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In spite of advances in vaccine development. measles virus is still the most 

common infectious killer of children in developing countries. The Edmonston isolate 

of measles virus has been used to generate attenuated vaccines. However. recent 

failures of these vaccines have led to a 20170 increase in the rate of mortality and have 

prompted the World Health Organization to re-evaluate methods with which to control 

this important pathogen. CD46 was previously shown to be a primate-specific 

receptor for Edmonston strain of measles virus. In this thesis, we first studied the 

inability of the New World monkey erythrocytes to hemagglutinate in the presence of 

measles virus. We found chat the CD46 molecules from the lymphocytes and 

erythrocytes of the New World monkeys al1 Iricked the SCRl coding region adjacent 

to the amino terminal signal peptide. We also generated artificial mutations by 

replacing either c harged or hydrophobie amino acids with alanine or serine residues 

into the SCRI and SCR2 domains of CD46. In addition. we mapped the antigenic 

epitopes of 5 monoclonal antibodies which are known to inhibit the binding of 

measles virus H protein to CD46 These resutts were used to mode1 the SCRl and 

SCRl domains of CD46 from an analogous region in another cornpkment regulatory 

protein. Factor H. whose three dimensional structure has been previously reported. 

Finrilly. ive have evidence indicating that wild type isolates of measles virus use 

rinothsr receptor besides CD46 for viral entry. The common marmoset (New WorId 

monkryj was shown to be susceptible to wild type measles virus infections in spite of 

the SCRI deletion. In addition. a direct binding assay using insect cells expressing 

the wiId type measles virus H protein did not bind to rodent cells expressing CD46 

but adhered to msirmoset and human B cells. We were also able to demonstrate that 

residue 481 of the H protein determines whether the virus uses CD46 or the unknown 

receptor on B cells for viral entry. raising the possibility that populations of measles 

~lirus can use one or the other receptor during the normal process of infection. 
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Chapter 1: General Introduction 



1.1 Historical Perspective 

Measles virus is still known as the greatest infectious killer of children, 

affecting more than 50 mi Ilions and killing nearly 1.4 millions each year (54). The 

first description of the measles virus is credited to Rhazes in 840. However, it is 

uncertain whether Rhazes was able to distinguish measles from smallpox (82). 

Thus. the discovery of measles is credited to Sydenham who clearty differentiated 

merisles virus from smallpox virus with a detailed description of measles symptoms 

(54. 8 2 ) .  Nonetheless as early as 1757, Francis Home, ri Scottish doctor, was able 

to demonstrate the transmission of a rash causing disease by inoculating healthy 

individuals with a blood sample from patients with the rash (128). In addition. 

Boldberger and Anderson transmitted measles using filtered respiratory secretions 

from human patients to macaque monkeys. The modem epidemiology of measles 

virus was attributed to Peter Panum who described the epidemic of a contagious 

disease. which was transmitted through the respiratory tract. iMore importantly. 

Panum was able to recognize its fourteen-day incubation period and the life long 

immunity acquired by those who contracted measles virus (54). This revelation led 

to the hypothesis that measles virus is ri "disease of civilization" since a large and 

dense reservoir is required to sustain the presence of measles in the human 

population. Consequently. measles probably evolved from the closely related 

rinderpest virus, ri crittle virus, found in populated areas of the Middle East and 

Indiri where cows and humans live in very close proximity (54). 

The spread of measles resulted in high morbidity and mortality in India, 

China and Europe. Measles virus was subsequently transmitted to the New World 

through European explorers. Together with smalIpox, the introduction of measles 

virus to the American Indian population led to devastating epidemics. which caused 

the demise of neady 56 million people in Amenca. To funher study the pathology 



of measles, Enders and Peebles ( 1954) successfully propagated the virus in tissue 

culture by inoculating blood samples from David Edmonston, a young patient, into 

human primary kidney cells (54). The Edmonston strain of the measles inoculate 

was subsequently adapted to different cet1 lines, and eventually led to the 

development of a live attenuated measles vaccine (52,82). 

1.2 The Parainyxoviridae Family 

kfeasles vims is a member of the Parunryrovindae family. which contain 

genomes consisting of non-segmented, single stranded RNA. This genomic RNA 

serves as a template for messenger RNA transcription, and is by convention refered 

to as negative sense. Transcription is performed by the viral polymerase, which is 

packased dong with the viral genome. RepIication of the viral genome occurs only 

after viral proteins have k e n  synthesized using the anti-genome as the template 

(92). The classificrition of the P~rarrz~vosiridue is primarily based on viral 

morphology, genome organization. viral protein functions, and sequence similarïty 

of the viral senome. This family is divided into two subfamilies, Paramyxovinnae 

and Pneumovirinae, which are distinguished by the number of proteins they encode 

and by the morphology of their nucleocapsids. The two subfamilies encompass 4 

di fferent genuses: paramyxovims, rubulavinis, morbillivirus and pneumovirus. Al1 

the viruses in the family are chmcterized by pleomorphic. enveloped virions 

rringing from 150 to 350 nm in diameter (24. 84, 85). The lipid bilayer membrane 

of the virus is denved from the host's cell membrane. The viral envelope contains 

virril surface glycoproteins, 8 to 12 nm in length, which are visible by electron 

microscopy. These glycoproteins are prirnarily responsible for the attachment and 

entry of the virion into the cell. Consequently, the viruses of the Pararnyxovaridae 

family are restncted in their host range among vertebrates ( 13 1). 



The vinl genome of the paramyxoviruses is organized in the manner 

depicted in Figure 1.1 (12). The genome is around 15.5 kilobase in length. It 

contains both 3' leader and 5' trailer extracistronic regions, each approximately 50 

nucleotides in length. These regions are used for the regulation of transcription and 

replication. The genorne contains 6 genes with the exception of the nibulaviruses 

and pneumoviruses, which contains 7 genes and 10 genes, respectively. One gene 

produces a single mRNA that utilizes different open reading frames to encode 

several proteins. In addition, the viral genome dso contains intergenic regions, 

which sepante the individuri1 genes. In the case of rnorbiIliviruses and 

parriinfluenzaviruses, the intergenic regions are exactly three nucleotides. 

Con~ersely~ rubuIaviruses and pneumoviruses have intergenic sequences that may 

vary between 1 to 56 nucleotides. 

The first gene encoded by the viruses in the Parcrrriysoviriclue famity, with 

the exception of pneurnoviruses, is the nucleocapsid protein (NP). It is the most 

abundan t viral protein present in infected celIs and has three di fferent functions: 

First, it encapsidates the genome, protecting the RNA from RNase degradlition. It 

also associates with the viral polymerase during v i n l  transcription and replication. 

Finally, it  interacts with the rnauix protein to facilitate viral assembly ( 12. 13). In 

terms of pneumoviruses, the NP protein is preceded by two smdI non-structural 

proteins, 1C and IB. The function of these two proteins is still unknown. 

In most Purclniyroi~iriciue, the gene located downstream of NP is the P 

gene. The P gene encodes three different viral proteins through the use of 

overlapping open reading frarnes: the phosphoprotein (P), the C protein, and the V 

protein. On the other hand, the pneumovirus P gene encodes only the 

phosphoprotein. In the viral polymerase cornplex. the P protein along with the 

large protein (L) and NP protein play a major role in the transcription and 



Figure 1.1 Paramyxo viridae farnily map 
The Partrniyroviridue family contains viruses with non-segmented, single stranded 

RNA genomes.  This family is divided into two  subfamilies. Paramyxovirinae and  

Pneumovirinrie, which are distinguished by the number of proteins they encode a n d  

by the morphology of their nucleocapsids. T h e  two  subfamilies are subdivided into 3 

different genuses: paramyxovirus. rubulavinis. morbillivirus and pneurnovirus. T h e  

genes rire drriwn to scrile and separated by vertical lines. 
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replication of viral RNA. An essential role for these three proteins in the replication 

complex has been shown by a genome replication reconstitution experiment (65). 

