calculates protein expression ratios based on peak intensities (Fig. 18C). Since a 1.5-fold 

cutoff was previously shown to reflect a significantly different protein level (215), 
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proteins displaying a 1.5-fold change in either direction were considered differentially 

expressed. However, instead of limiting our analysis to proteins identified by multiple 

peptides in a single experiment as done previously (215), I accounted for biological 

variation by focusing on proteins that changed in the same direction in all three 

experiments, regardless of the number of peptides identified in either experiment. Using 

these criteria, only one protein changed in the ER and Golgi fractions. This protein was 

K5 itself, which was scored as “upregulated” due to being present in only the transduced 

samples. K5 was also scored as upregulated in the plasma membrane fraction of K5-

expressing cells. Additionally, four proteins were downregulated in all three plasma 

membrane samples (Figure 18A; Table 1). Within this list were peptides mapping to the 

HLA-A01 allele, which were present in significantly lower amounts in the plasma 

membrane fraction, but not in the ER or Golgi fractions. The lack of statistically 

significant MHC-I downregulation in the ER fraction is consistent with the observation 

that MHC-I assembly in the ER is not affected by K5 (19,20). Since both internal 

controls (transduced K5 as well as the K5 target protein MHC-I) were successfully 

identified as displaying altered ratios, I anticipated that the three remaining proteins in the 

plasma membrane fraction had a high chance of being true positive results.  

Each of these three proteins was not previously identified as downregulated by 

K5: BST2 (also known as HM1.24 and CD316), STX4, and ALCAM (CD166). To 

independently confirm the downregulation of these proteins, I obtained specific 

antibodies for each and analyzed their expression in the presence or absence of K5. 

 

BST2 
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BST2 (Hs.118110) is a protein of largely unknown function that has been 

implicated in normal as well as malignant B cell differentiation (218,219). BST2 contains 

both an amino-terminal transmembrane domain and a carboxy-terminal GPI linker 

resulting in an unusual topology (220). Despite this topological difference and lack of 

relationship to other K5 targets, BST2 was consistently scored as the most strongly 

underrepresented protein in K5-expressing cells (Table 1). A dramatic reduction of BST2 

expression was confirmed in immunoblot of Ad-K5 infected HeLa cells, whereas BST2 

was unaffected in Mock- or Ad-WT infected cells (Figure 19A). BST2 expression was 

also strongly reduced upon adenovirus-mediated expression of the human K5 homologue 

MARCH-VIII, but was less affected by the HIV protein vpu, which recruits a cellular 

ubiquitin ligase. To determine whether downregulation of BST2 required the ubiquitin 

ligase activity of K5, I transfected a catalytically inactive mutant of K5 (K5-RING) that 

lacks two critical cysteines in the K5-RING domain (45), and monitored BST2 

expression by immunoblot. While transiently transfected K5 was still able to 

downregulate BST2, the K5-RING construct did not show an effect despite significantly 

higher levels of expression (Figure 19B). Whether this reduction of BST2 levels is a 

direct consequence of K5 ubiquitinating BST2, or an indirect consequence of the 

downregulation of other proteins by K5, has not yet been established. However, these 

experiments clearly confirm that BST2 protein levels are reduced in K5-expressing cells 

and demonstrate that this reduction requires catalytically active K5.  

 

Syntaxin-4 
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The second protein identified as downregulated by K5 was STX4 (Hs.83734). 

Syntaxins belong to the t-SNARE (target-membrane-associated soluble N-

ethylmaleimide fusion protein attachment protein receptor) family and are responsible for 

correctly targeting and fusing intracellular vesicles during transport (221). STX4 is a 

plasma membrane localized t-SNARE and mediates docking of transport vesicles at the 

cell surface. Interestingly, Syntaxin-6, a Golgi-localized t-SNARE, was previously 

observed to associate with MARCH-II and -III, human homologues of K5 (192,222). To 

confirm the reduction of STX4 protein in K5-expressing cells and to determine whether 

K5 or any of the MARCH proteins associate with STX4, I performed immunoblots and 

immunofluorescence experiments. Reduced levels of STX4 were observed in K5-

expressing HeLa cells, thus confirming the mass spectrometric results (Figure 20A). 

Interestingly, STX4 levels were also reduced upon expression of MARCH-VIII, but not 

upon expression of vpu, suggesting that STX4 is specifically targeted by transmembrane 

RING-CH proteins. In immune fluorescence analysis of control cells, STX4 was 

observed at the plasma membrane. Expression of K5 led to a decrease in the overall 

intensity of STX4, but co-localization was not observed in these studies (Figure 20B). In 

contrast, significant co-localization was observed upon transfection of all MARCH 

proteins, except for MARCH-III and a naturally occurring truncated splicing product to 

MARCH-IX (“−RING” in Figure 20B). Moreover, STX4 was enriched in the subcellular 

compartments corresponding to the subcellular localization previously shown for the 

MARCH proteins (105). Thus, MARCH-IV and -VIII relocated STX4 to the Golgi and 

endosomes, respectively. Since these results are similar to the previously reported 
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binding of Syntaxin-6 to MARCH-II and -III (192,222), STX4 probably also interacts 

with the MARCH proteins which are able to induced STX4 relocalization.  

The lack of co-localization of STX4 with K5 could be due to K5 degrading STX4. 

However, STX4 levels are also reduced in MARCH-VIII expressing cells, yet MARCH-

VIII clearly associates with STX4. Alternatively, only the minor fraction of K5 that 

traffics to the plasma membrane (55) might interact with STX4, whereas the major, ER-

localized population of K5 molecules cannot. To determine whether ER exit was the 

determining factor for co-localization with STX4, I generated truncated versions of 

MARCH proteins that were unable to leave the ER. Previous work has demonstrated that 

a carboxy-terminal PDZ motif in MARCH proteins is required for their forward transport 

since deletion of the final four amino acids resulted in ER retention of MARCH-II and -

III (192,222). While I could not confirm such a role for the carboxy-terminal 45 amino 

acids in MARCH-VIII, I did observe that MARCH-VIII truncated by 62 or 74 amino 

acids was unable to exit the ER (Figure 20C). Importantly, ER-resident MARCH-VIII 

mutants did not interact with STX4. This observation raised the possibility that STX4 

regulates ER exit of MARCH-VIII by binding within the 16 residues that differ between 

the Δ46 and Δ62 mutants. Small interfering RNA knockdown of STX4, however, had no 

effect on MARCH-VIII localization (unpublished data), so we consider this hypothesis 

unlikely. Therefore, we conclude that STX4 associates only with MARCH proteins that 

have left the ER. These data also suggest that STX4 associates, at least transiently, with 

the minor fraction of surface-expressed K5. This K5 fraction is not visible by  immune 

fluorescence analysis, but can be detected by cell surface biotinylation (55). Our data 

further suggest that K5 and MARCH proteins not only interact with, but also degrade 
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syntaxins. Since syntaxins play a major role in vesicular traffic, the reduction of syntaxin 

levels could mislocalize transmembrane proteins, which might facilitate their targeting 

for ubiquitination. Further work will be required to address the role of syntaxins in the 

function of this protein family.  

 

ALCAM (CD166) 

ALCAM (CD166, Hs.591293) is a type I transmembrane glycoprotein of the Ig 

superfamily that is the ligand for the scavenger receptor CD6 on T cells (223). The 

ALCAM:CD6 interaction is part of the immunological synapse and is considered a co-

stimulatory signal involved in lymphocyte activation and thymocyte development (224-

226). Using transfection of a hemagglutinin epitope (HA)–tagged construct, I confirmed 

that co-transfection of K5 very efficiently eliminated ALCAM-HA (Figure 21A). 

Additionally, downregulation of ALCAM from the cell surface was confirmed by 

flowcytometry of HeLa cells transduced with Ad-K5. In contrast to ALCAM, K5 did not 

alter surface expression of CD9 or CD29 (Figure 21B). The co-stimulatory function of 

ALCAM renders this molecule an attractive target for viral immune modulators. To 

determine whether other viral K3 family proteins target ALCAM, I transfected K3 and 

the myxomavirus homologue M153R and monitored ALCAM expression by 

flowcytometry. Interestingly, M153R clearly reduced ALCAM surface levels, whereas 

the K3 protein, the most closely related K5 homologue, did not affect ALCAM (Figure 

21C). This result is consistent with previous observations that K3 targets are limited to 

classical and nonclassical MHC-I–like molecules (19,20,60), whereas both K5 and 

M153R display broader substrate specificity (51,54,55). Within the MARCH family, 
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MARCH-IV and -IX downregulated ALCAM to a significant degree, while a modest 

effect was observed with MARCH-VIII (Figure 21C). The RING and transmembrane 

domains of MARCH-IV and -IX are highly homologous to each other, and this result is 

consistent with previous observations showing that the range of substrates for these two 

MARCH proteins overlaps with that of K5 (105). 

The catalytically inactive K5-RING construct (45), as well as a K5 construct 

lacking acidic clusters in its carboxy-terminal domain (K5DE12) (52,55), did not affect 

surface expression of ALCAM (Figure 21C). These data suggest that downregulation of 

ALCAM requires the ubiquitin ligase activity and proper subcellular targeting of K5.  

To investigate whether ALCAM downregulation occurs in KSHV-infected 

endothelial cells, I took advantage of the fact that K5 is not expressed in latently infected 

dermal microvascular endothelial cells (DMVECs), but can be induced upon addition of 

phorbol 12-myristate 13-acetate (PMA), which activates the lytic cycle (55). As shown 

previously, PMA treatment reduced expression of MHC-I on the cell surface of KSHV-

infected DMVECs, but not uninfected DMVECs (Figure 21D). The mean florescence of 

ALCAM was unchanged in latently infected DMVECs, but was reduced approximately 

two-fold upon PMA treatment. In contrast, levels of CD81, a multiple transmembrane-

spanning plasma membrane protein that is elevated in latently infected cells, did not 

change upon PMA treatment. Since PMA treatment does not induce lytic gene 

expression, and hence K5 expression, in all of the KSHV-infected cells (227), the actual 

levels of downregulation of both MHC-I and ALCAM might be considerably higher in 

individual cells. The correlation of ALCAM downregulation and K5 expression, 

however, renders it highly likely that virally expressed K5 is causing this effect. 
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Taken together, these data suggested that ALCAM is a bona fide substrate for the 

viral ubiquitin ligase K5. To confirm that ALCAM downregulation involved K5-

dependent conjugation of ubiquitin, I transfected HeLa cells with ALCAM-HA either in 

the presence or absence of Ad-K5. Ad-vpu, Ad-K5DE12, and Ad-MARCH-VIII were 

used as controls to show that ALCAM was not downregulated by any ubiquitin ligases 

expressed from an adenovirus. Then, 24 hours post-transfection, cells were lysed and 

ALCAM precipitated using an antibody against the HA epitope. Samples were resolved 

on a SDS-PAGE gel, and the presence of ubiquitinated ALCAM-HA was analyzed by 

immunoblotting with the anti-ubiquitin antibody P4D1. In cells transfected with 

ALCAM-HA alone, ubiquitinated ALCAM-HA was undetectable (Figure 22A). In the 

presence of K5, however, substantially increased levels of ubiquitinated ALCAM-HA 

were observed, consistent with K5-mediated ubiquitination of ALCAM. Acidic cluster–

deleted K5 and HIV-vpu did not affect the process, whereas MARCH-VIII slightly 

increased ALCAM-HA ubiquitination, consistent with the slight downregulation of 

endogenous ALCAM observed by flowcytometry. 

Depending on the subcellular localization of the ubiquitination reaction, K5 

targets are degraded in lysosomes or by the proteosome (55). To determine which 

degradation system was responsible for ALCAM degradation, I followed the maturation 

and degradation of ALCAM-HA using pulse-chase analysis in the presence of 

proteosomal inhibitors or inhibitors of endosomal acidification. In the absence of K5, 

ALCAM-HA acquired complete resistance to endoglycosidase H within two hours post-

labeling, indicating intracellular transport of ALCAM through the Golgi complex (Figure 

22B). After chasing for eight hours, ALCAM-HA levels remained high in control cells, 
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showing only a minor reduction due to endogenous turnover. Expression of K5 did not 

alter ALCAM biosynthesis or trafficking through the Golgi; however, amounts of 

endoglycosidase H–resistant ALCAM were significantly reduced, consistent with a post-

Golgi degradation mechanism. K5-dependent degradation of ALCAM was inhibited by 

inhibiting lysosomal acidification with concanamycin A but not by the proteosomal 

inhibitor MG132. A similar effect was observed with fluorescent microscopy analysis 

(unpublished data). To determine whether ALCAM is targeted to lysosomes via the MVB 

pathway, I co-transfected K5 with a dominant negative version of the AAA-ATPase 

Vps4 (DNvps4), which prevents MVB formation (228). Expression of DNvps4 partially 

restored surface expression of both MHC-I and ALCAM measured using flowcytometry, 

whereas WTvps4 had only a minor effect (Figure 22C). Taken together, these data 

indicate that K5 ubiquitinates ALCAM in a post-ER compartment, thus triggering 

ubiquitin-mediated endocytosis and targeting of ALCAM for lysosomal destruction via 

the MVB pathway. Since this mechanism is similar to that of other K5 targets, we 

conclude that ALCAM is a novel substrate for K5 as well as a target for M153R. Thus, 

we present a novel approach for the systematic identification of substrates for 

transmembrane ubiquitin ligases as well as viral immune modulators targeting membrane 

proteins. 

Discussion 

The goal of this work was to systematically search for novel targets of viral 

immune modulators. To this end, I applied SILAC, a quantitative proteomics method 

based on metabolic isotope labeling. Until now, the SILAC method was mainly used for 
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global comparative proteomics experiments expected to yield a relatively large number of 

changes, such as the comparison of cell surface proteins from Th1 versus Th2 cells (229), 

differential protein secretion from cancer versus normal cells (230), proteins associated 

with stimulation of a given receptor (231), or changes in substrates trapped by a mutant 

protease complex upon stress activation (232). To our knowledge, however, our data 

represents the first time SILAC has been used in an experiment where only a few protein 

changes were expected. A major challenge for this approach was to identify true changes 

among the high rate of false positives that are caused by false peptide identification, 

inaccurate measurements of peptide intensity by, or biological variation arising during the 

labeling procedure. For these reasons, protein quantitation in SILAC experiments is 

usually limited to proteins that are identified by two or more peptides (e.g., (232)). 

Limiting quantiation to proteins identified by two or more peptides allows confirmation 

of each peptide by a second peptide from the same protein, thus raising confidence that 

calculated protein ratios are accurate. This approach, however, severely limits proteome 

coverage, particularly for low abundance proteins that are often identified by only one 

peptide. For this reason I sought to include all identified proteins in my analysis 

regardless of how many peptides were used in their identification. Inclusion of single 

peptide identifications raised the background for individual experiments to the point that 

it was impossible to discriminate between true positives and false positives purely by a 

fold-change cutoff (unpublished data). By analyzing three biological replicate 

experiments, I were able to identify true positives. The use of three replicates sets a high 

threshold and might exclude potential substrates. However, upon lowering the stringency 

(either two out of three experiments or several peptides in one experiment), I was unable 

 115



to confirm additional targets from a few selected candidates, suggesting a dramatic 

increase in the false positive rate (unpublished data). In contrast, using three replicates 

resulted in 100% specificity.  

The rate of false negatives—the proteins that were affected by K5 but were 

eliminated by these selection criteria—is difficult to gauge since only a few of the known 

K5 targets (MHC-I and ICAM-1) are present in HeLa cells. No peptides derived from 

ICAM-1 were identified, probably since ICAM-1 is expressed at low levels in this cell 

type unless induced by pro-inflammatory stimuli. A better estimate of the false negative 

rate could potentially be obtained by analyzing other cell types, such as B cells and 

endothelial cells that express high levels of multiple K5 targets. The sensitivity of the 

method is therefore presently unknown. However, since only a fraction of the membrane 

proteome was identified here, it is likely that additional targets for K5 will be revealed by 

improved protein identification, improved analysis methods, or improved enrichment of 

the target proteome.  

Using specific antibodies as well as epitope tagging, I confirmed the K5-

dependent reduction in protein abundance for BST2, STX4, and ALCAM in independent 

experiments. Of these proteins, only BST2 was unrelated to protein families previously 

shown to interact with or be targeted by the MARCH family or K3 family proteins. 

Downregulation of BST2 required the ubiquitin ligase function of K5, suggesting that the 

reduced expression of BST2 is linked to the enzymatic function of K5. However, I have 

not ruled out the possibility that BST2 levels are indirectly affected by another protein 

that is targeted by K5. Thus, one of the limitations of the SILAC approach is that this 

technique does not discriminate between proteins that are targeted directly and proteins 

 116



that are targeted indirectly by the transmembrane ubiquitin ligases. This limitation could 

possibly be overcome by combining the SILAC analysis with proteomic analysis of 

ubiquitinated proteins (233,234). Further experiments will be needed to determine 

whether BST2 is a bona fide target of K5 or related molecules. If so, BST2 could play an 

as yet unknown role in immune defense. 