The C protein is a non-structural protein, which is translated from the P mRNA 

using an open reading frarne different from that of P. However, recent 

experimental evidence fias suggested that a small amount of C proteins are aiso 

associated with the virions (90, 130). The function associated with C protein is still 

not clear. I n  vitro evidence has indicated that C prc 

synthesis whiIe having no effect on virai genome 

protein may be important in regulating the balance 

genome replication (27). Another non-srructural 

)tein appears to inhibit M A  

replication. Therefore, the C 

between protein synthesis and 

protein, V protein, is also 

trinslated from the P rnRNA through use of an alternative start codon. Similar to 

orna. the situation with C protein, the function of the V protein remains an eni, 

Nonetheless, a role for the V protein in regulating the transition between viral 

trmscription and replication has ken  suggested (28). In addition, recent evidence 

has shown an interaction between the V protein and a DNA repair protein, 

DDB l!XPE. This interaction may suggest that other functions may be associated 

with the V protein (93). 

In the paramyxovinis virion. the matrix protein (M) is the rnost abundant 

protein. Through electron microscopy, the LM protein cm be obsenfed to underlay 

the lipid bilriyer of the virion (40. 91). In addition, the M protein has ken  

demonstrated to interact wi th the nucleocapsid protein and viral glycoproteins ( 14, 

1-43). The M protein is probably the most important protein for organizing and 

packaging the infectious virion during viral maturation. This observation is based 

upon evidence derived from the persistent measles infection associated with 

su bacute SC lerosing panencephalitis (SSPE). These studies indicated that in the 

absence of the M protein, virus is not able to assemble and package (66). 



Viruses in the Puru-roviridae family contain fusion protein (F) on the 

surface of the virion. The F protein is usually synthesized as an inactive precursor, 

which is then processed by a host cell protease to create an active fusion protein 

(64. 147). The amino-terminus of the fusion protein is very hydrophobic and 

highly conserved arnong the different vinises in the farnily (1 19). The fusion 

protein is ultimately responsible for the mixing of the viral and t q e t  ceIl 

membranes to permit viral entry after initial attachment. In addition, the fusion 

pro tei ns. together with the hemrigglutinin/attachment gl ycoprotein, are dso 

responsi ble for producing multinuclerited &nt cells or syncytia between infected 

cell and adjacent cells. 

The attachment proteins (H. HN or G) of the vinises in the 

Pcirciuiy-voviridue family are responsible for the first step of viral infection. These 

proteins are responsible for virus attachment to specific cellular receptor proteins. 

The HN and H proteins from the paramyxovirus, Rubulavirus and Morbillivirus 

zenem have hemagglutinin activity, which causes red blood cells to clump, or to - 
aggIutinate. The HN of human parainfluenzavirus and simian virus 5 appear to 

utilize sialic acid containing molecules as the receptor. while the H protein of 

measles virus binds to CD46, a complement regulatory protein (54). The HN 

proteins also have neuraminidase activity, which prevents self-aggregation of vin1 

particles, cuts through mucous in respiratory tract, and elutes virions in the non- 

productive infection. In addition, the H and HN proteins can also increase the 

fusion activity of the F protein when both proteins are CO-expressed (92). In 

contrrist. the G protein of the pneumovirus possesses neither the hernagglutinin 

activity or neuraminidase activity. The G protein simply acts as the attachment 

protein for the virus (144,  17 1). 

The Iüst bene of the Parmyxovaridae genome encodes the large protein (L). 

The L protein is the les t  abundant protein in the virion and functions as part of the 



viral pl ymerase complex ( 1 1, 178). 111 vitro studies have demonstrated that the 

presence of L, P and NP are required for viral polymerase activity (27, 57). How 

this polymerase complex functions is still unknown. 

1.3 Diseases Associated With Measles Virus 

1.3.1 Acute Measles Virus Diseases 

The "classical" disease associated with measles virus begins about 10 days 

after initial infection with the pathogen. During this 10 day incubation period. no 

symptoms of the viril disease are obsen~ed (54). An infected child then develops 

respiratory disease, which can be mistaken for the common cold. A few days after, 

the symptoms will intensify into high fever, cough. coryza. and eyelid membrane. 

This phase of measles is riccompanied by the development of Koplik spots, white- 

gray maculae with a pale red circumference, which are visible on the oral mucosa - 
and the conjunctivae. Approximately 14 days after the initiai infection to measles 

virus, a maculopapular rash appears on the forehead of the patient while the Kopiik 

spots begin to subside. In a few days, the rash spreads over the entire body. The 

onset of the rash also coincides with the rnounting of an immune response. which 

eventually leads to the clearance of the virus. In rnost cases, the rash will disappear 

completely about 10 days after the initial appearance, but the cough mriy persist for 

weeks and asthenia may Iast for a month. 

 mea as les virus is usually spread by aerosol and enters the human body 

through the respiratory tract. The initial replication of measles virus takes place in 

the tmcheal and branchial epitheliaI cells ( 142. 155). A few days after the initial 

infection, the virus then spreads to the local lymphatic system probably via the 

infected pulmonary macrophages (79, 152). The amplification of the virus in these 

regional lymph nodes results in the appeamnce of lymphoid or reticuloendothelial 



sirint rnultinucleated ceils c d e d  s ync ytia, first described by Warthin and Finkeldey 

(170). Viral replication then leads to primary viremia, resulting in the dissemination 

of virus through the blood of the patient. The virus primarily infects monocytes in 

the blood and then spreads to the various organs. Lymphoid organs and tissues 

such as thymus, spleen, lymph nodes, appendix and tonsils are the predominate site 

of secondary viral replication which results in secondary viremia. At this point, the 

virus scatters throughout the body infecting skin, conjunctivae, kidney, lung, 

gastrointestinal tract. respiratory mucosa. genital mucosa and Iiver. The measles 

r ~ s h  occurs when the derrnal endotheliai cells are infected. The infection then 

spreads to the overlaying epidermis causing syncytia formation, perivascuh 

mononuclear infiltration and edema. Epidemilogical evidence indicates that infected 

patients are most contagious a few days before the onset of the rash (82). The 

transmission usually takes place through the release of virus from the infected 

mucous membranes of the respiratory tract. 

1.3.2 Additional Complications Associated with Measles Virus 

Beyond the acute measles virus infection. there are other complications 

associated with this pathogen. One of the complications is the creation of a 

modified measles. which implies that the acute disease has been rittenuated by the 

presence of anti measles antibodies (37). This disease usually develops when 

infected children either still have the protection of maternai anntibodies or have 

received an immunoglobulin injection treatment. However, the presence of the 

rintibody is not sufficient to stop further infection. Chiidren developing a modified 

measIes disease usually have longer incubation periods, about 20 driys. Although 

the patient. also develop rashes, the symptoms in general, are milder. 

1Measles virus may also cause rare complications among different organs. 

For exampie. young patients may develop laryngotracheobronchitis, and infants 



may experience bronchiolitis obliterans, which are infections of the respiratory 

system ( 1  24). In terms of the cardiovascular system, measles is associated with 

rnyocarditis and pericartitis (82). In addition, measles cm sometimes cause 

aastroenteritis in the developing world, especiaily in children under 2 years of age 2 

(107). 

Other complications, which cm arise from measles virus, affect the central 

nervous system. There are different forms of neural disease caused by the virus, 

including measles inclusion body encephalitis (MIBE) and subacute sclerosing 

panencephalitis (SSPE). hUi3E has been founci to affect predominantly 

immunocompromised patients. The incubation period varies from i  month to 6 

months. and the dinical manifestation of the disease is non-specific encephalitis 

accompanied by convulsive seizures. Patients suffering from inclusion body 

encephalitis usually die within 2 weeks following the onset of symptoms ( 1 1 1). 

Pol ymerase chain reaction (PCR) analysis of necropsy sections from bmin tissues 

has revealed the presence of the measles v i r d  senome ( 11 1 ) .  

Subacute sc[erosing panencephalitis (SSPE) is a rare complication of the 

measles infection that manifests into persistent neuronal disease many years after 

the initiai acute infection. SSPE usually strikes children who were infected with 

acute rneasles at a very Young age, usually less than 2 years old. During a 7 to 10 

yerir dormant stage, the virus enters the central nervous system (CNS) and, 

following this latent period, progressive cerebnl dysfunction occurs over a period 

of severril weeks or months. The initial symptoms include personality changes and 

myoclonic jerks of the head and limbs. Subsequently, a progressive loss of vision 

occurs due to cortical blindness or optic atrophy. Patients tinally fa11 into a coma 

ultimately leading to death. SSPE is chanctenzed by a sfow deterioration over a 

period of 2 years following the onset of symptoms. The presence of measles virus 

in neurons has been confirmed by the abundance of anti-measles antibodies in the 



cerebrospinal fluid. Neuropathology from SSPE patients indicated demyeiination 

and Iesions of the cerebml cortex, hippocampus, cerebml cortex, basal ganglia, 

brin stem and spinal cord. The presence of measles virus in neuronal tissue was 

verified by fluorescent staining with anti-merisles antibodies (68, 69). 

 mea as les virus replication in the CNS of SSPE patients is usualIy defective 

since rescue of the infectious virus can only be accomplished by fusing brain tissue 

with immortdized cell lines such as Vero cells (70). Brain tissue frorn SSPE 

patients has revealed that the virus cannot bud from the surface of the infected cell. 

Rather. the virus spreads within the CNS by transmission of the ribonucleoprotein 

from cell to cell (126). Studies have shown thrit measles virus isolated from SSPE 

patients is likely to cause neurological disease after intracerebral injection in 

animals. such as mice (132) (54). These results indicate that the measles virus 

found in SSPE has adapted to grow efficiently in neuronal tissue ( 122). Sequence 

analysis of viral RNA from SSPE patients shows that the viral genome of the 

measles virus that causes SSPE is different from the virus that causes acute measles 

infection. This is especially evident in the coding regions of the matrix (M). the 

hemagglutinin (H) and the fusion (F) proteins (174). For example, the genetic 

sequence encoding for the M protein contains numerous U to C substitutions ( 174). 

Funherrnorc, the expression level of cenain viral proteins has also been altered in 

the SSPE patients. In general, the expression levei of the IM protein is nearly 

undetectable either due to lack of synthesis or protein instability ( 154, 157). There 

are some SSPE strains of measles virus that do express the M protein. However, 

M protein in these strains fails to interact with the nucleocapsid protein (NP). and 

localizes predominantly to the cytosol (60). Conversely, the M protein of the wild- 

type measles virus accumulates near the plasma membrane due to interactions with 

the nucleocapsid protein and viral glycoproteins. The abnomality of M protein 



function in SSPE may be important for the establishment of persistent measles virus 

infections in the CNS of SSPE patients. 

Furthemore, changes in the envelope proteins, H and F, may also 

contnbute to persistent measles virus infections seen in SSPE patients. Although 

not as abundant as the M protein, mutations in the coding regions of the H and F 

proteins have also been identified. Some SSPE strains of measles virus appear to 

have a deletion of the cytoplasmic region of the H protein, a region required for cell 

to cell fusion in measles infections. Some other strains appear to have a deletion or 

mutation in the cytoplasmic region of F protein. White this alteration of the F 

protein may not affect fusion, the budding of infectious viral particles appears to be 

impaired (22. 148). A defective immune response against measles virus in SSPE 

patients may also contribute to a persistent meastes virus infection in the CNS (45, 

78). In addition, passive transfer of the anti-measles antibodies appears to induce 

persistent measles virus infections and SSPE (133). 

High titers of measles virus antibodies have also been linked to patients 

with multiple sclerosis, implying a relationship between the two. There is an 

epidemiological correlation between the number of multiple sclerosis cases and 

measles infection. However, measles vinons have not k e n  isolated from patients 

with multiple sclerosis patients (50). Similarly, an increase in measles virus 

rintibodies has also been associated with chronic active hepatitis (82). In this case. 

measles virus has been isolated from patients with chronic hepatitis (43, 83). 

AMerisles has also k e n  associated with Paget's Disease and osteosclerosis (52, 

105). However, no strong evidence has been established to support a direct link 

between measles and these diseases. In addition, measles virus vaccine has 

previously been implicated in autism but recent evidence from epidemiological 

study showed that there was no direct causal correlation (158). 



1.4 Measles Immunization 

The first attempt to immunize people against measles virus was performed 

by Home in 1719 when he directly introduced the virus into skin. He reasoned that 

the virus, which norrnally causes respiratory disease, would be less severe if it 

were inoculated through the skin. However. imrnunization of this kind was 

generally not effective (63). in the early twentieth century, attempts to genente a 

merisles vaccine were also unsuccessful. The ability to cultivate measles virus in 

tissuc culturc providcd a breakthrough towctrds the development of a measles 

vaccine. In North Arnerica. the inactivated vaccine and the widely used Iive- 

attenuated virus were produced from the Edmonston strain of the measles vims, 

which was grown in cultured cells. 

The inactivated measles vaccine used in the United States was generated by 

treritin~ the Edmonston strain of the measles virus with formalin (169). The 

vaccine produces rnodente levels of neutrdizing antibodies against measles, but 

offers limited protection since antibody titers decline very rapidly after 

immunization (41. 80). In addition, some individuals who have received the 

fonnaIin inactivated measles vaccine are susceptible to the development of atypicai 

measles when exposed to the wild-type measles virus (1 13). The first live 

attenuated measles vaccine, Edmonston B, was generated by sequentiaily passing 

the wild type Edmonston strain of measles virus in human rend cell. pnmary 

amnion cells and. tinsllly chick embryo fibroblasts. When the Edmonston B 

vaccine was tested in monkeys. the animals did not exhibit viremia, nor did they 

develop symptoms associated with measles infection. Most importantly, the 

monkey produced measles virus antibodies, which offered protection against 

subsequent challenge by the wild type virus. However, the children who received 

this vaccine developed a fever and rash. Further passage of the Edmonston B 

measles through chick embryo fibroblasts in 1965 (Schwarz vaccine) produced an 



even more attenuated virus which did not produce any symptoms in children ( 15 1). 

In recent years, the Schwarz vaccine has become the standard measles vaccine used 

throughout the world. In addition, other attenuated vaccine strains such as CAM, 

AIK-C and Shanghai- 19 1 have been produced using similar approaches ( 127). 

The effecti veness of the new live attenuated measles vaccine was enorrnous 

in the developed countries, such as the United States and Canada ( 10). The 

children in industrialized nations usually receive their first dose of measles vaccine 

between the age of 12 to 15 months. This vaccine decreased the incidence of 

mesles infections by 95% in these regions (37). In the developing countnes. 

measles vaccines are k ing  administered to children of 9 months of age due to 

earlier exposure to the virus. However. the presence of materna1 antibodies against 

merisles virus in children of this age neutralized the attenuated vaccine before 

seroconversion was established in the children. In an attempt to yield measles virus 

immunity at an early age, higher vaccine titers (nearly 100 fold of the original 

dosage) were used. Although administration of the high titer measles vaccine did 

improve the seroconversion in young infants, the mortality rate of the children who 

received the vaccine also increased over the 3 to 3 years foliowing the initial 

vaccination (39). The increased monality was caused by the immunosuppressive 

nature of the high titer measles vaccine, which resulted in secondary infections such 

as pneurnonia, diarrhea or pmi t i c  infection (168). The immunity acquired after 

vaccination is not absolute. Therefore, in some instances, seconda? vaccination is 

required to produce life long irnmunity ( 103, 125). in recent years, failures of the 

measles vaccine have also been reported in developed countries, such as the United 

States and Canada ( 10). Nearl y 55,000 cases and 120 measles related deaths were 

reported in the United States between 1989 and 199 1 (10). The failure of the 

vaccine is primarily due to the administration of a single dose vaccine instead of the 

recommended two dose regirnen. 



1.5 Measles Related Therapy 

Although various medications have k e n  used to reduce the severity of 

symptoms caused by an acute measles infection, there is still no effective antiviral 

treatment for measles. Historically, there were various studies suggesting that a 

high dose of v i t m i n  A during an acute measles infection decreases the rate of 

morbidity and monality (8, 25, 26, 46). Other thempeutic agents such as 

bromodeox yuridine. azaguanin, interferon and ri bavirin have k e n  used for the 

treatment of SSPE (56). However, the effectiveness of these medications has been 

difficult to evaluate due to the reduced incidence of this disease. 

Small h ydrophobic peptides resembling the N-terminal arnino acid 

sequences of the F i  polypeptides of the fusion protein have been show to inhibit 

the fusion activity of paramyxovinises such as MV, Sendai virus, CDV, NDV, and 

SV5 as well as retroviruses such as HIV. One of these peptides, cabobenzoxy-D- 

phenylalanyl-L-phenylalanyl-L-nitroarginine was able to inhibit MV induced 

plaques and syncytia formations (106). However, the peptides did not seem to 

inhibit the binding of virus to cells since the virus still retained the ability to 

hemrigglutinrite monkey red blood cells in the presence of the inhibitory peptides 

(136). Experiments which tested the most effective arnino acid combinations and 

conformational requirements for specific inhibition by these peptides have revealed 

that Z-D-Phe-LPhe-L-Gly is the rnost potent combination for inhibiting measles 

infection (137). In addition, our group has also demonstrated that the peptide's 

i nhi bi tory effect does not involve disruption the specific interaction between 

merisles virus with its cellular receptor but is related to changes in the heptad repeat 

re~ion of the measles virus F protein. Thus, the peptide may impair the folding or 

activation of the fusion protein (Richardson, unpublished data). 