The identification of STX4 by the SILAC method was surprising for several 

reasons. First, the K5-induced changes in STX4 levels were relatively modest compared 

to those for MHC-I, ALCAM, or BST2. This observation demonstrates that even 

moderately changing proteins can be identified by SILAC, provided these changes can be 

measured reproducibly. Second, previous observations suggested that MARCH proteins 

interact with but do not degraded syntaxins.  Third, STX4 is quite different from the 

typical K5 substrates, which mostly represent type I glycoproteins of the Ig superfamily. 

In contrast, STX4 is a type II transmembrane protein with a carboxy-terminal tail-anchor 

and multiple coiled-coil domains. As discussed above for BST2, K5 might therefore 

mediate degradation of STX4 through an indirect mechanism. However, the co-

localization of STX4 with all MARCH proteins that locate to post-ER compartments 

suggests that STX4 interaction is a general feature of the entire protein family, including 

K5. STX4 thus joins a growing list of vesicular trafficking regulators interacting with 

MARCH-family or K3-family proteins. In addition to the above-mentioned Golgi t-

SNARE syntaxin-6 that interacts with MARCH-II and -III, this list includes the COP-I 

adaptor protein PACS-2 (55) and the ER/cis-Golgi-located adaptor protein Vap-A (R. 

Means and S. Lang, personal communication). Either such interactions could locate the 

RING-CH proteins to specific vesicular compartments, or the RING-CH protein could 
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interfere with the function of the vesicular regulators. In the case of STX4, 

downregulation of STX4 might reduce the exocytosis of certain proteins. For instance, 

STX4 is required for the secretion of insulin in pancreatic beta cells (235). One could 

therefore speculate that, by degrading STX4, KSHV prevents the secretion of immune 

stimulatory chemokines or cytokines. Interestingly, another membrane-associated RING 

ubiquitin ligase, termed Staring, was previously shown to interact with, ubiquitinate, and 

degrade syntaxin-1 (236). Therefore, degradation of STX4 by endogenous MARCH 

proteins could play a role in the turnover of STX4, thus regulating exocytosis.  

The final novel protein identified by our SILAC screen was ALCAM (CD166). 

Similar to other proteins downregulated by K5, ALCAM is a type I glycoprotein of the Ig 

superfamily. Several lines of evidence suggest that ALCAM is a bona fide target of K5. 

ALCAM downregulation required a functional RING-CH domain and acidic motif in K5. 

Similar to other K5 target molecules, ALCAM was ubiquitinated and targeted to 

lysosomes via the MVB pathway. K5 most likely ubiquitinates ALCAM at the plasma 

membrane, resulting in ubiquitin-mediated endocytosis and lysosomal destruction.  

In addition, I observed that the myxomavirus protein M153R downregulated 

ALCAM, likely by a similar mechanism. M153R has previously been shown to prevent T 

cell recognition of myxomavirus-infected cells (76). In addition, Coscoy et al. 

demonstrated that K5-transfected B cells do not stimulate T cells (51). While the 

predominant reason for this lack of T cell recognition is likely the downregulation of 

MHC-I from the cell surface, Coscoy et al. showed that the elimination of B7.2 and 

ICAM-1 further reduces T cell receptor (TCR) signaling (51). These observations led to 

the conclusion that the combined effect of preventing both the primary signal via the 
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TCR and the co-stimulatory signals via LFA-1 and CD28, the respective ligands of 

ICAM-1 and B7.2, minimizes T cell activation by KSHV-infected B cells. Similar to 

LFA-1 and CD28, ALCAM’s ligand, CD6, becomes an integral part of the 

immunological synapse. Specifically, ICAM-1 forms a ring around the synapse, whereas 

CD28 and CD6 co-localize with the TCR in the center of the synapse (224). This 

supramolecular structure is required for the sustained TCR engagement needed to 

generate the full repertoire of T cell responses, including signal transduction, cytokine 

generation, and cell proliferation (237). Although the function of CD6 has not been 

studied as extensively as that of LFA-1 and CD28, there is accumulating evidence that 

the CD6:ALCAM interaction contributes to formation and function of the immunological 

synapse. Antibodies to CD6 activate T cells (238) and CD6-blocking antibodies or 

recombinant ALCAM-Fc proteins inhibit T cell proliferation induced by dendritic cells 

(226). Taken together, these observations strongly support the notion that, by 

downregulating ALCAM, K5 and M153R further optimize the ability of their respective 

viruses to prevent T cell activation. Moreover, the finding that ALCAM is eliminated by 

immune modulators from both herpesviruses and poxviruses suggests that the 

ALCAM:CD6 ligand receptor pair plays a previously unappreciated role in anti-viral 

immunity. 

In summary, our results validate the use of quantitative proteomics to identify 

new substrates of viral and cellular immune modulators. In addition to identifying this 

specific class of transmembrane ubiquitin ligases, it is conceivable that this approach can 

be used to identify additional targets for any viral proteins that are known to reduce the 

abundance of their host cell target molecules. Since many viral proteins are considered to 
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be multi-functional, such a systematic, unbiased search for novel host cell targets could 

help to reveal new functions of viral proteins. This proteomics approach can also be used 

to find novel targets for cellular proteins that degrade a specific set of targets, such as 

novel substrates for cellular ubiquitin ligases. Since ubiquitin ligases are one of the most 

abundant gene families in the human genome, almost every protein in the human genome 

might be regulated by one or more ubiquitin ligases. Identifying the ligase:substrate 

relationship will be a daunting but important task in unraveling the regulatory networks 

that govern cellular functions.  
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Figure 17. Schematic Representation of the SILAC Labeling and Purification 

Protocol

 121



Figure 17. Schematic Representation of the SILAC Labeling and Purification 

Protocol 

HeLa cells were grown for five days in labeling medium to ensure complete 

labeling. They were then infected with either adenovirus vector (light sample) or 

adenovirus-expressing K5 (heavy sample). Then 24 hours post-infection cells were 

harvested and counted, and equal numbers of cells combined. Samples were lysed in a 

Dounce homogenizer and unlysed cells removed by centrifugation. Membrane and 

soluble proteins were separated by centrifugation. The membrane pellet was resuspended, 

and different membrane fractions were separated over a discontinuous sucrose gradient. 

The bands corresponding to the plasma membrane (PM), Golgi, and ER fractions were 

removed and the proteins pelleted. The resulting pellet was then washed with sodium 

carbonate to remove non-integral membrane proteins, followed by ammonium 

bicarbonate to remove salts and other impurities. The final pellet was resuspended in 8M 

urea and digested with trypsin for MS/MS analysis.  
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Figure 18. Protein Identification and Differential Peptide Quantification
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Figure 18. Protein Identification and Differential Peptide Quantification 

(A) Approximately 500–700 proteins were identified by at least one peptide in 

each fraction; however, fewer than 150 proteins per fraction were identified in all three 

replicates. Of these, only five proteins changed more than 1.5-fold in the plasma 

membrane (PM) fraction, while only one protein changed more than 1.5-fold in all three 

replicates of either the golgi or ER fractions.  (B) Proteins present in all three replicates 

of each fraction were analyzed for their predicted subcellular distribution using 

annotations in the Swiss-Prot proteomics database.  (C) Comparison of signal intensities 

obtained for selected peptides from the indicated proteins. The red line indicates the 

actual raw data recovered from the mass spectrometer; the blue line is a hypothetical best 

fit line drawn to help analyze elution time of the light and heavy peptides.  The orange 

arrows indicate the time at which the initial MS/MS scan was initiated. Peptides derived 

from unaltered proteins, such as CD44, display a similar intensity for both the light and 

heavy isotopes. Peptides derived from differentially expressed proteins, such as BST2, 

show clearly different intensity peaks for the light and heavy peptides. Note the slightly 

different scale for intensity of each peptide.   
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Table 1: Differentially expressed Proteins
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Table 1: Differentially expressed Proteins 

The Uniprot designation of each protein displaying a skewed ratio in all three 

experiments is given as well as the ratio reported in each experiment, the unique peptides 

used to identify that protein, and the experiment in which each peptide was recovered.   
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Figure 19. BST2 Is Differentially Expressed in K5-Expressing Cells
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Figure 19. BST2 Is Differentially Expressed in K5-Expressing Cells 

HeLa cells were transduced with Ad-WT, Ad-K5, Ad-vpu, or Ad-MARCH-VIII. 

Then 24 hours post-infection, cells were harvested and whole cell lysates were analyzed 

for the abundance of BST2 and MHC-I by Western blotting. Note that BST2 is highly 

glycosylated and runs as multiple bands. The high molecular weight band marked with an 

asterisk is non-specific. Equal protein loading was confirmed by visualizing the ER 

resident chaperone Bap31 as well as general protein staining with Ponceau red ((A), left). 

The intensity of each band was quantified using densitometry ((A), right). The specificity 

of BST2 downregulation was confirmed by transfecting K5 or a catalytically inactive K5-

RING mutant, which showed no effect on either MHC-I or BST2 (B). The protein bands 

corresponding to BST2 are more intense in (B) than in (A) because of longer exposure of 

the autoradiograph as well as variation in electrophoretic separation. Note that the same 

lysates were analyzed in lanes 1–3 of the blots in both (A) and (B).  
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Figure 20. K5 Causes Downregulation but Not Relocalization of STX4
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Figure 20. K5 Causes Downregulation but Not Relocalization of STX4 

(A) HeLa cells were transduced with Ad-WT, Ad-K5, Ad-vpu, or Ad-MARCH-

VIII. Then 24 hours post-infection cells were harvested and whole cell lysates were 

analyzed as in Figure 19, except that antibodies specific for STX4 were used. Expression 

of K5 resulted in a moderate but reproducible reduction of STX4 levels.  (B) To 

determine if K5 or MARCH proteins caused a relocalization of STX4, HeLa cells were 

transfected with carboxy-terminally FLAG-tagged versions of the E3s shown. Cells were 

then analyzed for the location of STX4 (using an Alexa Fluor 594–conjugated secondary 

antibody, shown as red) as well as the overexpressed E3 (using a FITC-conjugated anti-

FLAG antibody, shown as green). Co-localization of STX4 and the ubiquitin ligases is 

revealed as yellow co-staining. While K5 did not co-localize with STX4, several 

MARCH family proteins relocalized STX4 to a MARCH-containing compartment. A 

naturally occurring splice variant of MARCH-IX that lacks a complete RING domain and 

fails to exit the ER was unable to relocalize STX4.  (C) carboxy-terminal truncation 

mutants of MARCH-VIII that failed to exit the ER do not co-localize with STX4.  
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Figure 21. K5 Downregulates ALCAM
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Figure 21. K5 Downregulates ALCAM 

(A) carboxy-terminally HA-tagged ALCAM was co-transfected with K5 or 

control plasmid. Then 24 hours post-transfection cells were harvested and the abundance 

of ALCAM-HA in each lysate was measured by Western blotting with anti-HA antibody.  

(B) Cell surface expression of endogenous ALCAM in the presence or absence of K5 was 

determined by flowcytometry. HeLa cells were co-transfected with K5 and a green 

fluorescent protein (GFP)–expressing plasmid to identify transfectants. Then 24 hours 

post-transfection cells were harvested and stained with antibodies against MHC-I, 

ALCAM, CD9, and CD29. Both vector (solid black) and K5-transfected (white) cells 

were gated for GFP-expressing cells.  (C) ALCAM downregulation by K5-related 

proteins was determined by transfecting HeLa cells with viral K3 family members (K3 

and M153R) and the indicated human MARCH proteins. Also examined were mutant K5 

proteins with enzymatically inactive RING-CH domains (K5-RING) or lacking acidic 

residues implicated in subcellular targeting (K5DE12). Neither K5 mutant reduced 

ALCAM levels. KSHV K3 was unable to downregulate ALCAM, whereas the 

myxomavirus M153R protein significantly reduced ALCAM surface expression. Two of 

the MARCH proteins, MARCH-IV and MARCH-IX, strongly downregulated ALCAM, 

while MARCH-VIII showed a minimal effect.  (D) To determine whether ALCAM 

expression was affected by KSHV, latently infected immortalized DMVECs were treated 

with PMA to induce expression of lytic genes including K5. Surface levels of either 

MHC-I or ALCAM were measured by flowcytometry 24 and 48 hours post-induction. 

CD81, measured at 24 hours, was used as a control. The ratio between the mean 
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fluorescence intensity of infected and uninfected samples from these experiments is 

shown as fold change on the right. 
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Figure 22. Ubiquitination and Lysosomal Degradation of ALCAM in the Presence of 

K5
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Figure 22. Ubiquitination and Lysosomal Degradation of ALCAM in the Presence of 

K5 

(A) Ubiquitination of ALCAM was examined by co-transfection of HeLa cells 

with ALCAM-HA as well as the indicated E3s. Then 24 hours post-transfection, cells 

were lysed in 1% CHAPS, and ALCAM-HA was immunoprecipitated using anti-HA 

antibody. Samples were resolved on an 8% SDS-PAGE gel, transferred to PVDF, and 

immunoblotted (WB) with the anti-ubiquitin (Ubi) antibody P4D1 (top) or anti-HA 

(bottom). Ubiquitinated ALCAM was visible upon co-transfection of K5 and MARCH-

VIII, but not with the inactive K5DE12 mutant and the unrelated HIV immune modulator 

vpu.  (B) To determine whether ubiquitinated ALCAM was degraded by proteosomes or 

in lysosomes, the fate of newly synthesized ALCAM-HA was determined by metabolic 

labeling for 10 min with S35 Met/Cys and chasing the label for the indicated times (hours) 

in the presence of the indicated inhibitors. Following lysis, ALCAM-HA was 

immunoprecipitated using the HA antibody and samples were treated overnight with 

endoglycosidase H followed by electrophoretic separation. Note the increased recovery 

of ALCAM at eight hours in the presence of the endosomal/lysosomal proton pump 

inhibitor concanamycin A (ConA), but not in the presence of the proteosomal inhibitor 

MG132 (50 μmol).  (C) Surface expression of ALCAM can be restored by 

overexpressing a dominant negative version of the AAA-ATPase Vps4 (DNvps4), which 

is essential for targeting proteins to MVBs. HeLa cells were transfected as indicated 

together with GFP to identify transfected cells. Then 24 hours post-transfection cells 

were harvested and the surface expression of either MHC-I or ALCAM was analyzed 

using flowcytometry. The graph shows the ratio of mean fluorescence intensity from K5-
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transfected cells to that of control cells after gating for GFP. Data are averaged from three 

separate experiments. 
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Chapter 6: SILAC Analysis of MARCH-VIII5

 

Introduction 

Ubiquitination plays a key role in regulating many diverse cellular functions, 

including cell cycle control (85), DNA repair (86), signaling (87), and protein destruction 

via the lysosome (88-90).  The ubiquitin pathway consists of ubiquitin, a single ubiquitin 

activating enzyme (E1), a small number of ubiquitin conjugating (E2) enzymes, and a 

wide variety of ubiquitin ligases (E3) enzymes.  Due to the limited variability in E1 and 

E2s, much of the regulation of the ubiquitin pathway is carried out by E3s (93).  E3s 

provide specificity to the ubiquitin pathway by linking E2s with their substrates. 

Membrane associated RING-CH (MARCH) proteins, are a recently discovered 

family of human transmembrane E3s (105,181).  Six MARCH proteins are homologues 

of the K3-family of viral immune evasion proteins (19,20,76).  Both the MARCH 

proteins, and their viral homologues, catalyze the ubiquitination of lysines in the 

cytoplasmic tails of their transmembrane substrates (105,193,194,239).  Ubiquitination 

usually occurs post-ER, possibly at the plasma membrane, and results in the endocytosis 

of the substrate and subsequent targeting to multivesicular bodies (MVB) followed by 

lysosomal degradation (105,240).  

A wide variety of substrates have been suggested for MARCH proteins.  

MARCH-I and -VIII (alias cMIR) mediate the destruction of Major histocompatibility 

complex class I and class II (MHC-I and MHC-II), CD86 (B7.2), CD166 (ALCAM), 

                                                 
5 This data is not currently published 
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CD95 (Fas), and transferrin receptor (TfR) (105,181,191,194).  In contrast, MARCH-IV 

and –IX mediate the destruction of MHC-I, CD4, and CD54 (ICAM-1) (105,193).  Each 

of these MARCH targets was identified using techniques that screened each MARCH 

protein for downregulation of a single substrate.  A clear understanding of MARCH 

protein substrate selection is unknown. However, those proteins tested as potential 

substrates, represent only a limited and biased portion of the proteome.  Thus, additional 

MARCH substrates probably exist.   

We have recently used a quantitative proteomics-based method to elucidate novel 

membrane-associated substrates for the viral MARCH homologue K5 (alias MIR2) 

(191).  I used stable isotope labeling with amino acids in cell culture (SILAC) to 

differentially label HeLa cells prior to expression of K5 or a control vector (155,215).  

SILAC incorporates either ‘light’ (C12/N14) or ‘heavy’ amino acids (C13/N15) into cellular 

proteins through metabolic labeling. SILAC labeling allows the relative quantitation of 

protein abundance by determining the ratio of tryptic peptides identified in each sample 

using mass spectroscopy. By analyzing at least three replicate experiments I was able to 

identify and independently confirm several novel substrates for K5 (191).   

Using this proteomics approach in human fibroblasts, I now present evidence that 

MARCH-VIII and -IV downregulate the cell surface proteins CD44 and CD81, and that 

siRNA treatment against MARCH-IV increased CD81 surface levels. In addition, I show 

that MARCH proteins interact with the ER resident chaperone Bap31.  These data expand 

the function of the MARCH-family as well as confirming the ability of our SILAC based 

technique to elucidate novel targets for E3s. 
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Materials and Methods 

Reagents 

The following antibodies were used: anti-CD44 (clones F-4 and DF1485) and 

anti-CD81 (clone 5A6) (Santacruz Biotechnology (Http://www.scbt.com), anti-Bap31 

(Affinity Bioreagents, http://www.bioreagents.com), anti-TfR (US Biologicals, 

http://www.usbio.net), anti-Flag (Sigma, http://www.sigmaaldrich.com).  Plasmids 

expressing MARCH cDNA’s have been described previous (105).  Ad-MARCH-VIII and 

Ad-K5 have been described previously (55,191).  Ad-Vpu was a generous gift from A. 

Moses (Vaccine and Gene Therapy Institute, USA). 

 

Cells 

Human foreskin fibroblasts were obtained from ATCC (http://www.atcc.org) and 

maintained in DMEM (Invitrogen, http://www.invitrogen.ciom) supplemented with 10% 

fetal calf serum (Hyclone, http://www.hycone.com) and 1x pen/strep. 

 

Stable isotope labeling of HFF cells. 

Cells were labeled with stable isotopes using labeling media (DMEM, Invitrogen) 

lacking the amino acids L-lysine and L-leucine (prepared according to the manufacturer’s 

protocol). Labeling media was supplemented with 10% dialyzed fetal calf serum 

(Hyclone), 1× Pen/Strep (Invitrogen), and either isotopically ‘light’ L-lysine (U-12C6, 

98%; U-14N2, 98%) and L-leucine (U-12C6, 98%; 14N, 98%) (Sigma) or isotopically 
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‘heavy’ L-lysine (U-13C6, 98%; U-15N2, 98%) and L-leucine (U-13C6, 98%; 15N, 98%) 

(Cambridge Isotope, http://www.isotope.com). Cells were maintained in labeling media 

long enough to allow for six doublings prior to initiation of the experiment to insure 

complete labeling. 

 

Preparation of samples for MS/MS analysis. 

Cells grown in labeling media were infected with, Ad-Tet + Ad-MARCH-VIII 

(heavy-labeled cells) or Ad-Tet alone (light-labeled cells) at an MOI of 200. 24 hours 

post-infection, cells were harvested by scraping, washed twice in PBS, resuspended in 

PBS containing 5 mM EDTA, and lysed by douncing. Unlysed cells and debris were 

cleared from the lysate by centrifugation for 5 min at 3,000 × g. The cleared lysates were 

separated into membrane and soluble fractions by centrifugation for 30 min at 45,000 × g. 

The membrane fraction was resuspended in PBS by sonication and separated over a 

discontinuous sucrose gradient (2 M, 1.6 M, 1.25 M, 1.2 M, and 0.8 M) by centrifugation 

for 2.5 h at 25,000 rpm (Sorvall SW-28 rotor, http://www.sorvall.com). The bands 

corresponding to the plasma membrane (0.8–1.2 M interphase), Golgi (1.25–1.2 M 

interphase), and ER (1.6–1.25 M interphase) fractions were removed, diluted 5× in Tris-

EDTA (pH 8.0), and centrifuged for 30 min at 45,000 × g to pellet the proteins contained 

in each fraction. Pellets were washed for 30 min in 50 mM sodium bicarbonate (pH 11.5) 

and centrifuged for 30 min at 45,000 × g, followed by a second wash in 50 mM 

ammonium bicarbonate (pH 8.5) and further centrifugation for 30 min at 45,000 × g. 

Final pellets were resuspended in 8.0 M deionized urea and 50 mM ammonium 
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bicarbonate (pH 8.5) and protein levels quantitated using the Bio-Rad Protein Assay 

(Bio-Rad, http://www.biorad.com). Samples were reduced with DTT (Sigma) and 

alkylated with iodoacetamide (Sigma) prior to overnight digestion with trypsin (Promega, 

http://www.promega.com). 

 

Chromatography, MS, and informatics.  

Peptide mixtures were analyzed by electrospray ionization tandem MS, coupled to 

two-dimensional liquid chromatography, which was performed using a modified version 

of the protocol described by Link and coworkers (197). Briefly, 22 µg of sample was 

loaded onto an Opti-Pak capillary SCX trap cartridge (Optimize Technologies, 

http://www.optimizetech.com) and eluted stepwise (12.5, 25, 37.5, 50, 62.5, 75, 87.5, 

100, 112.5, 125, 200, 300, or 450 mM ammonium acetate in 0.1% formic acid) onto a 

reverse phase C-18 capillary column (180 um × 100 mm, BioBasic-18; Thermo Electron, 

http://www.thermo.com). Peptides were then eluted using an acetonitrile gradient (5%, 5 

min; 5%–40%, 75 min; 40%–90%, 10 min) into a ProteomeX LCQ Deca XP Plus mass 

spectrometer (Thermo Electron) equipped with a low-flow (1 µl/min) electrospray 

source. The instrument was set to trigger data-dependent MS/MS acquisition of the three 

most intense ions detected during the MS survey scan when total ion current per MS 

survey scan exceeded 5.0 × 105 counts.   

Proteins were identified by analyzing tandem mass spectra with the Sequest 

algorithm (Thermo Electron) as described by Yates et al. (147) using the human subset of 

the UniProt/Swiss-Prot protein database (UniProt release 5.1, 
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http://www.expasy.org/sprot). The search results were further analyzed using 

PeptideProphet (198). SILAC ratios were determined using the ASAPRatio algorithm 

(160). Multiple peptides derived from a single protein were included if PeptideProphet 

probability was greater than or equal to 0.85. All positive results were manually verified.  

 

Real-Time PCR 

Short (50-100bp) fragments from MARCH-I, -II, -IV, -VIII and -IX cDNA were 

amplified via PCR using appropriate primers.  The PCR reaction was carried out in the 

following buffer: 1x SYBR Green PCR Buffer (PE Biosystems), 3mM MgCl2, 0.8mM 

dNTP’s, 0.625U Amplitaq Gold (PE Biosystems), 0.01μl Amperase (PE Biosystems), 

and 50nM primers. 20μl buffer was added to 5μl template cDNA and run under the 

following conditions: 950C for 10min, followed by 40 cycles of 950C for 15 seconds, 

600C for 1 minute.  Amplification was tracked via SYBR-Green (PE Biosystems) 

incorporation using an ABI-PRISM 7700 Sequence Detection System (Applied 

Biosystems, Foster City, CA).   

 

Co-immunoprecipitation, Immunoblot, and Surface Labeling 

Cells were washed twice with PBS and lysed in PBS containing 1% CHAPS 

(Sigma).  Lysates were precleared with protein A/G agarose beads and incubated with 

1μg of antibody for 1 hr and followed by 1 hr incubation with protein A/G beads. 

Immunoprecipated proteins were washed four times with PBS containing 1% CHAPS.  

Samples were boiled in SDS buffer and analyzed by SDS-PAGE gel electrophoresis.  For 

Western blot analysis, SDS-PAGE gels were transferred to Immobilon-P PVDF 
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membrane (Millipore) using semidry transfer.  Following transfer, membranes were 

blocked in 10% milk in PBS + 1% tween-20.  Membranes were incubated with primary 

and secondary antibodies in 5% milk for 30 minutes.  Following each antibody 

incubation, membranes were washed 3 times with PBS + 1% tween-20, and once with 

dH2O.   

Surface biotinylation studies were carried out using the Cell Surface Protein 

Biotinylation and Purificaiton Kit (Pierce) according to the manufacturer’s 

recommendations. 

 

Flowcytometry 

Cells were removed from tissue culture dishes with 0.05% trypsin-EDTA 

(Invitrogen), washed with ice-cold PBS, and incubated with appropriate antibody for 30 

min at 4 °C. The cells were washed with ice-cold PBS and either resuspended in ice-cold 

PBS or incubated with PE-conjugated anti-mouse secondary antibody (Dako, 

http://www.dako.com) and washed again before analysis with a BD Biosciences 

FACSCalibur flowcytometer. 

 

siRNA Treatment 

Knockdown of Bap31 was accomplished using anti-BCAP-31 (Bap31) 

siGENOME siRNA (Dharmacon, http://www.dharmacon.com).  siRNA transfection was 

accomplished using Oligofectamine (Invitrogen, http://www.invitrogen.com) according 

to manufacturers recommendations.  25% confluent 35mm dishes of HFF’s were treated 

twice with 5μl siRNA (20μM).  Treatments were 6 hours apart.  Three days post 
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treatment, cells were treated again with siRNA as described.  Cells were analyzed 4 days 

after the second siRNA treatment.   

 

Results 

Proteomic Analysis of MARCH-VIII-expressing human fibroblasts 

MARCH proteins introduce specific lesions in the plasma membrane proteome by 

ubiquitinating subsets of transmembrane proteins. Previously, I analyzed whether 

MARCH proteins target a panel of cell surface proteins which were selected because they 

were known substrates of viral MARCH homologues (19,20,51,54). In order to determine 

novel substrates for MARCH proteins by an unbiased approach, I applied a recently 

developed quantitative proteomics-based method which allowed us to screen for changes 

induced in the plasma membrane proteome following expression of the viral MARCH-

homologue K5 (191). To identify novel substrates for MARCH proteins in human cells, I 

used primary foreskin fibroblasts (HFF) expressing low levels of endogenous MARCH 

proteins (Fig. 23).  MARCH expression in these cells is representative for many human 

cells and tissues (our unpublished observations) (105).  

  To detect changes in the membrane proteomes of HFFs upon forced-expression of 

MARCH-VIII I compared the abundance of metabolically labeled proteins identified by 

tandem MS/MS. HFFs were grown in either ‘light’ media containing normal leucine 

N14/6C12 and lysine 2N14/6C12, or ‘heavy’ media containing N15/6C13 leucine and 2N15/6C13 

lysine.  To ensure complete labeling, cells were grown in labeling media for six 

doublings (~2 weeks).  Following metabolic labeling, ‘light’ labeled samples were 

infected with Adenovirus expressing the Tetracycline regulatable-transactivator (Ad-Tet) 
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alone, while ‘heavy’ labeled samples were infected with Ad-Tet together with adenovirus 

expressing Tet-induced MARCH-VIII (Ad-MARCH-VIII).  24 hours post-infection, cells 

were harvested via mechanical scraping and cellular fractions were separated as 

described (191).  Due to low yields of ER and Golgi membranes, however, only the 

plasma membrane (PM) fraction was analyzed in these experiments. Following 

trypsinization, PM fractions were separated with two-dimensional liquid chromatography 

(strong cation exchange followed by reverse phase chromatography) and then analyzed 

by MS using a LCQ ion-trap instrument in data-dependent MS/MS mode.  Ion spectra 

were identified using SEQUEST software (147) and statistically analyzed using 

PeptideProphet (198).  To limit false positive peptide identifications a PeptideProphet 

cutoff of 0.85 was applied to each peptide identified. To further minimize experimental 

error and limit false positive results, three biological replicates were prepared and 

independently analyzed. Each experiment resulted in the identification of between 300-

500 unique proteins.   

To determine proteins whose expression was altered by MARCH-VIII, ratios 

between ‘heavy’ and ‘light’ peptide peaks were determined using the ASAPRatio 

algorithm (160).  Ratios of individual peptides belonging to the same protein were 

grouped together using ProteinProphet to obtain a ratio for the expression of each 

identified protein (160).  HFFs express three known substrates of MARCH-VIII: TfR, 

MHC-I, and ALCAM (105,191). However, I failed to recover peptides corresponding to 

TfR or the MHC-I heavy chain in any of the experiments. This is likely due to the low 

expression levels of both TfR and MHC-I in HFFs.  In contrast, the MHC-I light chain, 

β2-microglobulin (β2M), was recovered in all three experiments (Table 2). The recovery 
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of β2M but not MHC-I heavy chain might be due to the fact that β2M is non-polymorphic 

in contrast to the multiple MHC-I alleles present in the mixed population of primary 

fibroblasts. Since peptides derived from ALCAM were recovered in only two of the three 

experiments, I considered proteins identified in the top or bottom 25% of two out of three 

experiments as possible targets if they were absent from the third experiment due to a 

failure to recover any peptides.  Using this initial filter resulted in the identification of 13 

proteins which might be regulated by expression of MARCH-VIII (Table 2). 

Of these 13 proteins, only two displayed increased abundance upon expression of 

MARCH-VIII: MARCH-VIII itself and Grp78/Bip.  Grp78/Bip is an ER resident 

chaperone that is transcriptionally upregulated as part of the unfolded protein response, 

which is triggered by elevated levels of viral or cellular proteins in the ER.  Grp78/Bip 

has been shown previously to be upregulated upon expression of the viral protein US11 

(241). Therefore, it is likely that upregulation of Grp78 is due to the forced expression of 

MARCH-VIII. However, this has yet to be confirmed experimentally. 

The remaining 11 all proteins displayed lower levels in Ad-MARCH-VIII-

transduced cells compared to control cells.  Of these proteins, three were downregulated 

in all three experiments: β2M, CD44, and CD81. Since MHC-I is known to be moderately 

downregulated by MARCH-VIII (105), the observed reduction of β2M is likely caused by 

the removal of MHC-I from the cell surface.  Alternatively, MARCH-VIII might also 

downregulate some of the non-classical HLA-like molecules that associate with β2M. 

However, I did not recover any peptides mapping to these non-classical MHC molecules 

in any of our experiments. Since expression of both CD44 and CD81 were consistently 

lower in the presence of MARCH-VIII in all three experiments, these molecules 
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represented the most likely candidates for novel MARCH-VIII substrates.  CD44 is a 

type I transmembrane glycoprotein that connects a variety of extracellular matrix 

proteins, most notably hyaluronic acid, to the cell surface (242).  CD81 is a member of 

the tetraspannin family which regulates the special and temporal localization of other 

surface proteins, CD81 is also a coreceptor for Hepatitis C virus (243,244). 

Proteins downregulated in two of three experiments were considered less likely to 

be true substrates for MARCH-VIII. In fact, most of the proteins found in this class 

seemed unlikely targets for MARCH-VIII since they localized to fractions contaminating 

our membrane preparation, such as cytosolic, nuclear or mitochondrial (not shown).  

However two proteins, CD9 and Bap31, represented potentially true positives due to their 

transmembrane structure and location at the plasma membrane or intracellular vesicular 

compartments. Like CD81, CD9 is a surface glycoprotein of the tetraspannin family.  

CD9 and CD81 interact with each other and regulate many of the same cellular processes 

(243,245,246).  Bap31 is a molecular chaperone that regulates intracellular trafficking of 

a number of cell surface proteins, including MHC-I (7,247-250). Therefore, we included 

CD9 and Bap31 for further validation studies.  

 

Bap31, but not CD9 is removed from the cell surface by MARCH-VIII  

To validate our proteomics results, I examined CD9 expression by flowcytometry 

in both HeLa cells and HFFs.  However, expression of MARCH-VIII in either cell type 

did not result in the downregulation of CD9 from the cell surface (data not shown). Thus, 

the lower levels of CD9-derived peptides seemed to be a false-positive result caused by 

experimental variation.  
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Unlike CD9, Bap31 is an ER resident chaperone associated with the forward 

transport of a wide variety of cell surface proteins, including MHC-I, cellubrevin, cystic 

fibrosis transmembrane conductance regulator (CFTR), membrane bound IgD, CD18, 

and CD11b (7,247-250). This trafficking is mediated by a direct interaction between 

Bap31 and its cargo (7,250). To determine whether MARCH-VIII reduces Bap31 levels, 

I initially measured total Bap31 in Ad-MARCH-VIII transduced HFFs by immunoblot. 

However, no change in total Bap31 levels were observed in MARCH-VIII transduced 

cells (Fig. 24).   

While most Bap31 localizes to the ER, a small portion of Bap31 is present in the 

Golgi and at the plasma membrane (250,251).  Since our initial proteomic screen showed 

a reduction of Bap31 levels in a fraction highly enriched for the plasma membrane, we 

hypothesized that expression of MARCH-VIII might affect the small portion of Bap31 

localized to the cell surface.  To test this hypothesis, HFFs were infected with Ad-Tet or 

Ad-MARCH-VIII and, 24 hours post-infection, proteins at the cell surface were labeled 

with biotin using the Cell Surface Biotinylation and Purificaiton Kit (Pierce). The 

biotinylated fraction was then purified according to the manufacturer’s recommendations. 