Other approaches have also been investigated as potential measies virus 

therapies (88, 146, 153). Koschel et al. attempted to use measles anti-sense RNA 



to cure cells persistently infected with measles virus. Using vectors expressing 

anti-sense rnRNAs complementary to the measles nucleoprotein (N) or 

hemaggIutinin (H) genes, they were able to show significant inhibition of both 

rneasles virus syncytia formation and vims release in vitro (88). In addition, Seya 

et cri. and Sato er al. have generated both soluble CD16 and measles H proteins, 

which resulted in an inhibition of measles virus infection (146, 153). 

1.6 Differences Between Wild-Type and Vaccine Strains of 

Measles 

Confusion has arisen in distinguishing between wild-type and vaccine 

strriins of measles virus. In recent years, the distinction between the two has been 

brised upon the method of virus propagation in tissue culture following initia1 

isolation of the pathogen from blood or throat swabs of measles infected patients. 

Historically, rneasles virus isolated from patients was grown by continuous passage 

through monkey kidney ce11 Iines such as Vero and CV- 1. However. "adaptation" 

after several passages of virus was required before cytopathic effects (syncytia) 

were observed in culture (Figure 1.2). Starting in the early 1990s, ail new measIes 

v i r u s  isolates were propagated in a marmoset lyrnphoblastic ce11 line, B95-8 (86). 

In this cell line, it is possible to grow the measles virus without a period of 

adaptation. Therefore. the wild-type strains of measles refer to those measles 

isolates thrit have k e n  grown in B95-8 cells or human B lymphoid cet1 Iines. 

whereas the vaccine strains of measles refers to virus that has been adapted to grow 

in either Vero or HeLa ce11 lines. 



Figure 1.2 Syncytia formation of measles virus infected cells 
kIeasels virus infected cells can be identified by the presence of cytopathic effect. 

crilled syncytia formation. In the measles virus infected cells, viral glycoproteins are 

txpressed on ttieir cell surface. The presence of H. F proteins and the viral receptor 

(CD46) can effectively promote fusion between infected cells and their adjacent cells 

resulting in syncytia formation. 





1.7 Genetic Diversity of Measles 

Measles virus strains have recently k e n  divided into eight distinct 

genotypes based on the gene sequences of the hemagglutinin (H) or nucleocapsid 

proteins (N) (Figure 1.3). These two genes are the most variable of the six measles 

virus genes. The carboxy terminus of the N protein c m  vary up to 17% at the 

nucleotide level. Since the extent of diversity among the measles strüins still remain 

an enigma, the number of genetic groups will probably increase in the future. 

Group 1 of measies virus coniüins boih the wiid-type isolate and the vaccine strain 

of viruses. This group includes the original Edmonston strain of measles isolated 

in 1954 and the vaccine strain that was subsequently denved from the original 

Edmonston isolate. Most of the wild-type measles strains isolated from different 

resions of the world in the 1950s and 1960s are al1 part of group 1 (10). The group 

1 measles virus was widely distrubuted prior to the administration of the mesies 

vaccine. Currently, group 1 measles viruses are still circulating around the world. 

However, group 2 measles viruses were first isolated in Japan in the early 1980s. 

This group of viruses was responsibie for an outbreak of measles that occured in 

the United States during 1989 to 1991. Representatives of group 2 include the 

Illinois-1 (Chicago-l) strain of measles virus, whose genome has almost k e n  

completely sequenced (10). Group 3 measles viruses were first isolated from Japan 

and Thailand. and were Iüter tmnsmitted to North America and Europe. This group 

has rccently been shown to include the most predominant strains of rneasles. 

Groups 4 and 5 of measles are mostly found circulating in the western European 

nations. These viruses have caused sporadic outbreaks in North Amenca as well. 

The viruses among group 6 appear to have a high level of genetic variability in 

cornparison to the other groups of measles. However, specific nucleotides 

sequences found in group 6 of measles are indicative of an African lineage. Viruses 

from this group have been imported to North America from African nations such as 



Figure 1.3 Global distribution of measles genetic groups 

This figure is taken from Bellini et al., 1998. Measles virus strains have recently been 

di\.ided inro eight distinct genotypes based on the gene sequences o f  the 

hemagglutinin (H)  or nucteocapsid proteins (N). Colored circles indicate areas where 

measles viruses frorn various genetic groups have k e n  isolated. Viruses not rtssigned 

to one of the eight groups are labeled in brown. 
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Cameroon, Gambia and Kenya. Group 7 of measles was first isolated in Montreal, 

Canada in 1988. Recently, measles viruses from this group have also been 

identified in South Africa and Pakistan. Finally, group 8 of rneasles virus was 

isolated from China in the early 1990s. Currently, measles virus from this group is 

zilso circulating in other parts of Asia. 

1.8 Measles Virus Structure and Functions 

Mesles virus is a rnember of the morbillivirus genus. a subgroup of the 

prirxnyxovirus famil y. Under the electron microscope, measles virus rippem 

roughly spherical, but pleomorphic particles rnay vary from 300 nm to 1000 nm in 

diameter (98). It is an enveloped virus with a single-stranded negative sense RNA 

oenome encoding 6 consecutive non-overIapping gene products. These 
t 

polypeptides include the nucleocapsid protein (N) for viral RNA encapsidation. the 

matri'i protein (M) for virion assembly, the fusion protein (F) for fusion between 

the viral membrane and the host ceIl membrane, the hemagglutinin protein (H) for 

ce11 attzichment and the phosphoprotein (P) dong wi th the lar_oe protein (L) for viral 

tmnscription and replication. The 4.5 X 106 D a  LW RNA genome (Figure 1.4) 

has been completely sequenced and its length is approximately 16000 nucleotides. 

This sequence may vary slightly dependinp on the strain of the rneasles (3, 6, 9. 

1 1 ,  98, 135, 140). The viral envelope, a lipid bilayer, is denved from the host 

membrane, and contains two different integral glycoproteins. the F protein cleavage 

products (F1-40 kDa and F2-20 m a )  and the 78 kDa H protein (16. 135) (Figure 

1.5). Immediately beneath the envelope lies a nonglycosylared 37 LM protein 

(53) .  The M protein is important for virion assembly at the ceIl membrane and 

subsequent viral budding. In measles infected cells, the M protein is thought to 

interact with the nucleocapsid and the inner surface of the cellular membrane, as 

well as the cytoplasmic tails of the trûnsmembrane proteins (61, 163). In the 



Figure 1.4 Measles virus genome 

The merisles virus genome is organited into 6 nonoverlapping genes  that encode the 

6 structural proteins. the nucleocapsid protein (N). the matrix protein (M), the fusion 

protein (F). the hemaggtutinin protein (H), the phospho-protein (P) and the large 

protein (L). In addition. the P gene also encodes two nonstructural proteins V and C 
\vhich may mediate the transition between viral transcription and replication. 





Figure 1.5 Structure of measles virus 
ivieaslzs virus appears roughly spherical. but pleomorphic particles Vary from 300 nm 

to LOO0 nm in diameter, LMeasels virion consists of 6 different viral proteins: 

Nucleocripsid (N) is responsible for viral RNA protection. the rnatrix protein (M) is 

for virion assembly. fusion protein (F) is responsible for fusion between viral 

envelope and host cell membrane. hernagglutinin (H) is for cell attachment. 

phospohoprotein (P) and large protein (L) are for viral transcription and replication. 





virion. the viral RNA associates with the 60 kDa N protein, the 72 kDa P protein 

and the 250 kDa L protein (9, 11). The N protein hasi two distinct functions: The N 

protein associates with the virai RNA genome to protect the viral RNA from 

nuclease digestion. Encapsidation of the viral genome by the N protein is especially 

significant since experimental evidence has demonstrated that naked full Iength viral 

RNA cannot be used as an infectious agent (92). Next, an association between the 

viral genome, viral rnRNA, with the N proteins forms a nucleocapsid complex, 

which is essential for the transcription of viral proteins and replication of the viral 

genome (163, 165). Measles virus transcription and replication aIso require the 

presence of the P and the L proteins, which form the viral polyrnerase (134). The P 

protei n is probabl y involved in the regulation of transcription and replication whi le 

the L protein possesses the catalytic domain of the RNA dependent RNA 

poiymerase (93). In addition to these six structural proteins, there are two 

nonstructural proteins that are onIy found in infected cells. These are the 21 kDa C 

protein and 40 kDa V protein which are both expressed from the P gene using 

overlüpping readinp frames. The C protein is translated frorn the same mRNA as 

the P protein but uses an AUG start codon 19 nucleotides downstream (9). The V 

protein shares the first 23 1 amino acids with the amino terminus of the P protein. 