A small portion of each whole cell lysate (WCL) was removed prior to biotin purification 

to confirm total Bap31 levels. Both biotinylated and WCL fractions were separated using 

SDS-PAGE and the levels of MARCH-VIII, Bap31, and TfR were analyzed by 

immunoblot (Fig. 24).  While the majority of MARCH-VIII was seen in the WCL 

fraction, MARCH-VIII was also present in the biotin fraction suggesting that a small 

portion of MARCH-VIII traffics to the cell surface.  As previously described, a small 

portion of Bap31 was seen in the biotin fraction, suggesting a cell surface localization 
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(250).  Interestingly, the levels of biotinylated Bap31 were significantly reduced 

following expression of MARCH-VIII. In contrast, total Bap31 levels in the WCL 

fraction remained unchanged.  These data suggested that MARCH-VIII does not degrade 

ER localized Bap31, but either inhibits Bap31 trafficking to the cell surface or degrades 

surface expressed Bap31. 

 

Bap31 interacts with MARCH proteins 

Since Bap31 interacts with a wide variety of proteins it possible that the reduction 

of Bap31 surface levels was due to MARCH-VIII binding to Bap31 in intracellular 

membrane compartments. To examine this hypothesis I transfected a MARCH-VIII 

expression plasmid into both HeLa cells and HFFs. 24 hours post-transfection, cells were 

lysed in the mild detergent CHAPS to preserve protein:protein interactions.  MARCH-

VIII was immunoprecipitated using an anti-Flag antibody and samples were separated 

using SDS-PAGE. Following transfer to PVDF membrane, the presence of Bap31 in each 

sample was analyzed by immunoblot. A strong signal for Bap31 was observed following 

MARCH-VIII immunoprecipitation in HeLa cells transfected with MARCH-VIII (Fig. 

25A).  This suggests that Bap31 interacted directly with transfected MARCH-VIII.  5% 

of each sample was blotted using anti-Flag antibody to confirm expression of MARCH-

VIII.  Since no MARCH-VIII was detected in the WCL, the failure to observe Bap31 in 

samples from transfected HFFs is likely due to low transfection efficiency. In contrast, 

when MARCH-VIII was expressed by adenovirus transduction, Bap31 was also clearly 

present following MARCH-VIII immunoprecipitation from HFF (Fig. 25B).  This 
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strongly suggests that MARCH-VIII interacts directly with Bap31 independent of the cell 

type.   

Since Bap31 interacted with MARCH-VIII, I tested whether Bap31 would 

interact with other MARCH proteins or viral immune evasins. Expression plasmids for 

each construct were transfected into HeLa cells and then analyzed as above. Bap31 was 

observed in samples transfected with virtually all MARCH proteins with the notable 

exception of MARCH-II despite clearly detectable MARCH-II expression. Similarly, 

very little Bap31 was observed in samples transfected with Vpu, a viral E3 not related to 

the MARCH-family. K5 and MARCH-IX form SDS-stable high molecular weight 

complexes so that very little protein corresponding to the predicted molecular weight is 

recovered (see also Fig. 25E). Nevertheless, Bap31 was recovered with each of these 

proteins.  We conclude that Bap31 interacts with most members of the MARCH-family.   

Previous interactions with Bap31 have been shown to be mediated through the 

transmembrane domains (7,250). To determine if this was true for Bap31’s interactions 

with the MARCH proteins I used a series of amino- and carboxy-terminal truncations.  

Expression plasmids for each truncation were transfected into HeLa cells. Following 

immunoprecipitation of each truncation using an anti-Flag antibody, each sample was 

analyzed for the presence of Bap31 by immunoblot.  Deletion of the entire carboxy-

terminus of either MARCH-VIII (MARCH-VIII 1-220) or MARCH-VI (MARCH-IV 1-

259) had no effect on Bap31 binding (Fig. 25D and 25E).  These data suggest that the 

interaction between Bap31 and MARCH proteins is not mediated through the carboxy-

terminus.  Similarly, deletion of the entire amino-terminus of MARCH-IV (MARCH-IV 

89-347) or disruption of the RING-CH domain through mutational analysis (MARCH-IV 
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C to S) or addition of the metal chelator EDTA (MARCH-IV + EDTA) did not prevent 

the interaction with Bap31.  These results suggested that the amino-terminus and RING-

CH domain of MARCH proteins do not mediate the interaction with Bap31.  Finally, 

Bap31 was also recovered following expression of a construct encoding just the 

transmembrane domains of MARCH-IV (MARCH-IV 89-259).  Despite significantly 

different levels of expression, similar levels of Bap31 were recovered from cells 

expressing just the transmembrane domains of MARCH-IV and from wild-type 

MARCH-IV.  This strongly argues that Bap31 interacts with the MARCH proteins 

through their transmembrane domains.   

 

Bap31 targets MARCH-VIII to the cell surface 

Since Bap31 serves as a forward cargo transporter, it might play a role in the 

correct folding and ER exit of MARCH-VIII. To test this hypothesis I depleted HeLa 

cells of Bap31 using siRNA.  Following Bap31 depletion, cells were transfected with 

MARCH-VIII.  24 hours post-transfection, the cell surface was labeled with biotin and 

both biotin and WCL fractions were prepared as above.  Following separation using SDS-

PAGE, the levels of MARCH-VIII and Bap31 in each fraction was analyzed via 

immunoblot (Fig. 26A).  Although only a partial knockdown of Bap31 was achieved 

(Fig. 26A and 26B Bottom), the levels of Bap31 present in the biotinylated fraction were 

significantly reduced (Fig. 26A Top).  In cells depleted of Bap31, a significantly reduced 

amount of MARCH-VIII was observed in the biotinylated fraction.  This observation was 

not due to lower overall expression, since similar levels of MARCH-VIII were observed 

in the WCL fraction.  Despite knockdown of Bap31, some MARCH-VIII was still 
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present in the biotinylated fraction.  This result might be due to incomplete knockdown of 

Bap31, since Bap31 was still co-immunoprecipitated with MARCH-VIII even following 

siRNA treatment (Fig. 25B). Presumably due to the remaining MARCH-VIII, I did not 

observe an effect of Bap31 knockdown on the downregulation of MARCH-VIII target 

proteins, such as B7.2 (data not shown). Taken together these data suggest that Bap31 

supports the intracellular transport of MARCH proteins by intra-membrane interactions. 

Due to this interaction, Bap31 remains intracellular upon forced expression of MARCH 

proteins, which explains its reduced presence in the plasma-membrane fraction of 

MARCH-VIII transduced cells. We conclude that Bap31 plays an important role in the 

folding, assembly and intracellular transport of MARCH proteins. 

 

Confirmation of CD44 and CD81 downregulation 

The most likely candidates for novel MARCH-VIII substrates were CD44 and 

CD81 since both proteins were present at reduced amounts in all three biological 

replicates. To independently confirm that CD44 and CD81 were downregulated by 

MARCH-VIII, HFFs were transduced with either Ad-Tet or Ad-MARCH-VIII together 

with Ad-Tet and expression of CD44 and CD81 was examined by flowcytometry at 24 

hours post-infection (Fig. 27).  Samples transduced with Ad-MARCH-VIII (white line) 

displayed a reduction of both CD44 and CD81 at the cell surface compared to cells 

infected with Ad-WT (black line).   

To compare the steady state levels of CD44 and CD81 in the presence or absence 

of MARCH-VIII I used immunoblotting. HFFs were transduced as above and whole cell 

lysates were analyzed via immunoblot using specific antibodies (Fig. 27).  In samples 
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transduced with Ad-MARCH-VIII, a significant reduction of both CD44 and CD81 was 

seen. In contrast, transduction with adenovirus expressing either K5 or Vpu did not affect 

either CD44 or CD81 levels.  Equal protein loading was confirmed by immunoblotting 

for Bap31 since total levels of Bap31 do not change upon MARCH expression as 

discussed above. Thus, both CD44 and CD81 are specifically affected by MARCH-VIII 

but not by viral E3s. 

 

Specificity of CD44 and CD81 downregulation by the MARCH-Family 

MARCH proteins display specific, but overlapping substrate specificity (105). 

Therefore, I tested whether expression of any other MARCH protein downregulated 

CD44 or CD81. For these experiments I used HeLa cells since these cells can be easily 

transfected with expression plasmids for each MARCH protein. A plasmid expressing 

GFP was co-transfected to track transfected cells. 24 hours post-transfection, cells were 

harvested and surface expression of CD44 and CD81 was analyzed using flowcytometry 

(Fig. 28).  Each histogram shows the mean florescence intensities of the GFP+ cells 

(white line) and GFP- cells (black line) from the same sample.  In addition to MARCH-

VIII, a significant downregulation of both CD44 and CD81 was observed in cells 

expressing MARCH-IV. This result is surprising since the closest homologue of 

MARCH-VIII is MARCH-I.  These two MARCH proteins have demonstrated similar 

substrate specificity in all previous experiments (105,194,239).  

 

Knockdown of MARCH-IV results in upregulation of CD81 
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Since HHFs express endogenous MARCH-IV and -VIII (Fig. 29), I tested 

whether the steady state level of CD44 or CD81 was affected by these E3s.  HFFs were 

treated with siRNA against both MARCH proteins either separately or in combination. 

Knockdown of each MARCH protein was confirmed on the RNA level using real time 

PCR (Fig. 29A).  Treatment with either MARCH-IV or -VIII siRNA reduced 

corresponding MARCH RNA by around 90%.  RNA levels for MARCH-IV or –VIII 

were unchanged by treatment with the mis-matched siRNA, showing that depletion was 

sequence specific.  Additionally, treatment with a siRNA against MARCH-I, which is not 

expressed in HFFs, had no effect on the RNA levels of either MARCH-IV or –VIII.  

Following depletion of MARCH-IV or MARCH-VIII, cells were harvested and the 

surface levels of CD44 and CD81 were measured using flowcytometry.  Treatment with 

siRNA against either MARCH-IV or –VIII did not alter surface levels of CD44 (Fig. 

29B). Similarly, CD81 levels did not change upon MARCH-VIII knockdown. In contrast, 

treatment with siRNA against MARCH-IV resulted in a 50% increase in the surface 

levels of CD81 compared to either untreated cells or cells treated with other siRNA (Fig. 

29B).  While modest, this increase was reproducible over five separate experiments and 

statistically significant with a p value < 0.01 compared to treatment with siRNA against 

MARCH-I.  This increase was not due to increased transcription of CD81 since treatment 

with MARCH-IV siRNA did not increase levels of CD81 mRNA (Fig. 29A). Co-

transfection of siRNA against MARCH-IV and MARCH-VIII did not further increase 

CD81 levels.  The failure of MARCH-VIII to affect endogenous CD81 might be the 

result of MARCH-VIII being expressed at levels that are too low to influence CD81 
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expression (Fig. 23). These data clearly show that depletion of endogenous MARCH-IV 

affects surface expression of CD81.  

 

Discussion 

 The goal of this study was to use an unbiased proteomics approach to identify 

cell surface proteins regulated by transmembrane ubiquitin ligases of the MARCH 

protein family. Using the viral MARCH homologue K5, I had previously demonstrated 

that it is possible to identify novel targets for both the protein used in the proteomics 

screen as well as other family members (191). For instance, ALCAM was identified as a 

novel substrate for K5; however, follow up experiments demonstrated that ALCAM was 

also downregulated by MARCH-VIII and Myxomavirus M153R. Similarly, I now show 

that CD44 and CD81 are downregulated by MARCH-VIII which was used in the 

proteomic screen, and by MARCH-IV. Interestingly, expression of CD44 or CD81 was 

not affected by any viral protein tested, suggesting that these endogenous substrates of 

MARCH-IV and –VIII specific. Also surprising, was the observation that MARCH-I and 

-IX, which are closely related to MARCH-IV and -VIII, did not affect CD81 and CD44. 

This result is in contrast to our previous observations which showed that sequence 

homology, particularly in the transmembrane domains, strongly correlated with substrate 

specificity. Why a similar correlation is not observed for CD81 and CD44 is presently 

unknown.  

 While both CD44 and CD81 are widely expressed on different cell types, their 

regulation has been shown to play a particularly important role in the developing immune 

system. Like most MARCH targets, CD44 is a type I transmembrane glycoprotein. CD44 
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occurs in many splice variants and connects a variety of extracellular matrix proteins, 

most notably hyaluronic acid, to the cell surface (242).  CD44 is regulated during T cell 

development (252), leukemia (253), and following treatment with various cytokines 

(254). Although elimination of MARCH-IV, -VIII, or both from fibroblasts did not 

change the steady state levels of CD44, this could be the result of endogenous expression 

levels of MARCH-IV and –VIII simply being too low in HFFs to influence CD44 

turnover. Whether CD44 is regulated in more dynamic situations where MARCH 

proteins are regulated, such as during dendritic cell maturation (194,255,256) has not yet 

been determined.  For example, in addition to the reported transcriptional induction of 

CD44, it is conceivable that the downregulation of MARCH-VIII further increases CD44 

steady state levels, contributing to the adhesive properties of DCs. MARCH-IV and -VIII 

could also play a role for the hyaluronic acid-induced endocytosis of CD44 and its 

subsequent targeting to the multivesicular bodies (MVB) (257) since MARCH-IV- and -

VIII targets reach the MVB (105,181,194).   

In contrast to CD44, CD81 surface levels were increased upon depletion of 

MARCH-IV, suggesting that, in fibroblasts, MARCH-IV is involved in the natural 

turnover of CD81. While depletion of MARCH-VIII had no effect on CD81 levels in 

fibroblasts, the higher MARCH-VIII levels in other cell types or tissues might affect 

CD81. Unlike most MARCH-targets, which are single-span transmembrane proteins, 

CD81 belongs to the tetraspanin family, four-transmembrane proteins that are part of 

membrane microdomains and bind to a large number of other proteins, including CD4, 

CD8, CD19, CD9, CD63, MHC-I, and MHC-II (243,246,258-261).  Several of the CD81-

interacting proteins have been shown to be downregulated by MARCH-IV or –VIII, 
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leading to two possible models for CD81 downregulation.  First it is possible that CD81 

surface expression is indirectly affected via downregulation of these bona-fide targets.  

Alternatively, some of these proteins might be affected as a consequence of the direct 

downregulation of CD81.  In fact, targeting a protein with widespread protein:protein 

interactions, such as CD81, might explain how MARCH proteins downregulate such a 

variety of substrates with no sequence similarity. Unfortunately, our observations that 

MARCH-IV constructs lacking a functional RING-CH domain and mutants of MARCH-

VIII unable to downregulate B7.2 both fail to downregulate CD81 are consistent with 

either model.  Thus, further work is required to distinguish between these two models.   

CD81 is also a coreceptor for hepatitis C virus (HCV) (244,262).  Cells that are 

depleted of surface CD81 are no longer permissive for HCV infection (263).  CD81 

activation also plays a role in HIV mediated syncytia formation (264) and HIV 

transcription (265).  Removal of CD81 from the cell surface by overexpression or 

pharmacological induction of either MARCH-IV or –VIII therefore might represent a 

novel therapeutic treatment to inhibit HCV or HIV infection. 

The validation of both CD81 and CD44 by independent methods confirms our 

previous conclusion that three biological replicates give a high level of confidence for the 

specificity of the results (191).  Since ALCAM, a known substrate of MARCH-VIII; was 

identified in only two of the three experiments, however, I selected two additional 

potential candidate proteins, CD9 and Bap31, for validation based on their subcellular 

localization as well as their known interaction with MARCH-VIII substrates.  Only 

Bap31, however, confirmed using independent methods, indicating that the false-positive 

rate is high in these types of experiments when biological replicates are limited.  This 
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false-positive rate is primarily due to the inaccuracy of quantitation using the mass 

spectrometer.   

Unlike CD44 and CD81, steady state levels of Bap31 were not diminished 

following expression of MARCH-VIII (Fig. 28).  Instead, I found that MARCH-VIII 

bound to Bap31 and prevented Bap31 from trafficking to the cell surface.  Interestingly, 

depletion of Bap31 resulted in lower surface expression of MARCH-VIII.  Since Bap31 

is known to function as a forward cargo molecule for several other proteins (7,247-250) 

we conclude that that Bap31 chaperones the folding, assembly or intracellular transport 

of the MARCH-family.  While depletion of Bap31 affected intracellular transport of 

MARCH-VIII, this depletion did not prevent MARCH-VIII-mediated downregulation of 

transfected B7.2 (data not shown).  This result, however, is likely due to insufficient 

knockdown of Bap31, resulting in adequate amounts of MARCH-VIII available at the 

cell surface to ubiquitinate B7.2.  