However, an extra non-template directed guanosine residue inserted into the mRNA 

üt position 75 1 results in a frame shift mutation and the addition of 68 amino acids 

rit the carboxyl terminus of the V protein (23). The function of these two proteins is 

still unclear, but they may also be involved in the regulation of transcription and 

replication. In addition, recent evidence suggests that the V protein may intemct 

with the cellular DNA repair protein, DDB 1/XPE (94). Future studies are required 

to elucidate the functions associated witii the V protein. 



1.9 Measles Virus Life Cycle 

1.9.1 Overview 

Measles virus attaches to a specific receptor on the ce11 membrane of host 

cells via the H protein (Figure 1.6). This is followed by viral penetration of the cell 

membrane, a step which is mediated by the F protein. The F protein also mediates 

syncytia formation between infected and non-infected adjacent cells. Although 

over-expression of F protein alone is sufficient to form syncytia (167)- recent 

evidence suggests that the presence of both H and F proteins in close proximity rire 

required for efficient fusion to occur (100,  173). Following fusion of the viral and 

cell membranes, the viral genome dong with its rissociated proteins, are injected 

into the cytoplasm of the host cell where vira1 transcription and replication trtke 

place. In the infected celt, viral transcription occurs first, since synthesis of viral 

proteins is required for replication of the genome. The components required for 

transcription are present either in the nucleocapsid core or are provided by the host 

ceIl cytoplasm. The primary transcripts are mainly monocistronic and are not 

encapsidated by the N protein. Most of the structural and nonstructural proteins are 

praduced on free ribosomes found in the cytoplasm. However, the H and F 

proteins are translated and modified in the ER and Golgi. and are subsequently 

trrinsported to and inserted into the plasma membrane. The replication of the viral 

genome in the cytoplasm immediately follows the transcription and translation of 

the viral proteins. In replication, synthesis of full-Iength positive sense and 

negütive sense viral genome occurs by using machinery similar to that in 

transcription. The only difference between transcription and replication is that the 

encapsidation of the viral genome by the N proteins occurs immediately after the 

replication process. The encapsidation of the viral genome is essential for the 

subsequent viral assembly. Virion assembly occurs in two steps: First, the N 



Figure 1.6 The measles virus life cycle 
MV enters the host cells via interaction between the H protein and the cellular 

receptor. CDJ6. Subsequently. fusion occurs between the two membranes. 

Transcrition of the viral proteins and reptication of the viral genorne occur in the 

cytoplasm. Two glycoproteins. H and F. are translated in the rough endoplasmic 

reticulum (ER) and transponed to the ce1 1 membrane. The virus is assembleed at the 

cèll membrane and buds out of the infected cells. 





proteins encapsidate the RNA genome, and the P and L proteins are assembled into 

the nucleocapsid core. Second, the nucleocapsid cores interact with the M proteins 

and acquire the H and F glycoproteins from the ce11 membme during the process 

of budding. 

1.9.2 Initial Steps of Measles Infection 

 mea as les virus infects a wide range of human ce11 types including 

lymphocytes. macrophages, and epithelial and endothelial cells of the h g ,  skin, 

kidney, liver, and gastrointestinal tract (103). In addition, it is well established that 

several species of monkey erythrocytes, but not human erythrocytes. c m  be 

agglutinated by meastes virus (3 1, 114). Rodent cells. on the other hand. appear to 

be resistant to measles virus infection. Therefore. it appears that the viral receptor 

for measles virus is widely distnbuted over different human tissues with the 

exception of erythrocytes. Our Iab and another proup have identified CD16 

(membrrine cofactor protein) as the prirnary high affinity receptor for the vaccine 

stniin of measles virus (31. 114). Two measles glycoproteins. H and F, are 

involved in specific host recognition and v i r d  entry. The H protein is a type II 

olycoprotein with a molecular weight of 78 ma. The H protein contains 1 to 5 
C 

different N-glycosylation sites and is expressed as a homotetramer on the viral 

envelope or on the surface of the infected cell (LOO, 12 1). Glycosylation of the H 

protein is important for proper folding, antigenicity, oligomerization, and transport 

from the Golgi to the ce11 membrane (75). Unlike other vimses from the 

PcwmivsoviricIc~e family, the H protein of measles does not have neuraminidase 

activity. Therefore, the primary role of rhe H protein is to bind to specific ceIl 

surface proteins and to initiate viral entry. Thus. the H protein may be important in 

detemining the host tropism of measles virus. The precise receptor binding sites of 



the H protein are stili unknown dthough antibody inhibition studies and site- 

directed mutagenesis studies have indicated speci fic regions comprised of amino 

acids 126-135, 309-318, 491-552, and 587-596 may be important for this 

interaction (49, 76, 141, 156). 

The fusion protein is expressed as an inactive precursor protein (Fo) with a 

rnolecular weight of 60 D a .  Similar to the F proteins of other parrimyxovimses, 

the measles virus F protein is a type 1 _olycoprotein which is transhted and modified 

in the rouzh endoplasmic reticulum and the Golgi. The F protein is expressed as a 

homodimer on the infected ce11 surface. in the Golgi. the Fo precursor is cleaved by 

furin, a host cell protease. into its active, disulfide-linked FI (40 kDa) and F- (20 

m a )  forrns. Cleavage wcurs within the sequence: NH,-Arg-Arg-His-Lys- 

ArzJhe-Ala-Gly-COOH. The new amino terminus of the FI contains a stretch of 

highly hydrophobic region. the fusion peptide, which is conserved among the F 

proteins of the pararnyxoviruses (135). This cleavage is essential for producing a 

functional F protein ruid initiating membrane fusion and syncytia formation. 

Lymphoblast ce11 lines devoid of the cellular protease fail to cleave Fo and do not 

produce syncytia upon measles virus infection (44). However, absence of F 

protein cIeavage does not appear to inhibit incorporation of the F protein into the 

mature measles virion, although this vims appears to be non-infectious. The F 

protein also possesses a cysteine-rich region that is important for the interaction 

between the H and F proteins as demonstrated through studies with chimeric F 

proteins prepared from canine distemper and measles viruses (172). It also has an 

amphipathic a helix. or a leucine zipper, which may play a role in fusion process. 

This is supported by studies showing inhibition of the fusogenic activity when 

mutations are introduced at the leucine zipper region (17). The cytoplasmic tail of 

the F protein is another region that is highly conserved arnong morbillivirus F 

proteins. The cytoplûsmic tail of the F protein may be involved in interactions with 



the matrix protein since mutations or deletions of the tail can prevent budding of 

measles virions (22). 

Funherrnore, in vitro studies using an over-expression system such as the 

vaccinia system, appear to indicate that the presence of both E-i and F proteins are 

required for effective fusion to occur ( 159- 16 1, 173). Similar experirnents with 

other paramyxoviruses such as CDV and Sendai virus have confirmed the 

importance of specific interactions between both glycoproteins for the process of 

fusion (36, 72, 108, 145). Nevenheless, our laboratory has shown that over- 

expression of the F proteins aione using either the adenovirus. vaccinia or 

baculovirus systems, can also cause fusion and syncytia formation, although the 

process occurs at a much slower rate (data not shown)(5. 167). 

1.9.3 Measles Virus Transcription and Replication 

Measles virus transcription and replication occurs in the cytoplasm of the 

infected cells utilizing an RNA polymerase which CO-purifies with the virion (66, 

67). The viral polymerase is believed to be composed of the L and P proteins. The 

L protein is a very large protein with a molecular weight of 200 IiDa, and may 

contain the catalytic domain of the RNA polymerase complex. Although there is no 

direct evidence defining its precise function, the L protein of measles virus has 

homology with the L protein of other negative strand RNA viruses and by analogy 

appexs to contain M A  methyltransferase and polyadenylation activities (1 1, 

129). In addition. the presence of only a small arnount of L protein in the measles 

nucleocapsid core is consistent with the situation found in other viruses (92). 

Another protein which is present in the measles RNA polymerase complex is the 72 

kDa phosphoprotein, denoted as P protein. The functional significance of the P 

protein has also not been clearly defined. However, studies of P proteins from 

other paramyxoviruses indicate that phosphorylation at specific sites of the P 



protein is required in order for transcription to wcur (7). Furthemore, 

phosphorylation of the P protein does not depend on other viral proteins since P 

proteins expressed independently in ce11 lines are phosphorylated effciently (2, 4). 

Additional studies with either Sendai virus or NDV have demonsmted that viral 

transcription cm not be perfomed by L protein or P protein alone. Rather, the 

presence of both proteins is required for this specific task (57,651. 

1-9.3.1 Viral Transcription 

Transcription of measies virus starts at the 3' terminus, with the synthesis 

of a 55 bp (+) strand of leader sequence by the measles RNA polymerase (67). The 

initial steps of measles viral transcription appear to be similar to other non- 

segmenteci negative strand RiVA vinises (133). Followin_o synthesis of the leader. 

t h î  polymerase transcribes the remaining genes sequentially from the 3' end to the 

5' end of the viral genome. The polymerase appears to detach itself from the 

nucleocapsid rtt the intergenic regions, and the frequency of this detachment appears 

to correlate with the increased of distance from the promoter. This detachment 

occurs at each gene junction and tightly controls the levels of m T A  production. 

Therefore. less and Iess mRNA is produced as the polymerase transcnbes to the 5' 

end of the genome (92). The amounts of viral mRNA transcripts present in the 

measles virus infected cells relative to the frequency of the N mRNA are as follows: 

N (100%), P (8 1%), M (67%), F (49%), and H (39%) (20, 21, 150). Virai 

mRNAs are capped at the 5' ends with 7mGpppAm by an unknown mechmism 

( 1  77). The 3' ends of the viral mRNA are polyadenylated through a mechanism of 

polymerase slipping or stuttenng. In the process of slipping, the polymerase 

repeatedly copies 4 to 7 U's following the polyadenylation signal (87). However, 

the polymerase can continue this process of reinitiation, transcription, and 

termination until the last viral gene, L, is transcribed. 



Transcription of the measles viral genome can sometimes result in 

production of pdycistronic mRNA. Complementary studies with the polycistronic 

mRNA indicate that the intergenic regions of the rnRNA are identical to the genomic 

intergenic sequences (20, 33, 34, 109, 175). In addition, mRNA editing of the P 

oene generates a second mRNA transcript (23, 87, 162). In infected cells, half of s 

the P mRNA is identical to the P gene and the other half contains an extra nucleotide 

(G) which is inserted into a conserved sequence during transcription (23). The extra 

G causes a shift in the reading frame allowing for the inclusion of 68 amino acids 

which toms a cysteine rich domain with Znf2 binding properties (95). This altered 

mRNA translates into a protein with the same 231 amino ricids as the N-terminus of 

the P protein and a completely different carboxy terminus. Different 

paramyxoviruses contain this conserved sequencc which supports the mRNA 

editing mechanism (23). 

1.9.3.2 Viral Replication 

Most of the information regarding the transition from transcription to 

replication of measles virus has ken  derived from experiments conducted with 

other nonsegmented viruses such as Sendai virus and VSV. The shift from 

transcription to replication depends largely on viral protein synthesis. In the case of 

Sendai virus, infected cells treated with drugs that inhibit protein synthesis were 

able to synthesize viral mRNA but viral replication appeared to be inhibited (138. 

139). The enzyme used for viral replication is essentially the same polymerase 

compiex used for viral transcription with the addition of phosphorylated N protein 

(7. 12. 13). 

The first step of viral genome (-ve sense) replication requires the formation 

of a (+ve sense) antigenome. The arnino terminus of the N protein interacts with the 

P protein and forms a soluble complex, which is utilized for the encapsidation of 



the leader sequence of the genome (5 1, 66).  Accumulation of N/P complexes 

causes the polymerase complex to ignore the intergenic sequences and to produce a 

full length antigenome (92). Conversely, when insufficient arnounts of the N/P 

complex are present, the viral polymemse complex transcribes either monocistronic 

or polycistronic rnR,NAs which are used for the production of vin1 proteins. 

Finally, production of the (-) viral genome is accomplished through a sirnilar 

process as the synthesis of the antigenome using mtigenome RiiA as the template 

for the polyrnerase (92). The negative strrind viral genornc of measles virus is 

subsequently packaged into inkctious vinons. 

1.10 Measles Virus Receptor 

Many approaches have k e n  used to identify the cellular receptor for 

measles virus. However. most attempts have resulted in failure. The binding 

between measles virus and the cellular receptor was found to occur rit a neutral pH 

and at 37" C. One of the early attempts to isolate the receptor involved a measles 

inhi bition assay using soluble protein obtained from monkey erythrocytes (42). 

Xlthough 2 glycoproteins, 20 kDa and 30.6 D a .  were identified from Vero cells as 

possible candidates for the viral receptor, subsequent expenments have yielded 

inconclusive results (89). Another candidate that has been suggested to be a 

measles virus receptor is the substance P-binding protein (58, 59). However, 

limited expression of this protein in neuronal tissues indicated that it was probübly 

not the high affinity receptor for rneasles virus since this pathogen cm infect a wide 

variety of different human tissues and cet1 types (54). Finalty in 1992, a specific 

monoclonal antibody directed against a human ceII surface glycoprotein was 

identified that cm inhibit measles virus infection. (115). This antibody 

immunoprecipitated two proteins from a HeLa ceIl lysate with molecular weights of 



57 and 67 m a .  Sirnilar results were obtained when measles virus bound to a 

ndiolabelled HeLa cell lysate were immunoprecipitated with ami-H antibodies (32). 

CD46 has k e n  subsequently identified as the measles virus high affinity receptor 

by two independent groups (3 1. 1 13). Naniche et al. immunoprecipitated the 

receptor using the monoclonal antibody and microsequenced the arnino terminus of 

the receptor protein ( i 13). Simultaneously. Dorig et al. observed that meas tes virus 

cannot bind to rodent cells (3 1). Usins rodent-human somatic hybrid ceIl lines in 

measies virus binding rissriys, mouse ceils containing the q arm of human 

cnromosome 1 were found to support measles virus binding. Since CD46 is the 

only gene on chromosome 1 coding for proteins of 57 and 67 kDa and is expressed 

in most human cells (except erythrocytes), it was considered as a likely candidate 

for the measles virus receptor. The CD46 gene was expressed in Chinese hamster 

ovriry (CHO) cells and its presence on the ceIl surface was confirrned by flow 

cyrometry using an antibody against CD46 The rodent cells expressing human 

CD46 supported measles virus binding and infection and exhibited virus-mediated 

cytopathic effects ( 1  13). The distribution of CD46 molecules in human tissues is 

almost ubiquitous. CD46 is located on al1 of the major orgrins as well as cells 

endothelial, epi thelial cells, fi broblasts, T and B ce1 1s. monocytes, granulocytes and 

platelets. However. CD46 is not present on the surface of human erythrocytes. 

CD46 is also expressed on the surface of primate cells iines, such as HeLa, Vero, 

CV-1, T cell ieukemia and B ce11 lymphoma ceil Iines. Even though measles does 

not cause systemic disease in rodents due to lack of CD46 molecules, neurotropic 

strains of measles virus have been shown to induce a neuronal infection in the 

brains of hamsters, mice and rats, suggesting that these strains of virus may use 

another receptor in the brain of these animals (18,93, 123). 



1.10.1 Cellular Function of CD46 

Membrane cofactor protein (MCP) or CD46 is a member of the gene cluster 

coding for regulators of complement activation found on the human chromosome 1 

(96. 97). The complement system is a part of the immune response used by 

vertebrates to defend themselves against pathogens. The complement system 

consists of two different pathways: the classical and alternative pathways. In both 

pathways. activation of the complement cascade involves several proteolytic factors 

such as C3b and C5b and the formation of the membrane rtttack complex (MAC) on 

the surface of foreign cells. The final consequence of complement activation is 

osmotic lysis or opsonin-mediated phagocytosis of foreign particles (1). In 

addition, complernent components cm also fonn immune complexes and act as 

opsonins. which result in phagocytosis of foreign cells by macrophages. 