Interestingly, the MARCH-family and their viral homologues have been shown to 

interact with several other intracellular trafficking molecules.  Depletion of PACS2 

inhibited K5 mediated degradation of newly synthesized CD31, suggesting that it played 

a key role in K5 function (55).  Several members of the MARCH-family have been 

shown to interact directly with members of the syntaxin family of SNARE proteins 

(191,192,222), however, the functional consequences of these interactions are not 

currently understood.  Truncated versions of MARCH-VIII, which are unable to interact 

with syntaxins, are still able to interact with Bap31 (191).  These data suggest that the 

interaction with Bap31 occurs in the transmembrane domains.  This observation is 

consistent with previous findings that Bap31’s interaction with MHC-I, IgD, cellubrevin, 
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and p450 localizes to the transmembrane domains (247,249,266,267).  Interestingly, 

expression of Bap31 is required for surface expression of CD81 (268).  Thus, inhibition 

of Bap31 might play some role in MARCH-IV and –VIII downregulation of CD81. 

In summary, I present the first systematic identification of endogenous substrates 

for the MARCH-family.  By using this non-biased approach, I demonstrated that the 

tetraspanin CD81 is downregulated by both MARCH-IV and –VIII thus expanding the 

structural range of possible MARCH substrates. I were also able to show that depletion of 

endogenous MARCH-IV increased the surface expression of CD81. This is the first time 

that a substrate of MARCH-IV has been affected by depletion of endogenous protein.  

Together, with recent progress in generating ko mice and observing regulation of 

MARCH protein expression, these approaches will be useful in unraveling the function of 

this class of proteins 
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Figure 23: MARCH expression in HFF
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Figure 23: MARCH expression in HFF 

RNA was extracted from HFF cells using RNeasy kit (Qiagen).  2μg of RNA was 

used to synthesize random primed cDNA.  Expression of each MARCH protein was then 

analyzed using real-time PCR.  MARCH expression in shown as the fold change between 

samples containing HFF cDNA and no template control samples (Bottom).  The products 

from this PCR were run on a 1% agarose gel and visualized using sybr green (Top).   
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Table 2: Proteins displaying a skewed ratio following overexpression of MARCH-

VIII
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Table 2: Proteins displaying a skewed ratio following overexpression of MARCH-

VIII 

13 proteins displayed a skewed ratio following overexpression of MARCH-VIII 

in two of three replicate experiments.  Listed are the Uniprot 

(http://www.expasy.org/sprot) designation for each protein, as well as the average ratio 

observed.  Ratios given are Ad-Tet:Ad-MARCH-VIII.  Ratios above one correspond to 

proteins that are downregulated by expression of MARCH-VIII while ratios below one 

correspond to proteins that are upregulated by expression of MARCH-VIII.  Also given is 

the number of unique peptides used to identify each protein and whether that protein was 

scored as skewed in 2/3 or 3/3 experiments.   
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Figure 24: MARCH-VIII affects surface expression of Bap31
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Figure 24: MARCH-VIII affects surface expression of Bap31 

HFF’s were infected with Ad-MARCH-VIII or Ad-Tet.  24 hours post-infection 

cells were biotinylated using the Cell surface Biotinylation and purification kit (Pierce).  

Prior to purification of biotinylated proteins, 100μl of each sample was removed for 

analysis of protein expression in each whole cell lysate (WCL).  Expression of Bap31 

was analyzed in both the biotinylated fraction and the whole cell lysate using 

immunoblot.  Expression of MARCH-VIII and the known MARCH-VIII substrate TfR 

were included as controls.   
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Figure 25: MARCH-VIII interacts with Bap31 through the transmembrane 

domains
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Figure 25: MARCH-VIII interacts with Bap31 through the transmembrane 

domains 

MARCH-VIII carboxy-Flag was expressed in HeLa cells and HFF’s using either 

transfection (A) or adenoviral transduction (B).  Cells were lysed in 1% CHAPS and 

MARCH-VIII was immunoprecipitated using the anti-Flag antibody.  Following 

immunoprecipitation, samples were separated on an SDS-PAGE gel and the presence of 

Bap31 was analyzed via immunoblot.  5% of each sample was blotted with anti-Flag 

antibody to confirm MARCH-VIII expression.  Note that in transfected HFF’s virtually 

no MARCH-VIII is present due to the extremely low transfectability of these cells. HeLa 

cells were transfected with carboxy-terminally flag tagged versions of each MARCH 

protein as well as the K3-family proteins K3, K5, M153 and the HIV protein Vpu.  24 

hours post-transfection each sample was lysed and analyzed as above (C).  Expression of 

each transfected protein was confirmed by blotting 5% of each immunoprecipitation with 

the anti-Flag antibody.  To determine which region of MARCH proteins were required 

for interaction with Bap31 I used a series of previously constructed MARCH-IV and -

VIII truncations.  HeLa cells were transfected with carboxy-terminally flag-tagged 

versions of either MARCH-VIII truncation (D) or MARCH-IV truncations (E Right).  24 

hours post-transfection samples were lysed and analyzed as above.  No effect on Bap31 

coimmunoprecipitation was observed following the removal of the entire carboxy-

terminus of MARCH-VIII (1-220) or MARCH-IV (1-259), removal of the entire amino-

terminus of MARCH-IV (89-347) or disruption of the MARCH-IV RING-CH domain by 

either mutation (MARCH-IV C to S) or addition of EDTA. 
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Figure 26: Depletion of Bap31 reduces surface expression of MARCH-VIII
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Figure 26: Depletion of Bap31 reduces surface expression of MARCH-VIII 

HeLa cells were depleted of Bap31 using siRNA as described in the materials and 

methods section.  Following Bap31 depletion, HeLa cells were transfected with a plasmid 

expressing MARCH-VIII.  24 hours post-transfection cells were biotinylated.  Following 

separation via SDS-PAGE gels, surface expression (Top) or total expression (Bottom) of 

both Bap31 and MARCH-VIII were analyzed via immunoblot (A).  Cells depleted of 

Bap31 show reduced surface expression of both Bap31 and MARCH-VIII.  Depletion of 

Bap31 also reduced the levels of Bap31 associated with MARCH-VIII.  HeLa cells were 

depleted of Bap31 as described.  Following Bap31 depletion, cells were transfected with 

a plasmid expressing MARCH-VIII.  24 hours post-transfection cells were lysed in 1% 

CHAPS and MARCH-VIII was immunoprecipitated using an anti-Flag antibody.  

Samples were separated via SDS-PAGE and the presence of Bap31 determined by 

immunoblot (B Top).  Expression of Bap31 and MARCH-VIII were confirmed in whole 

cell lysates (B Bottom).   
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Figure 27: CD44 and CD81 are differentially expressed following MARCH-VIII 

expression
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Figure 27: CD44 and CD81 are differentially expressed following MARCH-VIII 

expression 

HFF’s were infected with Ad-WT, Ad-K5, Ad-Vpu, or Ad-MARCH-VIII.  24 

hours post-infection cells were harvested and whole cell lysates were analyzed for the 

abundance of CD44 and CD81 using immunoblot.  Samples infected with Ad-MARCH-

VIII display significantly reduced levels of both CD44 and CD81 compared to either 

Mock infected samples or samples infected with other control adenoviruses (Top).  Equal 

protein loading was confirmed by immunoblotting for the ER resident chaperone Bap31 

as well as ponceau red staining.  To confirm that CD44 and CD81 were removed from 

the cell surface, HFF’s were infected as above.  24 hours post-infection cells were 

harvested and processed for flowcytometry (Bottom).  Samples infected with Ad-

MARCH-VIII (white line) display reduced surface expression of CD44 and CD81 

compared to samples infected with Ad-Tet (Black line).   
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Figure 28: Downregulation of CD44 and CD81 by other members of the MARCH-

family
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Figure 28: Downregulation of CD44 and CD81 by other members of the MARCH-

family 

HeLa cells were transfected with plasmids expressing cDNA’s for each MARCH 

protein as well as GFP to track transfected cells.  24 hours post-transfection cells were 

harvested and analyzed for flowcytometry.  Each histogram displays the GFP+ cells 

(White line) and the GFP- cells (Black line) from the same sample.  GFP+ cells from 

samples transfected with either MARCH-IV or MARCH-VIII displayed reduced surface 

expression of both CD44 and CD81.  Expression of the remaining MARCH proteins had 

minimal to no effect of surface levels of either CD44 or CD81.  
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Figure 29: Depletion of MARCH-IV affects surface expression of CD81  
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Figure 29: Depletion of MARCH-IV affects surface expression of CD81 

HFF’s were treated with siRNA against MARCH-I, -IV, or –VIII as indicated.  

Cells were treated with siRNA four times over the course of 7 days as outlined in 

materials and methods.  The success of each siRNA treatment was determined by 

knockdown of the MARCH mRNA using real time quantitative PCR (A).  In parallel, 

cells were harvested via trypsinization and the surface levels of CD44 and CD81 were 

measured using flowcytometry (B).  Graphs are displayed as percent mean florescence 

intensity compared to untreated cells.  The average and standard deviation from five 

separate experiments are shown. 
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Chapter 7: Discussion 

 

Discovery of MARCH proteins 

The completion of the human genome project deposited a large number of 

hypothetical proteins into the public databases.  Frequently, however, these proteins are 

uncharacterized, making them largely inaccessible to further investigation.  This lack of 

characterization is particularly problematic for proteomic and genomic studies, where the 

large volumes of data generated often make complete analysis of a data set unfeasible.  

Proteins annotated in the public databases as hypothetical or uncharacterized are often 

overlooked in these analyses since the lack of reagents makes follow up experiments are 

extremely difficult.  Our results characterize a novel family of human proteins termed 

Membrane Associated RING-CH (MARCH) proteins, which are homologous to the viral 

K3-family of immune evasion proteins.  Annotation of the MARCH proteins in public 

databases, as well as the general characterization of their function, allows other 

investigators access to this new protein family.  

To date nine human MARCH proteins have been identified (105).  Three of these 

proteins, however, MARCH-V, -VI, and –VII, are divergent enough from the other six 

that they might not be true members of the MARCH family.  For example, MARCH-V 

contains four transmembrane domains and localizes to the mitochondria (269) while 

MARCH-VII’s RING-CH domain is highly divergent and is preceded by a 500 amino 

acid extension not found in any other MARCH protein.  MARCH-VI, meanwhile, 

contains 12 transmembrane domains and is likely the human homologue of yeast Doa10.  
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Since Doa10 is the only MARCH homologue found in yeast, this gene likely represents 

an ancestral gene that the other MARCH genes evolved from, however, unlike human 

members of the MARCH-family, which primarily degrade proteins via the lysosome, 

Doa10 functions by degrading misfolded proteins via the ERAD pathway.  This suggests 

that the expansion of the MARCH proteins in humans represents the evolution of 

additional MARCH functions.  MARCH homologues, however, are fairly common in 

many lower organisms and plants (our unpublished observations), so expansion of the 

MARCH-family is not specific to mammals.  The function of these non-human MARCH 

proteins, however, is currently unknown. 

Initial studies on the K3-family hypothesized that both the herpesviridae and 

poxviridae had acquired MARCH homologues from their hosts in separate events 

(74,76).  The observation that K3-family proteins are functional MARCH homologues, 

explains the presence of these proteins in two highly divergent viral families.  

Presumably, both viral families acquired the K3 genes to downregulate surface proteins 

which were already targeted by one or more MARCH proteins.  Since K3 proteins and 

MARCH proteins display slightly different substrate specificity, however, the viral genes 

probably evolved after each virus acquired them from their host.  Since evolution tends to 

conserve regions of genes which are required for function, the divergence of the K3 

genes from the MARCH genes can help identify these regions.  For example, all K3 and 

MARCH proteins contain acidic clusters at various locations.  Without any further 

analysis, these data suggest that acidic clusters serve an important function for both 

families.     
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Physiological Substrates of MARCH Proteins 

Multiple substrates have been proposed for each MARCH protein (105,192-

194,222).  Downregulation of most of these substrates, however, has only been observed 

in forced-expression systems which might not accurately reflect MARCH proteins 

physiological function.  For example, upon forced-expression MARCH-I and –VIII 

downregulate MHC-II, TfR, Fas, ALCAM, and CD86(B7.2), while MARCH-VIII alone 

also downregulates MHC-I, CD44, and CD81 (105,181,191,194)(our unpublished 

observations).  Determining which of these substrates are physiologically relevant, 

however, has proven difficult.  For example, MHC-I, TfR, Fas, ALCAM, CD44, and 

CD81, were downregulated only following expression of high levels of MARCH-I and/or 

–VIII (our unpublished observations).  Since physiological MARCH expression is 

relatively low, this suggests that MARCH-I and -VIII will not affect these substrates in 

vivo.  Additionally, depletion of MARCH-VIII from HFF’s did not affect surface 

expression of CD44, CD81 or TfR (our unpublished observations); while depletion of 

MARCH-II, which also downregulates TfR only at high levels of expression, did not 

affect the localization of TfR or the uptake of labeled transferrin (192).  While these 

experiments do not conclusively demonstrate that these proteins are not MARCH 

substrates, they suggest that regulation would only occur in cells with extremely high 

endogenous MARCH expression.  

  The only known physiological substrate for MARCH-I and –VIII is MHC-II.  B 

cells from MARCH-I knockout mice display increased surface expression of MHC-II and 

increased ability to present antigen, proving that MARCH-I regulates MHC-II in vivo 

(239).  MHC-II is also likely to be a MARCH substrate in dendritic cells.  MHC-II is 
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differentially expressed in immature (iDC) and mature (mDC) dendritic cells.  In iDC’s 

lysines in the cytoplasmic tail of HLA-DRβ are ubiquitinated, resulting in retention of 

MHC-II in intracellular MVBs (270-272).  Upon DC maturation, intracellular MHC-II is 

released, resulting in increased surface expression.  Since the mechanism of MHC-II 

retention in iDCs is similar to that shown for MARCH-I and -VIII, several groups 

hypothesized that MHC-II was a target of MARCH-I and -VIII in iDC’s (194,270).  This 

hypothesis is supported by the observation that MARCH-VIII is downregulated during 

DC maturation (unpublished communications with Dr. Viktor Steimle).  Since B7.2 is 

also upregulated during DC maturation, it seems likely that B7.2 is also a physiological 

substrate of MARCH-I and/or –VIII.   

Multiple substrates have also been proposed for MARCH-IV and –IX, including 

MHC-I, CD4, CD44, CD81, and ICAM-1 (105,193).  While high levels of MARCH-IV 

expression were required to downregulate CD81, I were able to demonstrate that 

depletion of endogenous MARCH-IV resulted in increased CD81 surface expression (our 

unpublished observations).  This result makes CD81 the only confirmed substrate of any 

human MARCH protein.  However, a second likely physiological substrate for MARCH-

IV and –IX is MHC-I.  This hypothesis is supported by several lines of evidence.  First, 

only low levels of MARCH-IV and –IX were required to downregulate MHC-I, 

suggesting that this downregulation could occur at physiological levels of MARCH 

expression (105).  Second, both herpesviruses and poxviruses downregulate MHC-I using 

acquired MARCH homologues.  The observation that two highly divergent viral families 

acquired a MARCH homologue for the same function argues that one of the MARCH 

proteins affects MHC-I in vivo.  The most likely candidate for this regulation is MARCH-
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IV and/or –IX.  Despite this evidence, depletion of endogenous MARCH-IX from HeLa 

cells did not alter surface expression, steady state levels, intracellular trafficking, 

endocytosis, or peptide stability of MHC-I (Appendix 1A).  This negative result, 

however, can be explained in several ways.  First, peptide bound MHC-I is an extremely 

stable molecule, with a half life significantly longer than eight hours (105).  Due to this 

long half life, the techniques utilized might not have been sensitive enough to detect a 

subtle stabilization of MHC-I following depletion of MARCH-IX.  A similar problem has 

been observed with MHC-I phosphorylation.  The carboxy-terminal tail of MHC-I was 

long known to be phosphorylated (273).  The function of this phosphorylation, however, 

could not be determined until the phosphorylation site was knockedout out in vivo.  Thus, 

the effect of MARCH–IX on MHC-I might be too subtle to be easily detected.  Since 

MHC-I is misregulated in many cancer cells, a second possibility is that HeLa cells are 

not an accurate model for the study of MARCH-IX.  MARCH-IX might only affects 

MHC-I in certain cell types or under certain conditions.  A third possibility is that the 

function of MARCH proteins is more redundant than currently appreciated.  While 

MARCH-IV and –IX have the largest effect on MHC-I, MARCH-VIII also 

downregulates MHC-I in certain cell-types (105) (our unpublished observations).  Thus, 

MARCH-VIII might be able to regulate MHC-I following depletion of MARCH-IX.  

Additionally, while overexpression of MARCH-I did not downregulate MHC-I in HeLa 

cells, MARCH-I and –VIII share significant substrate specificity (105).  Since MARCH-

VIII’s downregulation of MHC-I is cells type specific, MARCH-I could also target 

MHC-I under the appropriate conditions.   
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Physiological Impact of MARCH Proteins 

Since physiological substrates for most MARCH proteins are not currently 

known, the exact function of MARCH proteins in vivo is difficult to determine.  Several 

lines of evidence, however, suggest that these genes play a role in modulating the 

immune response.  First, MARCH proteins are highly expressed in many immune cells 

and tissues suggesting that these genes have an immunological function 

(105,194,239,240).  Second virtually all suspected MARCH substrates are 

immunologically relevant.  For example, between then MARCH-IV and -IX 

downregulate MHC-I and CD4, both of which play major roles in antigen presentation 

and T cell activation (105), CD44, which regulates T cell development, homing, and 

activation (252,274,275), CD81, which spatially organizes multiple immunologically 

relevant proteins, including CD4, CD8, MHC-I and MHC-II (258,259), and ICAM-1, a 

co-receptor for T cell activation (193).  These data suggest that MARCH-IV and –IX 

could regulate T cell activation by downregulating costimulatory molecules on both T 

cells and antigen presenting cells.   

Alternatively, MARCH-I and –VIII are likely to downregulate MHC-II and B7.2 

in vivo (105,194,239).  This downregulation has been shown to be important in B cells 

and is also likely to play a role in monocytes and dendritic cells (194,239,276,277)(our 

unpublished observations).  Forced-expression of MARCH-VIII meanwhile 

downregulates CD44 and CD81, which are also expressed on the surface of DC’s.  CD44 

is upregulated in DC’s following CD40 activation through CD154 as well as treatment 

with osteopontin (278-280).  Following osteopontin treatment, CD44 protein levels 

increased while expression of CD44 mRNA was unchanged, suggesting that upregulation 
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of CD44 was post-translational.  Thus, upregulation of CD44 following treatment with 

osteopontin might be the result MARCH-VIII being downregulated.  In contrast, CD81 is 

not known to be regulated during DC maturation; however, DC’s can phagocytose 

CD81+ exosomes which also carry the MARCH-VIII substrates TfR and MHC-II 

(245,281,282).  Following phagocytosis, these exosomes are targeted down the MVB 

pathway (282).  Since MARCH-VIII targets its substrates down the MVB pathway, it 

could play a role in the targeting of phagocytosed CD81+ exosomes.  As previously 

noted, CD44 and CD81 play roles in T cell regulation.  Interestingly, MARCH-VIII is 

highly expressed in the human Jurkat T cell line (our unpublished observations).  Thus, 

like MARCH-IV and –IX, MARCH-VIII might also regulate development and activation 

of T cells.   

While all these data suggest that MARCH proteins play a significant role in 

modulating several arms of the immune response, the mechanism each MARCH protein 

uses to accomplish this might be very different.  For example, MARCH-I and –VIII 

appear to play direct roles in the immune response by altering surface expression of their 

substrates following immunological stimuli.  In contrast, the expression of MARCH-IX 

in virtually all tissues suggests that it might play a house keeping function, possibly by 

regulating the steady state turnover MHC-I (105).  For peptide bound MHC-I to 

accurately reflect the current cellular milieu, preexisting MHC-I must be slowly degraded 

and replaced with newly synthesized peptide:MHC-I complexes.  While overexpression 

of MARCH-IX removes most MHC-I from the cell surface, low levels of MARCH-IX 

only slightly increase the MHC-I turnover (our unpublished observations).  Thus, low 
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level expression of MARCH-IX might degraded preexisting MHC-I slowly, maintaining 

space for newly synthesized peptide:MHC-I complexes.   

Unlike MARCH-IX, MARCH-IV is expressed almost exclusively in the brain and 

placenta (105), tissues which display highly restricted immune responses.  This 

expression pattern suggests that MARCH-IV regulates the immune response in these 

privileged tissues.  One possible target for this regulation is HLA-G, a variant of classical 

MHC-I which is expressed only in brain microglial cells and extravillous trophoblasts at 

the fetal–maternal interface (283,284).  Since HLA-G is highly homologous to classical 

MHC-I (285), and MARCH-IV expression matches HLA-G expression, it seems likely 

that MARCH-IV could target HLA-G.  Since the brain and placenta are both highly 

transcriptionally active during fetal development, a second possibility is that MARCH-IV 

plays a role only during this stage.  MARCH-IV could regulate MHC-I, or another target, 

in the fetus, while MARCH-IX plays a similar role in adults.   

MARCH proteins’ ability to modulate the immune response, both positively and 

negatively, makes them attractive targets for viruses.  The wide range of MARCH 

substrates means that, by regulating MARCH expression, viruses could inhibit antigen 

presentation, T cell costimulation, DC maturation, B cell, and T cell activation.  For 

example, viruses could downregulate MHC-I by artificially upregulating expression of 

MARCH-IV or –IX.  While viral regulation of MARCH proteins has not been 

extensively studied, HIV infection does upregulate expression of MARCH-II in Jurkat T 

cells (our unpublished observations).  Since physiological substrates of MARCH-II are 

unknown, however, it is impossible to address the role of this regulation in viral 

infection.   
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Mechanism of MARCH Function 

Early experiments suggested that both the K3-family and MARCH-family 

functioned via a fairly simple mechanism (49,105).  Proteins from both families 

interacted with substrates through their transmembrane domains, catalyzing the 

ubiquitination of lysines in their substrates cytoplasmic tail.  This targeted the substrate 

down the MVB pathway, resulting in lysosomal degradation (reviewed in (74)).  Recent 

evidence, however, suggests that both families might have a more complex mechanism.  

K5 downregulation of CD31, for instance, occurrs via two distinct mechanisms (55).  

Preexisting CD31 is downregulated via lysosomal degradation; while newly synthesized 

CD31 is degraded in the proteosome.  Evidence suggests that MARCH proteins might 

also use a similar two-pronged approach.  MARCH-VIII degrades preexisting B7.2 via 

enhanced endocytosis and lysosomal targeting (181)(our unpublished observations); 

however, newly synthesized B7.2 is degraded with rapid kinetics reminiscent of 

proteosomal degradation (our unpublished observations).  The importance of this two-

pronged approach is not yet understood.  Each mechanism might be differentially 

regulated to yield distinct results.  For example, prolonged stimulation through B7.2 is 

required for activation of naïve T cells (286).  By degrading only newly synthesized 

protein, MARCH-VIII might increase the duration of T cell costimulation, while still 

maintaining stable levels of total B7.2.  In contrast, degradation of preexisting B7.2 might 

reduce the duration of costimulation without depleting total B7.2 levels.  Similarly, 

selective degradation of preexisting or newly synthesized MHC-I or MHC-II could 

regulate the peptide repertoire displayed by these proteins at various times.  
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A second poorly understood element of MARCH function is the mechanism of 

substrate recognition.  A direct interaction between MARCH proteins and their substrates 

is known to occur within the transmembrane domains of both proteins (105).  This 

observation explains the observation that MARCH proteins with highly homologous 

transmembrane domains have virtually identical substrate specificity (105).  However, 

although all studied K3 proteins, as well as MARCH-IV and -IX downregulate MHC-I, 

there is no obvious conservation within the transmembrane domains of these proteins that 

could account for this specificity.  Additionally, although the transmembrane domains of 

MARCH-I and –VIII are 95% identical; MARCH-VIII downregulates CD44 and CD81, 

while MARCH-I does not.  Substrate specificity is therefore unlikely to be determined 

simply by a recognition motif found within each MARCH protein.   

Several other factors might also play roles in mediating substrate selection.  First 

is subcellular localization.  MARCH-VIII constructs lacking a 16 amino acid region in 

the carboxy-terminus or MARCH-IV constructs lacking the entire amino- and carboxy-

termini localize almost exclusively in the ER (191) (our unpublished observations).  In 

both cases, the mislocalized MARCH protein iss unable to downregulate its suspected 

substrate (105)(Appendix 1B).  Other groups have shown that localization of MARCH-II 

and –III depends on a four amino acid PDZ binding motif at the extreme carboxy-

terminus (192,222).  Deletion of this region results in retention of both MARCH-II and –

III in the ER, however, the functionality of these constructs was not determined.  

Interestingly, the consensus PDZ binding motif is found in all six major MARCH 

proteins (105).  Mutation of this region in MARCH-IV or –VIII, however, has no effect 

on the localization of either protein (105)(Appendix 1B).  The PDZ motif might serve as 
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the major localization signal for certain MARCH proteins, while for others this motif is 

either a secondary signal or serves a different function entirely. 

Another example of how subcellular localization can affect substrate selection is 

the acidic cluster mutants of K5.  These mutants, which are unable to interact with 

PACS2, still downregulate MHC-I but are unable to degrade newly synthesized CD31 

(55).  Since PACS2 functions to retrotranslocate proteins from the TGN to the ER, this 

suggests that a specific ER localization is required for K5 to differentiate between MHC-I 

and CD31.  Interestingly, PACS2 interacts with acidic clusters which are found in K3, 

K5, and all known MARCH proteins.  While a functional analysis of the acidic clusters 

found in MARCH proteins has not been attempted, these regions likely mediate an 

interaction with PACS2, and that this interaction will prove important to MARCH 

function.  One possible function for the acidic clusters is in recruitment of E2s.  K3 needs 

to interact with two E2s to degrade MHC-I (50).  Interestingly, the phenotype observed 

for depletion of one of these E2s, UbcH5, parallels that seen for deletion of K5’s acidic 

clusters (50,52).  While the acidic clusters in the K3-family all localize to the carboxy-

terminus, the acidic clusters found in MARCH proteins localize to both the amino- and 

carboxy-termini.  If the acidic clusters play a role in E2 recognition, this differential 

localization could correspond to unique E2 requirements for each MARCH protein. 

A second factor which might influence substrate specificity is protein:protein 

interactions.  For example, MARCH proteins are known to interact with members of the 

syntaxin family of SNARE proteins.  Syntaxins are trafficking molecules which localize 

other proteins to subsets of intracellular vesicles.  Overexpression of any MARCH 

protein, except MARCH-III, results in the relocalization of STX4 to a MARCH 
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containing compartment, and previous studies have demonstrated that MARCH-II and –

III interact with STX6 (192,222).  Thus, syntaxins likely interact directly with all 

members of the MARCH-family.  Interacting with syntaxins could localize MARCH 

proteins to unique intracellular vesicles, allowing them to target only proteins found 

within this specific vesicle.  Failure to interact with syntaxins, meanwhile, could 

mislocalize MARCH proteins rendering them unable to interact with their substrates.  

Interestingly, the only MARCH protein which failed to relocalize STX4 was MARCH-III 

since no substrate has been observed for MARCH-III even upon overexpression.  This 

MARCH protein might fail to downregulate any substrates due to the inability to interact 

with syntaxins in the systems tested.  While this hypothesis is supported by the 

observation that mutants of MARCH-VIII, which failed to relocalize STX4, also 

mislocalized and failed to downregulate B7.2 (191); STX4 interacts with virtually all 

MARCH proteins (191).  This widespread interaction argues against syntaxins playing a 

role in MARCH substrate selection.  Other MARCH proteins, however, are known to 

interact with other syntaxins.  For example, MARCH-II interacts with syntaxin-6, 8 and 

13, but not with syntaxin-16 (192).  Thus, interaction with a specific set of syntaxins 

might mediate MARCH substrate selection.   

MARCH binding to Bap31 and CD81 might also play a role in substrate selection.  

Bap31 functions both as an ER resident chaperone and a forward cargo receptor (7,247-

250,287).  Depletion of Bap31 results in reduced expression of MARCH-VIII at the cell 

surface, demonstrating that Bap31 represents a key forward trafficking protein for 

MARCH-VIII (our unpublished observations).  Interestingly, Bap31 is also a known 

cargo receptor for MHC-I (6,7), raising the possibility that Bap31 mediates an interaction 
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between MARCH-VIII and MHC-I.  Similarly, CD81, which is targeted by MARCH-IV 

and –VIII, is involved in the special and temporal organization of MHC-I, MHC-II, CD4, 

and TfR (258,264,281).  Interestingly, all of these proteins are targets of either MARCH-

IV or –VIII, suggesting that the MARCH:CD81 interaction might play a role in substrates 

selection.   

A final example of how protein:protein interactions could influence MARCH 

substrate selection is the potential requirements of each MARCH protein for a distinct set 

of E2s.  MARCH:E2 interactions could play a role in MARCH protein substrate selection 

by restricting the subcellular compartment in which each MARCH protein could 

ubiquitinate its substrate.  For example, Ubc6 localizes primarily to the ER (288).  

MARCH proteins which interact with Ubc6 would therefore be unable to ubiquitinate 

their substrates unless they interacted with them in the ER. 

A third factor which might influence MARCH substrate selection is 

oligomerization.  Several groups have observed that MARCH proteins both homo- and 

hetero-oligomerize.  For example, a naturally occurring splice variant of MARCH-IX, 

which lacks a complete RING-CH domain, forms a hetero-oligomer with full length 

MARCH-IX (193).  This interaction stabilized full length MARCH-IX leading to 

increased downregulation of ICAM-1. Similarly, MARCH-II forms a hetero-oligomer 

with MARCH-III (222); however, further experiments were not performed to determine 

the functional consequences of this interaction.  Similar to what has been observed for the 

toll like receptors (TLRs), oligomerization might affect MARCH substrate selection by 

altering the specificity of each MARCH protein.  For example, homo-oligomers of TLR2 

bind several ligands, including tri-actylated lipoproteins, which are observed in many 
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bacteria.  Following hetero-dimerization with TLR1 or TLR6, however, TLR2 recognizes 

di-actylated lipoproteins or peptidoglycan (289-292).  Alternatively, oligomerization 

might serve as a post-translation mechanism to regulate MARCH protein activity.  While 

oligomerization enhances the function of MARCH-IX, mutants of K5 lacking a 

functional RING-CH domain act as dominant negatives (48).  This observation confirms 

the importance of oligomerization for the MARCH-family, but suggests that it might play 

a distinct role for each protein.  Despite the apparent widespread occurrence of 

oligomerization in the MARCH-family, oligomerization is not a general characteristic of 

all MARCH proteins, since MARCH-VIII is unable to homo- or hetero-oligomerize with 

any naturally occurring MARCH protein (Appendix 1B and our unpublished 

observations).   

The domain mediating MARCH oligomerization is currently unknown.  RING 

domains have previously been shown to form large scale oligomers (293,294), suggesting 

that the observed oligomerization of MARCH proteins could occur through their RING-

CH domains.  Since both K5 and MARCH-IX can oligomerize with variants lacking a 

RING-CH domain, however, another region might be involved.  One possibility for this 

region is the transmembrane domains.  This hypothesis is supported by the observation 

that only the transmembrane domains and a small portion of the carboxy-terminus are 

required for K5 oligomerization (48). 

A final factor which might influence MARCH substrate selection is RNA 

splicing.  Most MARCH mRNAs display some level of differential splicing, most notably 

the variant of MARCH-IX lacking a functional RING-CH domain.  This splicing event 

has not been shown to affect MARCH-IX substrate specificity, but does regulate 
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MARCH-IX function by stabilizing full length MARCH-IX.  The public databases 

contain at least four amino-terminal splice variants of MARCH-I, each of which produces 

a unique protein product (our unpublished observations).  Each of these variants might 

have a slightly different specificity, for instance, each variant might downregulate distinct 

alleles of MHC-II.  However, since the RING-CH domain, both transmembrane domains, 

and carboxy-terminus of all these variants are identical, it is unlikely that these variants 

will display vastly different substrate specificity.  Their exact role in vivo, however, 

might be very different.  For instance, different splice variants might have different half-

lives or recruit distinct E2 enzymes.  Since different E2s mediate different forms of 

ubiquitination, which can have very different results (50), similar splice variants of 

MARCH-I might have very different functions, such as destruction of MHC-II versus 

retention in intracellular vesicles.  Alternatively, differential splice variants might be 

expressed in different cell types or tissues, where unique E2 expression could require 

different interacting motifs.  MARCH-VIII also displays significant alternative splicing, 

however, in contrast to MARCH-I, MARCH-VIII splice variants occur strictly within the 

3’ UTR and all encode the same protein product.  A likely role for this splicing is 

regulation of mRNA expression or turnover.  For example, these splicing events might 

play a role in removal of MARCH-VIII mRNA following a DC maturation stimulus.   

 

Therapeutic Uses for MARCH Proteins 

Primarily due to the known effects of overexpressing each MARCH protein, there 

are several potential therapeutic uses for the MARCH-family.  For example, T cells play 

a key role in advancement of rheumatoid arthritis (295).  Recently, the FDA approved a 
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drug called Abatacept (Orencia) for the treatment of severe rheumatoid arthritis patients.  

Abatacept works by binding to CD80(B7.1) and B7.2, thereby inhibiting their activation 

of CD28 and depriving T cells of their costimulation (295).  Since MARCH-I and –VIII 

both downregulate B7.2, overexpression of either MARCH protein in APCs might 

function similar to treatment with Abatacept, making these genes possible treatments for 

T cell over activation diseases.  A second possible therapeutic use for MARCH proteins 

is the autoimmune disorder Behcet’s disease.  While the cause of Behcet’s disease is not 

known, it shares a strong association with the MHC-I alleles HLA-B27 and HLA-B54 

(296).  Due to this association, removal of these alleles by overexpression of MARCH-IV 

or –IX might prove therapeutic for this disease.  Conversely, knockout of MARCH-I 

stimulates antigen presentation by B cells in vivo (239).  Thus, inhibition of MARCH-I, 

through either depletion of forced-expression of a dominant negative, could be used to 

stimulate B cell mediated antigen presentation.  Similarly, inhibition of MARCH-VIII 

from iDCs is likely to be a key step in DC maturation (194,239,270).  Forced-depletion of 

endogenous MARCH-VIII might therefore simulate the maturation of DCs.  