Unfortunately, unchecked compIement activation or nonspecific deposition of 

complement complexes such as C3b or C4b on host cells can also lead to 

autoimmune destruction. In order to prevent this effect, the complement system is 

self-reguhted by a number of semm and membrane bound complement regulatory 

proteins which block self-destruction by complement activation. There are several 

regulators of the cornplement cascade including decay accelenting factor (CD55), 

complement receptor 1 (CD35). complement receptor 2 (CD2 1 ), inhi bi tor of 

reactive lysis (CD59). C4b binding protein. Factor H and MCP (CD46). CD46 

normally senres as a cofactor for the serine protease. factor 1. Interaction between 

CD46 and complement components C3b and C4b on the host cells perrnits factor 1 

to cleave these factors, inhibiting formation of the attack complex. Therefore. 

CD46 plays a critical role in protecting host-tissue from complement mediated 

damage. 



1.10.2 Structure of CD16 

The CD46 gene consists of 14 exons and 13 introns and spans more than 43 

kb of genomic DNA (Figure 1.7a) (96, 97). CM6 is a type 1 membrane bound 

glycoprotein with a 34 amino acid signal peptide at the amino terminus which is 

subsequently removed during protein maturation in the endoplasmic reticulum. The 

extrriceIlular portion of the protein consists of 4 domains of short consensus regions 

(SCR1-4), ser/thr/pro rich sequences (STPA, STPB and STPC), and a protein 

segment of undefined function (U), CD46 also has a hydrophobie transrnembrane 

domain and a cytoplasmic carboxy-terminal tail (Figure 1.7b). There are N- 

glycosyIation sites on SCRI, 2, and 4 while the STP region contains O- 

~lycosylation sites. Differentid glycosylation and alternative splicing of the STP 

region as well as the cytoplasmic triil gives rise to 4 different isoforms of CD46 

consisting of 2 populations of the glycoprotein with molecular weights ranging 

between 5 1-58 kDa and 59-68 D a .  Specific isoforms of CD46 have k e n  

identified in the salivary gland, kidney and brain. Nevertheless, most tissues 

express al1 isoforms. Recently. the 3-D crystal structure of the SCRland 2 

domains of CD46 protein was solved (Figure 1.8) (19). The structure of each 

domain fol& into P-barrels. which consists of antiparallel p-sheets joined together 

by 2 disulfide bonds. The hinge region of the SCRl and 2 domains creates a 

concave groove and provides limited perpendicular movement between the two 

domains. 

1.10.3 Interaction Analysis of CD46 and Hemagglutinin Protein 

Since the discovery that CD46 is the receptor for the measles virus, 

extensive studies have k e n  conducted investigating the nature of the interaction 

between CD46 and the hemagglutinin protein of measles. Early experimental 

evidence has indicated that dl the isoforms of CD46 can be utilized as the receptor 



Figure 1.7 Genomic Map and Sturcture of CD46 
(A). CD46 gent: consists of 14 exons and 13 introns and spans more than 43 kb on  

the genomic DNA. 

(B). CD46 is ri type 1 glycoprotein with 34 amino acid signal peptide at the amino 

terminus. The signal peptide is subsequently removed in the ER as the protein 

matures. The extracellulsir portion of the protein consists of 4 domains of short 

consensus repeats (SCRI-IV) a serlthdpro rich sequence (STP). and region o f  

undefined function (U). CD46 also has a transmernbrane hydrohobic domain and 

cytopIasmic tail. 



Genomic Map and Structure of CD46 

Cyt oplasmic t ail 



Figure 1.8 Crystal structure of the N-terminal two short consensus 
repeats SCRl and SCR2 of CD46 
This figure is taken from Casasnovas et al., 1999. The overall structure of each 

domain folds into a f3-barrels. which consists of antiparallel B-sheets joined together 

by 2 disulfide bonds. The hinge region of the SCRl and 2 dornains creates a concave 

groove and provides lirnited perpendicular movement between the two domains. 

DisuIfide bonds and carbohydrate residues are shown in yellow and red. respectively. 





for measles and cm sustain viral infections and syncytia formation (48, 101). 

Furthemore, the cytoplasmic tait and the transmembrane domain of CD46 cm be 

replaced by a glycosyphosphatidylinositol anchor sequence without hampering its 

ability to function as the measles virus receptor. Soluble CD46 moIecuIes 

composed of only the extracellular regions can partially inhibit measles virus 

infection of CHO cells expressing human CD36 as well as rosette formation with 

oreen monkey erythrocytes (29, 153, 166). These results imply that the regions of - 
CD4G responsible for attachment to the merisles H protein are most likely located 

within the SCR domains. Additional evidence obtained frorn a virus overlay 

protein binding assay (VOPBA) and functional studies of CD46 expressed in the 

brtculovirus system h a s  reveaied that disulfide bonding and N-linked glycosylation 

of CD46 molecuIes are crucial for measles virus binding (73. 99). These results 

indicate that a successful measles virus infection requires conformational inte-gity 

of the CM6 SCR domains. Subsequentiy. studies obtained using either 

CD46lCDSS hybrid proteins or CD46 deletion mutants have mapped the binding 

regions to the SCRl and SCR2 domains (77, 102). In addition, some but not al1 of 

the monoclonal antibodies specific for either the SCRl or 2 domains cm inhibit 

virus binding and infection (73, 74. 77, 102). The binding regions for measles 

\.irus to CD46 appears to be distinct from the complement proteins C3b and C4b. 

which bind to the SCRî. 3 and 4 domains of CD46. The interaction between CD46 

and measles H protein has also k e n  depicted as essential for the subsequent fusion 

event. Using a vaccinia expression system, Nussbaum et al. showed that co- 

expression of CD46, H and F were required in order to render effective syncytia 

formation ( 120). Furtherrnore. Buch holz et al. demonstrated that the distance 

between the SCRl and 2 domains of CD46 and the ce11 membrane c m  affect its 

binding to the measles H protein and fusion efficiency (15). Using CD46 and CD4 

hybrid proteins, Buchhofz er al. showed that increasing the distance between the 



MV binding sites and the ce11 membrane enhanced virus binding but reduced fusion 

activity (15). Recently, Seya et ul. demonstrated, through the use of CD46 and 

CD55 chimeric molecules, that the transmembmne domain of CD46 is essential for 

efficient syncytia formation ( 153). However, our data suggest that measles fusion 

does not necessarily require the presence of CD46. Fusion can also be observed by 

over-expressing measles H and F proteins using a vaccinia expression system in 

3T3 mouse fibroblasts which do not synthesize CD46 (data not shown). Althrough 

syncytia formation is less efficient in these cells it irnplies that another mouse 

protein can substitute for CD46 when large amounts of i-f and F are present in some 

rodent cells. It may also be possible that measles virus cm griadually adapt to use 

other receptors on cultured cells, a hypothesis which is supported by virus which 

has been propagated in chicken embryonic fibroblast cell line (38). 

1.11 Additional Studies Involving CD46 and Measles 

1.1 1.1 1s Moesin a Co-Receptor for Measles? 

A year after the discovery of CD46 as the ceIlular receptor for meules 

virus. another cellular molecule, moesin. was also implicated as part of the receptor 

cornplex for measles virus. Moesin is a member of the eznn. radixin. and moesin 

(ERM) family that forms part of the cytoskeleton network. The majority of moesin 

is locrited in the cytosol of the cell associated with the plasma membrane. 

However. a very small portion of moesin is exposed to the ce11 surface. Similar to 

CD46, moesin is widely distributed in ail tissues. In contrast to CD46, moesin is 

highl y conserved among di fferent mammalian species. Using speci fic monoclonal 

antibodies directed against moesin, Dunster et ul. showed that measles virus 

binding and fusion are inhibited (35). In addition, moesin and CD46 were co- 

immunoprecipitated when chernical cross-linkers were used (149). The two 



molecules were also shown to be in close proximity using the electron microscope. 