MARCH proteins might also be useful in regulating viral infection.  CD81 has 

been shown to be a coreceptor for HCV infection (244).  Inhibition of HCV binding to 

CD81 efficiently blocked viral infection (262,297), while normally permissive cells, 

depleted of CD81, no longer supported HCV infection (263).  Since expression of 

MARCH-IV or –VIII removes CD81 from the cell surface, overexpression of either 

protein might be able to inhibit HCV infection.  CD81 activation also increases HIV 

mediated syncytia formation (264) and HIV transcription (265).  Thus, overexpression of 
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MARCH-IV or –VIII could inhibit some of the cytopathic effects associated with HIV 

infection.   

Finally, due to the overlapping specificity of MARCH proteins with K5, one of 

the MARCH proteins probably downregulates CD31 (55).  CD31 stimulates 

angiogenesis, which is clinically important for the metastasis of many cancers (298-301).  

Removal of CD31 from the surface of cells within these cancers may block new blood 

vessel formation, inhibiting tumor growth by depriving the tumor of blood born nutrients 

and inhibiting metastasis.  CD31 is also a factor in transplant biology (302,303).  

Mismatch of CD31 alleles in bone marrow and hematopoeitic stem cell transplants 

correlates with graft versus host disease (302).  Removal of CD31 from the cell surface 

might therefore be useful in a large number of therapeutic applications, from cancer 

treatment to transplant biology. 

Due to several factors, a better understanding of MARCH substrate selection is 

important to any therapeutic use of these proteins.  The first factor is the broad substrate 

specificity of many MARCH proteins.  The ability to downregulate an individual surface 

protein is unlikely to be of significant use if it is always coupled to the removal of 4-5 

other proteins.  The observation that downregulation of specific K5 substrates is 

genetically separable(48), however, suggests that creation of MARCH constructs specific 

to a single substrate might be possible.  Second, a better understanding of MARCH 

substrate selection could lead to the ability to selectively remove virtually any protein 

from the cell surface.  The potential uses for this ability, both scientifically and 

therapeutically, are virtually endless.   
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2-Dimensional-PAGE 

Previous studies on the MARCH- and K3-families used antibody based methods 

to identify substrates.  The use of these techniques created a potentially biased view of 

each families targets since only a small number of potential substrates were tested.  For 

instance, prior to our proteomic analysis, all known substrates of K5 were type 1 

membrane glycoproteins, leading to the hypothesis that K5 only downregulated proteins 

which belonged to this group.  One reason all K5 substrates were related, however, was 

that these proteins constituted the majority of potential substrates which had been tested.  

Thus, a non-biased approach to discovering MARCH- and K3-family substrates was 

needed.   

Our 2D-PAGE approach to determining novel substrates for M153R revealed two 

significant findings.  Our first major finding was that expression of M153R alters 

significantly more cellular proteins than expression of K5.  Since K3 proteins are fairly 

substrate specific, the number of proteins affected suggests that M153R regulates a major 

cellular process.  Since expression of M153R downregulates Fas and blocks the loss of 

mitochondrial membrane potential induced by STS, one possibility for this process is 

apoptosis.  While previous studies demonstrated that deletion of M153R did not affect 

apoptosis induced via myxoma infection in vivo (76), these studies failed to address the 

presence of M11L, an apoptotic inhibitor encoded by myxoma.  In the presence of M11L, 

myxoma infected cells do not undergo significant apoptosis (202,203).  Thus, deletion of 

M153R might not have altered apoptosis in vivo since apoptosis was still blocked by 

M11L.  Similarly, while the deletion of M11L enhanced apoptosis induced by myxoma 

infection (202), this result does not rule out the possibility that myxoma encodes other 
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apoptotic inhibitors, such as M153R.  Thus, current data does not rule out the possibility 

that M153R is an apoptotic inhibitor. 

M153R could regulate apoptosis through several possible mechanisms.  The first 

is M153R’s downregulation of Fas (76).  Crosslinking of Fas is one of the major 

mechanisms of inducing apoptosis.  By downregulating Fas, M153R could inhibit the 

ability of cells to activate this apoptotic pathway.  While the absence of FasL during 

vaccinia infection, argues that M153R mediated downregulation of Fas might not affect 

apoptosis in this context, the variety of cellular apoptotic pathways makes it impossible to 

rule out this possibility entirely.  However, a more likely mechanism is that M153R 

inhibits apoptosis through its interaction with Bap31 (our unpublished observations).  The 

caspase mediated cleavage of cell surface Bap31 results in the generation of a 

proapoptotic Bap31 derived peptide known as p20.  This peptide causes Ca++ flux in the 

ER resulting in release of cytochrome C and loss of mitochondrial membrane potential 

(304,305).  Since expression of MARCH-VIII inhibits the surface localization of Bap31, 

it is likely that expression of M153R does as well.  Thus, M153R could hinder apoptosis 

by inhibiting the generation of p20.  In contrast, M153R could enhance apoptosis through 

an interaction with PACS2.  Overexpression of K5, and likely M153R, mislocalizes 

PACS2, effectively depleting cellular stores of this protein (55).  Depletion of PACS2, in 

turn, induces apoptosis in a Bap31 dependant manner (57). 

M153R could also alter expression of a wide variety of proteins by directly 

regulating the course of vaccinia infection.  While obvious differences were not observed 

in titer or cytopathic effect following infection with VV-WT or VV-M153R in vitro, 

deletion of M153R reduced myxoma virulence in vivo (76), demonstrating that M153R 
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can play a major role in poxviral infection.  This phenotype was attributed to M153R’s 

downregulation of MHC-I; however, inflammatory infiltrates were identical following 

infection with wild-type or ΔM153R myxoma, suggesting that the immune response to 

both viruses was not significantly different (76).  Thus, M153R might influence myxoma 

virulence by directly regulating the course of poxviral infection.  Since I expressed 

M153R using a vaccinia vector, and vaccinia infection has a massive effect on cellular 

protein expression, altering the course of the infection could explain the large number of 

protein expression changes observed following expression of M153R.  

The second major finding from our study was that infection with vaccinia induced 

amino- and carboxy-terminal cleavage of the mitochondrial chaperone Hsp60.  Hsp60 

cleavage might be the result of expression of a specific vaccinia ORF or cellular changes 

induced by vaccinia infection.  However, while Hsp60 cleavage was not observed 

following crosslinking of Fas or treatment with STS, two lines of evidence suggest that 

this cleavage is linked to apoptosis.  First, Hsp60 is already linked to apoptosis through 

binding to the proapoptotic proteins Bax and Bad (205).  Second, cells which did not 

display a loss of mitochondrial membrane potential also failed to display cleavage of 

Hsp60.  The failure to observe cleavage of Hsp60 following crosslinking of Fas or 

treatment with STS might be due these stimuli inducing different apoptotic pathways than 

vaccinia infection.  Crosslinking of Fas might also alter the apoptotic pathway induced by 

vaccinia infection, which could explain why it inhibited cleavage of Hsp60.  Similarly, 

the observation that different cells use different apoptotic pathways(206,207) could 

explain why vaccinia infection only induced Hsp60 cleavage in HeLa cells.  Interestingly, 

if Hsp60 cleavage is linked to apoptosis, the observation that expression of M153R 
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inhibits this cleavage could be explained via M153R’s potential role as an apoptotic 

inhibitor.  Thus, both major findings from our study might be linked through the 

inhibition of apoptosis.  

Vaccinia infection does not induce complete apoptosis, due to the expression of 

the apoptotic inhibitor F1L (306).  F1L interacts with the pro-apoptotic proteins Bax and 

Bad, inhibiting the release of cytochrome c (306-308).  Expression of F1L creates a form 

of arrested apoptosis, in which apoptosis is initiated normally, but then inhibited prior to 

mitochondrial involvement.  Thus, cleavage of Hsp60 might be the result of the specific 

form of apoptosis created by expression of F1L.  However, in contrast to infection with 

vaccinia, infection with myxoma did not result in cleavage of Hsp60.  Since both vaccinia 

and myxoma are poxviruses, they likely induce similar forms of apoptosis.  Additionally, 

myxoma also encodes an apoptotic inhibiter, M11L, which inhibits apoptosis prior to 

mitochondrial involvement (202,203).  Unfortunately, these experiments cannot be 

performed in HeLa cells since these cells are nonpermissive for myxoma infection.  Thus, 

we are not currently able to conclude if myxoma infection fails to cause cleavage of 

Hsp60 due to cell type or apoptotic pathway. 

The functional consequences of Hsp60 cleavage are also not presently 

understood.  Since only a fraction of cellular Hsp60 is cleaved, it is possible that the 

remaining Hsp60 is still able to perform both chaperone and anti-apoptotic functions.  

Additionally, cleavage was primary observed in mitochondrial Hsp60, while anti-

apoptotic Hsp60 is cytosolic. Thus, cleavage of Hsp60 might play only a minor role in 

vaccinia infection or play a significant role only late in infection once cleavage of a high 

percentage of Hsp60 has occured.   
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Quantitative Mass Spectroscopy 

Since our 2D-PAGE analysis of M153R failed to identify any direct M153R 

substrates, I switched to an approach combining stable isotope labeling with amino acids 

in cell culture (SILAC)(155) and mass spectroscopy (MS).  I then used this technique to 

test for potential substrates of K5 and MARCH-VIII.   

Most proteomic studies are designed to analyze cellular processes which alter 

large numbers of proteins simultaneously, such as apoptosis(309,310), cellular 

differentiation(229,311), cellular stress(168), or proteosomal degradation(312).  Our 

study provided a very different challenge, since expression of relatively few proteins are 

altered by K5 and MARCH-VIII.  However, our SILAC/MS analysis revealed that 

CD166 (ALCAM), bone marrow stromal antigen 2 (BST2), and syntaxin-4 (STX4) were 

downregulated by K5, while CD44, CD81 and Bap31 were downregulated by MARCH-

VIII.  Importantly, this technique can be easily adapted to other systems.  Thus, our 

results both identify novel substrates for the specific E3s tested and expand the field of 

quantitative proteomics allowing for the analysis of proteins with highly selective 

enzymatic functions, such as kinases, phosphatases, glucotransferases, ubiquitin ligases, 

and specific proteases.   

  ALCAM is a type-1 Ig superfamily protein with several known functions, 

including cell-cell adhesion and T cell activation (224-226).  Expression of K5 resulted in 

ubiquitination and destruction of ALCAM via the lysosome, and ALCAM was removed 

from the surface of endothelial cells during lytic KSHV infection.  These data suggest 

that ALCAM is a novel target of K5 and could play a role in increased migration and 
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improved immune evasion of KSHV infected cells.  Compared to other costimulatory 

signals such as B7.2:CD28, relatively little is known about the mechanism of ALCAM 

costimulation through its ligand CD6.  The observation that KSHV evolved immune 

evasion mechanisms against ALCAM, however, suggests that ALCAM plays a more 

important role in costimulation than previous believed.  Additionally, KSHV will 

probably not be the only virus to target ALCAM, thus ALCAM represents a novel target 

for general viral immune evasion. 

ALCAM is a type-1 Ig superfamily protein.  Previous studies had noted that 

virtually all K5 substrates fell into this category, however, since this family also 

constituted the vast majority of proteins which had been screened as possible substrates, 

it was possible that the previous results were highly biased.  The observation that our 

proteomic screen, which was relatively unbiased, also found an Ig superfamily substrate 

for K5, suggests that the Ig fold might play some role in K5 substrate selection, possibly 

by interacting with cargo receptors or trafficking proteins in the exocytic pathway. 

Unlike ALCAM, STX4 is not related to previously known K5 substrates.  While 

total STX4 levels were reduced following expression of K5, it is unknown whether STX4 

is a direct K5 substrate.  Interestingly, expression of most MARCH proteins relocalized 

STX4 to intracellular MARCH containing compartments.  Thus, STX4 might also be 

relocalized by K5.  This relocalization could result in the destruction of STX4 without it 

being a direct K5 target.  This highlights one potential pitfall of our SILAC/MS based 

approach, since this technique is unable to distinguish between directly and indirectly 

affected proteins.   

 198



The physiological role of K5 interacting with syntaxins is unknown.  As 

previously mentioned, one possibility is that syntaxins play a role in mediating K3- and 

MARCH-family substrate selection by properly localizing each K3- and MARCH 

protein.  Previous observations that STX6 colocalized with overexpressed MARCH-II led 

to the conclusion that MARCH-II played a role in intracellular trafficking, by acting to 

correctly localize STX6 (192).  This hypothesis is supported by the observation that 

overexpression of rat MARCH-II alters the uptake of several proteins involved in 

retrograde PM to endosomal trafficking, including STX6, Furin, TGN38 and TGN46.  

Additionally, while depletion of STX4 has no effect on the localization of MARCH-VIII 

(our unpublished observations), depletion of endogenous MARCH-II using stable shRNA 

lines of HeLa cells resulted in altered uptake of TGN38 and TGN46 as well as altered 

steady state localization of STX6.  However, the effects noted above occurred in only 

~30% of cells in a limited number of shRNA treated lines (12 out of 24 lines for TGN38, 

8 out of 24 lines for TGN46 and 2 out of 24 lines for STX6).  No change in either the 

uptake or localization of Furin was observed in any stable line.  This inconsistency 

suggests that, while MARCH-II might play a role in endosomal trafficking, this role 

might not be as direct as the authors conclude.   

In contrast, we hypothesize that syntaxins are one of several factors which 

localize MARCH proteins and that depletion of MARCH-II affects intracellular 

trafficking indirectly by targeting presently unknown substrates for destruction.  While 

there is currently little supporting evidence, we prefer this hypothesis due to the 

consistency with previously known functions for both STX6 and MARCH-II.  In our 

model the observed relocalization of syntaxins resulting from MARCH protein 
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overexpression is caused by these overexpressed MARCH proteins dragging syntaxins 

into intracellular vesicles, while any effects on intracellular trafficking following 

depletion of MARCH-II are an indirect result of another function of MARCH-II.   

The final K5 substrate observed in our analysis was BST2.  Interestingly, BST2 is 

also downregulated by MARCH-VIII.  Since virtually all known MARCH substrates are 

immunologically relevant, newly discovered MARCH substrates also have a high 

probability of playing some role in the immune response.  This allows for the functional 

characterization of proteins which were not previously known to play a role in the 

immune response.  BST2 is a good example of this.  BST2 is expressed primarily on 

differentiated B cells and plays a role in pre-B cell growth (218,313), however, this gene 

is not currently known to play an active role in the immune response.  Due to the 

downregulation of BST2 by MARCH-VIII and K5, we hypothesize that this gene plays a 

previously unknown role in immune modulation.  This hypothesis is supported by the 

finding that a large number of viral immune modulators, including K5, M153R, US2 and 

US11 also remove BST2 from the cell surface (105) (our unpublished observations).  The 

observation that K5 constructs lacking a functional RING-CH domain were unable to 

downregulate BST2 suggests that K5 enzymatic function is required to degrade BST2, 

however, since a direct interaction between K5 and BST2 has not been shown, it is 

possible that K5 affects BST2 indirectly.   

Our SILAC analysis also revealed three proteins whose expression was altered by 

MARCH-VIII: CD44, CD81 and Bap31.  While formal demonstration has not yet been 

performed, CD44 and CD81 are likely direct substrates of MARCH-VII.  The potential 

relevance of these substrates has been discussed previously.  In contrast, Bap31 is 

 200



probably removed from the cell surface by binding to intracellular MARCH-VIII.  As 

previously mentioned, depletion of Bap31 resulted in lower MARCH-VIII surface 

expression.  Interestingly, depletion of Bap31 did not alter the vesicular localization seen 

for the majority of MARCH-VIII, although overexpression of MARCH-VIII relocalized 

Bap31 to intracellular vesicles (our unpublished observations).  This observation suggests 

that Bap31 can interact with vesicular MARCH-VIII, but mainly plays a role in localizing 

MARCH-VIII from the endosomes to the plasma membrane.  A second possibility is that 

MARCH-VIII is localized via two distinct pathways, one from the ER to the endosomes, 

and a second from the ER directly to the plasma membrane.  This hypothesis is supported 

by the observation that truncations of MARCH-VIII, which do not traffic to the 

endosomes, are still expressed at the cell surface (191)(Appendix 1B).  Interestingly, 

these truncations do not interact with syntaxins but are still able to interact with Bap31 

(191).  Thus, syntaxins might localize MARCH-VIII to the endosomes, while Bap31 

might target a subset of MARCH-VIII from the ER directly to the plasma membrane. 

Along with the identification of novel substrates, our analysis highlighted two 

important areas of quantitative proteomics.  First is the need for replicate experiments.  In 

each of our individual experiments, over half the identified proteins displayed skewed 

protein ratios.  While this rate of inaccurate protein quantitation seems high, it is 

relatively comparable to rates from other laboratories (314).  Unfortunately, the nature of 

proteomics makes validation of every identified protein difficult and expensive.    Due to 

this problem, large unvalidated data sets are often misleading.  Although I did not 

confirm every protein in our analysis, we concluded that the quantitation of many of 

these proteins was inaccurate.  This conclusion is supported by the observations that K5 
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does not downregulate the majority of surface proteins (51), and that the subcellular 

location of many of these proteins makes them unlikely substrates.  Attempts to reduce 

the inaccuracy of protein quantitation by increasing the stringency of purification(315) do 

not address the general inaccuracy of MS based quantitation and exclude many proteins 

from analysis since they are modified on peptides which cannot easily be analyzed via 

MS.   

In contrast, I were able to demonstrate that the accuracy of protein quantitation 

could be greatly increased using replicate experiments.  Additionally, replicate 

experiments allowed us to raise our proteome coverage by including proteins identified 

by only a single peptide.  Since only around 70% of MS based analysis is reproducible 

(217), however, using replicate experiments might exclude potential substrates which are 

not consistently identified.  An example of this exclusion can be seen in our failure to 

recover adequate peptides to several known MARCH-VIII substrates (our unpublished 

observations).  Thus, our use of multiple replicates reduces false positives at the expense 

of increasing false negatives.   

A second major finding of our experiments is the need for standardization of 

proteomics data sets.  Quantitation of our data sets using different programs resulted in 

the identification of different potential substrates (our unpublished observations).  Since 

many labs use different programs for data analysis, reproducibility of proteomics data 

sets between laboratories can be a major challenge.  Thus, better software and standard 

methods of data analysis are required to advance the field of in quantitative MS. 

 202



Chapter 8: Future Directions 

 

Many questions about the MARCH-family remain unanswered.  The most 

important of these questions is which MARCH substrates are physiologically relevant.  

Since our SILAC/MS based technique has proven successful in discovering a 

physiological substrate for MARCH-IV, this technique can probably help determine 

physiological substrates for other MARCH proteins.  To date, however, this technique 

has only been used to analyze MARCH-VIII.  Thus, the next step in determining the 

function of the MARCH-family is to analyze the remaining MARCH proteins using 

SILAC/MS.    

The most difficult part of these experiments is determining the appropriate cell 

line in which to test each MARCH protein.  Since every cell line expresses a unique set 

of surface proteins, this choice makes a substantial difference in which potential 

substrates are identified.  For example, CD44 was identified as a novel MARCH-VIII 

substrate through SILAC/MS analysis in HFFs.  While BJAB cells express considerably 

higher levels of endogenous MARCH-VIII, they do not express CD44; thus, SILAC/MS 

analysis in these cells would not be able to identify CD44 as a substrate.  Additionally, 

expression of a MARCH protein in different cell lines might result in different levels of 

MARCH expression, different MARCH subcellular localization, or recruitment of 

different E2s.  All of these factors could alter a MARCH proteins substrate specificity, 

thus unique substrates might be identified in each cell line tested.  Do to these factors, 

SILAC/MS analysis of each MARCH protein should ideally be done in multiple cell 

lines.  While the exact cell lines will differ for each MARCH protein, some likely 
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candidates are HeLas, HFFs, RAJIs, BJABs, Jurkats, and THP-1s.  Cell lines that express 

the endogenous MARCH protein can also be used to study the effect of depleting 

endogenous MARCH proteins with siRNA.  While these experiments are difficult and 

expensive, targets determined this way are highly likely to represent true physiological 

substrates.   

Since likely substrates have not been proposed for either MARCH-II or –III, these 

are the most interesting MARCH proteins for SILAC/MS analysis.  MARCH-II is highly 

expressed in Jurkat T cells making this an attractive system for SILAC/MS analysis.  

Additionally, MARCH-II is upregulated in these cells during the course of HIV infection, 

however, since no substrates for MARCH-II are currently known, it is not possible to 

address the physiological relevance of this upregulation.  Identification of MARCH-II 

substrates using SILAC/MS in Jurkat T cells could therefore elucidate both functions of 

MARCH-II and mechanisms of HIV infection.  Additionally, since Jurkat cells are easily 

amenable to most molecular biology techniques, the mechanisms and relevance of 

potential substrates identified in this system can be easily addressed.  MARCH-II is also 

expressed in HeLa cells (192).  Since these cells are easily grown in vitro, they represent 

an attractive alternative system for the SILAC/MS analysis of MARCH-II.  In contrast to 

MARCH-II, the expression of MARCH-III is not well known.  Further experiments will 

need to be conducted to determine appropriate cell lines to analysis this MARCH protein.   

 Another interesting MARCH protein for SILAC analysis is MARCH-IX.  

MARCH-IV and –IX share virtually identical substrates, however, a non-biased approach 

has not been used to analyze these proteins.  MARCH-IX is a better candidate for this 

analysis than MARCH-IV since MARCH-IX displays widespread expression in virtually 
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all tissues and cell lines (105).  Additionally, MARCH-IX shares significant substrate 

specificity with members of the K3-family.  Thus, novel substrates identified for 

MARCH-IX also represent likely targets of viral immune evasion.   

 The second major question remaining for the MARCH family is the mechanism 

of substrate selection.  Since MARCH-I and –VIII are 95% identical through their RING-

CH and transmembrane domains, our recent observation that MARCH-VIII 

downregulates CD44 and CD81 while MARCH-I does not, represents a powerful tool to 

dissect the mechanisms of substrate selection.  The limited variability between these two 

proteins limits the regions which could account for this unique substrate selection.  This 

limited variability allows for an in-depth analysis of the role of each amino acid in 

determining MARCH targets.  While this analysis is likely to be difficult and time 

consuming, an understanding of how MARCH proteins select their substrates represents a 

major step forward for both the general scientific knowledge and practical therapeutics of 

the MARCH family.  
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Appendix 1A:  

Result of Depletion of MARCH-IX on MHC-I 
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Appendix 1A: Result of Depletion of MARCH-IX on MHC-I 

To determine if endogenous MARCH-IX affected the surface expression of 

MHC-I, HeLa cells were treated with two different siRNAs against MARCH-IX, either 

separately or together.  1x105 HeLa cells were plated in 25mm dishes.  24 hours later, 

cells were transfected twice with 5μl of 20μm siRNA, six hours apart, using 

oligofectamine according to the manufacturer’s recommendations.  72 hours after siRNA 

treatment, cells were harvested and the surface expression of both peptide loaded 

(W6/32) and unloaded (HC-10) MHC-I at the cell surface was analyzed via 

flowcytometry (A).  No significant difference was observed in the surface expression of 

either peptide loaded or unloaded MHC-I over three separate experiments.  To determine 

if endogenous MARCH-IX affected endocytosis of MHC-I, HeLa cells were treated with 

either scrambled siRNA or siRNA against MARCH-IV or -IX.  72 hours post-

transfection, cells were transferred to 4o and the cell surface was decorated with the anti-

MHC-I antibody W6/32.  Cells were then washed and returned to 37o for the indicated 

times (B).  At each time point, cells were harvested and the amount of W6/32 remaining 

at the cell surface was determined via flowcytometry.  Depletion of MARCH-IX had no 

effect on the endocytosis rate of MHC-I in three separate experiments.  To determine if 

endogenous MARCH-IX had any effect on the half life of MHC-I, HeLa cells were 

treated with MARCH-IX siRNA as above.  72 hours post-transfection, cells were labeled 

with S35 methionine/cysteine for 20 minutes and then chased in DMEM supplemented 

with excess cold methionine/cysteine for the indicated times.  Following the chase, cells 

were lysed in 1% NP-40, and peptide bound (W6/32) and unbound (HC-10) MHC-I was 

immunoprecipitated.  Precipitated material was treated with endoglycosidase H (EndoH) 
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overnight and then separated on a 10% SDS-PAGE gel.  Following exposure to film, the 

abundance of both EndoH sensitive and resistant forms of MHC-I was determined at each 

time point using densitometry (C).  The results show the average of three separate 

experiments.  The abundance of immunoprecipitated Vimentin is shown as a control.   
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Appendix 1B: 

Analysis of MARCH-VIII Truncations 
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Appendix 1B: Analysis of MARCH-VIII Truncations  

To determine which regions in the carboxy-terminus of MARCH-VIII were 

required for function, a series of carboxy-terminal truncations were constructed.  Each 

construct is labeled according to the amino acids remaining.  For example, 1-291 

represents wild-type MARCH-VIII, while 1-217 represents a deletion of all 72 amino 

acids in MARCH-VIII’s carboxy-terminus.  To determine whether each truncation 

downregulated known substrates of MARCH-VIII, HeLa cells were transfected with 

constructs encoding each truncation.  24 hours post-transfection, cells were harvested and 

the abundance of endogenous CD44 and CD81 as well as transfected B7.2 were analyzed 

via flowcytometry (A).  MARCH-VIII lacking the carboxy-terminal 46 amino acids (1-

245) was still able to downregulate CD44, CD81 and B7.2, while constructs lacking 60 or 

more amino acids (1-229, 1-220, and 1-217) were unable to downregulate any of the 

tested substrates.  To determine if this result was due a lack of expression, HeLa cells 

were transfected with each construct and expression of each mutant analyzed via 

immunoblotting with an anti-MARCH-VIII antibody (B).  The results demonstrate that 

all carboxy-terminal truncations of MARCH-VIII are expressed at similar levels, 

suggesting that the failure of certain constructs to downregulate their substrates is not due 

to lack of expression.  To determine if these constructs failed to downregulate their 

substrates because they were unable to traffic to the cell surface, each construct was 

transfected in HeLa cells.  24 hours post-transfection, the surface of transfected cells 

were decorated with biotin using the Cell Surface labeling and Purification kit (Pierce).  

Cells were then lysed and biotinylated proteins purified according to the manufacturers 
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recommendations.  This purification resulted in the generation of two fractions, a biotin 

fraction, representing proteins at the cell surface, and a whole cell lysate (WCL) fraction 

representing intracellular proteins.  Each fraction was then analyzed for the abundance of 

MARCH-VIII via immunoblotting with an anti-MARCH-VIII antibody (C).  All 

carboxy-terminal truncations of MARCH-VIII are clearly observed in both the WCL 

lysate and biotin fractions.  Thus, the failure of MARCH-VIII 1-217, 1-220, and 1-229 to 

downregulate their substrates is not caused by a failure of these constructs to traffic to the 

cell surface.  To determine if the carboxy-terminal truncations of MARCH-VIII were 

able to form oligomers, each construct was transfected into HeLa cells along with a 

carboxy-terminally Flag-tagged version of wild-type MARCH-VIII.  24 hours post-

transfection, cell were lysed in 1% CHAPS, and the Flag-tagged MARCH-VIII 

immunoprecipitated using the anti-Flag (M2) antibody (Sigma).  Samples were then 

separated on a 10% SDS-PAGE gel and the presence of each MARCH-VIII construct 

was determined via immunoblotting with an anti-MARCH-VIII antibody (D Right).  

Expression of all constructs was confirmed by immunoblotting a WCL of each sample 

with an anti-MARCH-VIII antibody (D Left).  Interestingly, while the Flag-tagged 

MARCH-VIII is clearly observed in all samples as a band running slightly above 35kDa, 

an interaction is only observed between this construct and a MARCH-VIII construct 

lacking the entire carboxy-terminus (1-217).  These data suggest that the carboxy-

terminus might play a role in regulating the oligomerization of MARCH-VIII.   
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Appendix 1C: 

Generation and Testing of MARCH Antibodies 
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Appendix 1C: Generation and Testing of MARCH Antibodies 

The carboxy-terminus of MARCH-I and the amino-terminus of MARCH-II, -III, -

IV, -VIII and –IX were amplified via PCR and cloned into the bacterial expression 

plasmid pGEX4T-1 to form amino-terminal GST fusions.  Plasmids were transformed 

into E coli. (strain BL21) and protein expression induced for three hours by addition of 

0.1 mM IPTG.  GST fusions proteins were then purified using glutathione-sepharose 

beads.  Purified protein was used to generate monoclonal antibodies against each 

MARCH protein by the VGTI antibody core.  Each monoclonal antibody was then tested 

for reactivity against transfected MARCH protein in immunoblot, immunoprecipitation 

and immunoflorescence.  The results of this analysis are shown in table format.   
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Appendix 2: 

Setup for 2D-PAGE Analysis using DIGE Dyes 
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Appendix 2: Setup for 2D-PAGE Analysis using DIGE Dyes 

 To determine the specificity of Cy-Dyes (Amersham), BSA was labeled with 

either Cy3 or Cy5.  Either individually labeled BSA or double labeled BSA was then 

separated on a 10% SDS-PAGE gel and each dye was visualized separately on a Typhoon 

8600 variable mode imager (A).  Individually labeled BSA is observed only in scans 

corresponding to the dye it was labeled with, while double labeled BSA is visualized in 

both scans.  To determine the ability of Cy-Dyes to detect differential protein expression, 

BSA labeled with either Cy3 or Cy5 was combined in known ratios and 1μg of the 

resulting mixtures was spotted on Whatman paper.  Each dye was then visualized 

individually (Cy3 as Green and Cy5 as Red) and the images overlaid so that differential 

protein expression could be observed (B).  Spots with identical amounts of Cy3 and Cy5 

labeled protein are visualized as yellow, while spots with different amounts of each label 

are visualized as either red, green or a shade of orange.  To determine whether Cy-Dyes 

altered the molecular weight (MW) and pI of proteins during 2D-PAGE analysis, crude 

membrane preparations from HeLa cells were labeled with limiting amounts of either 

DIGE-Cy5 (Red) (Amersham), which is chemically synthesized to not alter the MW or pI 

of proteins regular or regular Cy-3 (Green).  Following combination of both samples and 

separation using 2D-PAGE, the location of proteins labeled with both dyes was 

visualized as above.  The results demonstrate that proteins labeled with Cy-Dyes and 

DIGE-Dyes do not migrate at the same MW and pI, suggesting that Cy-Dyes alter both 

the MW and pI of labeled proteins.   
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Appendix 3: 

Abbreviations 

2D-PAGE (two-dimensional polyacrylamide gel electrophoresis) 

ALCAM (activated leukocyte cell adhesion molecule) 

AraC (cytosine arabinoside) 

β2M (beta-2 microglobulin) 

Bap31 (B-cell receptor-associated protein 31kDa) 

BST2 (bone marrow stromal antigen 2) 

CD (multicentric Castleman’s disease) 

ConA (concanamycin A) 

CTL (cytotoxic T lymphocyte)  

iDC (immature dendritic cell) 

mDC (mature dendritic cell) 

DMVEC (dermal microvascular endothelial cells) 

E1 (ubiquitin activating enzyme) 

E2 (Ubiquitin conjugating Enzyme) 

E3 (Ubiquitin Ligase Enzyme) 

ER (endoplasmic reticulum) 

ERAD (ER associated degradation) 

ESCRT (endosomal sorting complex required for transport) 

GRAIL (Gene Related to Anergy In Lymphocytes) 

HA (hemagglutinin) 

HCMV (human cytomegalovirus)  
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HCV (Hepatitis C virus) 

HECT (Homologous to E6-Associated Protein carboxy-Terminus) 

HFF (human foreskin fibroblasts) 

Hsp60 (heat shock protein 60kDa) 

ICAT (Isotope coded affinity tagging) 

Ifnγ-R (interferon-gamma receptor) 

KS (Kaposi’s Sarcoma) 

KSHV (Kaposi’s Sarcoma Associated Herpesvirus) 

LANA (latency associated nuclear antigen) 

LC (liquid chromatography) 

MARCH (Membrane associated RING-CH) 

MCMV (murine cytomegalovirus) 

MHC-I (major histocompatibility complex) 

MHV-68 (γ2-herpesvirus 68) 

MIR (modulator of immune recognition) 

MOI (multiplicity of infection) 

MS (mass spectroscopy) 

MVB (multivesicular body) 

MW (molecular weight) 

NK (natural killer)  

ORF (open reading frame) 

pI (isoelectric point) 

PM (plasma membrane) 
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PMA (phorbol 12-myristate 13-acetate) 

RING (Really Interesting New Gene) 

SILAC (stable isotope labeling with amino acids in cell culture) 

STS (staurosporine) 

STX4 (syntaxin-4) 

TAP (transporter of antigenic peptide) 

TCA (Trichloroacedic acid) 

TCR (T cell receptor) 

TfR (transferrin receptor) 

TGN (trans-Golgi network) 

TLR (toll like receptor) 

TMRE (Tetramethylrhodamine, ethyl ester, perchlorate) 

Tsg101 (tumor susceptibility gene 101) 

Vps (vacuolar protein sorting protein) 

VV (vaccinia virus) 

WCL (whole cell lysate) 

WT (wild type) 
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