Al1 this eviàence seemed to stipulate the involvement of both proteins as a measles 

receptor complex (149). However, Doi et al. have recently put the significance of 

moesin as part of the measles receptor into question (30, 38). Using moesin- 

negative mouse ES cells, this group demonstrated that cells with or without moesin, 

couId not sustain a measles infection without the presence of CD46. The only 

difference between the moesin positive and the rnoesin negative mouse ES cells was 

the features of syncytia formation. CM6 positive and moesin negative ES cells 

infected with measles virus appeared to have fragmented syncytia formation. This 

was probably due to the lack of proper cytoskeletal organization (30). 

1.1 1 .L CD46 Transgenic Mice 

SrnaIl animal models permit researchers to better understand di fferent 

aspects of a normal viral infection such as viral infectious cycle. host range and 

tropism, viral interactions with the immune system, and a potential screening 

mechanism for antiviral treatmen t. Receptors for other human viruses, including 

poliovirus and HIV have k e n  identified and subsequently introduced into small 

mimats that were normally not susceptible to the virus. In the case of merisles 

virus, rodents. including rats, mice, and hamsters, are not normally susceptible to 

MV infection. Following the discovery of CD46 as the measles receptor, many 

Iaboratories, including ours, engineered transgenic mice, to express the human 

CD46 protein. Our transgenic mice ubiquitously expressed CD46 under the control 

of a B-actin promoter. RT-PCR and FACS analysis performed on different tissues 

and the lymphocytes of the trrinsgenic mice have confirmed the expression of 

CD46. However, two atternpts to infect these mice did not result in a normal MV 

infection (Richardson, unpublished). Other CD46 transgenic mice generated by 

different laboratones have also yielded similar results (7 1, L 10, 133). In addition, 



CD46 transgenic rat also demonstrated similtir results upon measles virus infation 

( 1 18). Nonetheless, Horvat et al. were able to demonstrate limited measles viral 

replication of CD46 positive primary cell lines derived from the transgenic mice. 

The failure of the CD46 transgenic mice to sustain a measles virus infection 

indicates that additional host restrictions. such as a block in viral replication may be 

present in rodents. 

1.11.3 Immunosuppression associated with measles and CD46 

In 1908, a physician, von Pirquet, recognized that meules infection 

resulted in the loss of skin test reactivity to tuberculosis, and that delayed-type 

hypersensitivity (DTH) is inhibited for several weeks (von Pirquet, 1908). 

Although different aspects of measles virus induced immunosuppression have been 

studied, the nature of immunosuppression caused by measles still remains an 

enigma to the immunologists. These investigations have included mitogen induced 

T cell proliferation studies and direct infection of lymphoid cells such as nature 

killer cells (55, 168). The discovery of CD46 as the measles virus receptor has led 

to the speculation that CD46 may be involved in the mechanism of measles induced 

irnmunosuppression. Karp er al. has proposed that interleukin-12 (IL-12), a potent 

activator of cell-mediated immunity. expressed in monocytes and macrophages, is 

in hi bi ted during measles infection (8 1 ). Furt hermore, they have dernonstrated that 

the mechanisrn associated with inhibition of IL-12 production is mediated through 

CD46 since both measles virus and monoclonal antibody cross-linking of CD46 cm 

result in a decrease of IL-12 production il1 vitro (81). Finally, Karp et al. speculate 

thrit the rncasles virus interaction with CD46 may be a plausible mechanism for 

merisles induced immunosuppression. In addition, Yant et cd. have identified a 

specific m i n o  acid sequence, Tyr-X-X-Leu, located in the cytopiasmic domain of 



CD46 molecules, which is critical for the down-regulation of CD46 in measles 

virus infected cells (176). They also speculated on potential signal-transduction and 

immunosuppression rnechanisms assoçiated with MV-induced CD46 down- 

regulation (62, 176). However. a recent publication by Galbraith et al. showed that 

other morbillivimses, such as rinderpest virus (W) can also down regulate CD46 

in infected monocytes although RPV does not utilize CD46 as the receptor for vin1 

entry (47). This finding may suggest that downregulation of CD46 is not directly 

related to the rneasles virus interaction with CD46. 

1.12 Research Objectives 

During the initial stages of infection, many similarities c m  be observed 

between measles virus and other deadly viruses such as HIV and EF3V (1 16, 1 17). 

Measles virus interaction with its cellular receptor, CD36, appears to be a good 

rnodel for studying the early events of virus infection, attachment to. and 

penetration of the host cells. In addition, CD46 is also an interesting molecule in its 

otvn right. CD46 expression is up regulated on tumor cells. and it has been 

suggested to have other cellular functions separate from its role as a compiement 

regulator and a viral receptor. In addition, a mouse CD46 homologue was recently 

identified in testicular tissue. The discovery of this homologous rnolecuie may help 

to elucidsite other functional roles of CD46 in normal and tumor cells. In the 

following chapters, charactenzation of the specific regions of CD46 responsible for 

its interaction with measles virus H protein was investigated using site-directed 

mutagenesis and a novet pseudovirus-binding assay. In chapter 2, we 

demonstrated that the CD46 molecules from the Iymphocytes and erythrocytes o f  the 

New World monkeys al1 lacked the SCRl coding region adjacent to the amino 

terminal signal peptide. which prevented Edrnonston strain o f  measles virus infection 



in these New Worfd monkeys. In chapter 2 and 4, we also generated artificial 

mutations by replacing either charged or hydrophobic amino acids with alanine or 

serine residues into the SCRl and SCR2 domains of CD46 and mapped the antigenic 

epitopes of 5 monoclonal rintibodies which are known to inhibit the binding of 

merisles virus H protein to CD46. These results were used to mode1 the SCRl and 

SCRI, domains of CD46 from an analogous region in another complement regulatory 

protein. Factor H. whose three dimensional structure has k e n  previously reported. In 

chapter 3, experirnental evidence was presented implicating the existence of a new 

receptor for the wild-type strain of measles virus. The understanding of these 

infectious mechanisms of measles virus is critical to the design of viral inhibitors. 
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Chapter 2: Artificial Mutations and Natural Variations In 
The CD46 Molecules From Human and Monkey Cells Map 

Regions Important For Measles Virus Bindingl 

' The results from this chapter have been published in the Joitrrial of Virology 7 1 :  6111-6 154 
(1997). 1 have done the experiments in Figures 2.2. 2.3. 2.4 and Table 2.2. Table 2.1 in this 
publication was a joint effort from Dr. Ruth Dorig. Anne Marcil and myself. Sequence alignrnent 
of SCR 1 to SCR4 domains CD36 molecules from lymphocytes of Old World and New World 
rnonkeys was performed by Farida Sarangi and Dr. Chris Richardson (Figure 2.1). 



2.1 Introduction 

CD46, also known as membrane cofactor protein (MCP), was recently 

shown to be a primate-specific receptor for the laboratory adapted Edmonston stnin 

of measles virus (15, t 6, 22, 50). This surface glycoprotein is expressed on most 

types of ceils and normally functions as a regulator of complement activity and 

helps to protect self tissue from autoimmune destruction (40, 41). CD46 is 

composed of 4 extracellular short concensus domains (SCR 1, SCR2, SCR3, 

SCR-I), foliowed by a region rich in serine, threonine, and proline (called STP), a 

transmembrane region and a short cytoplasmic domain at its carboxyl terminus. 

Variations in splicing of exons encoding STP cassettes, and cytoplasmic regions 

yield glycoproteins which vary in size from 57-67 D a  and consist of dl 4 SCR 

domains, a combination of STP regions, and one of 2 different possible carboxy 

termini (62. 63, 71). Each of the known splicing variants of human CD46 is 

capable of binding measles virus (2 1,36). 

The CD46 binding domains for the laboratory adapted Edmonston strain of 

measles virus have recently been mapped to SCRl and SCRî (47) using chirneric 

recombinant moiecules composed of parts of CD46 and a reiated molecule cailed 

CDS5 or decay accelerating factor ( D M ) .  Another group has done similar 

expenments with chimeras of CD46 and CD4 ( 1 1) while others expressed CD46 

deletion mutants in Chinese hamster ovary cells (30) and confirmed the roIe of 

SCRl and SCR2 in virus binding. Monoclonal antibodies specific for SCRland 

SCRZ also block measles virus binding to the host ce11 (30, 47). The role of 

carbohydrate linked to the asparagine residue in the SCRl domain of CD46 appem 

to be minimal while that associated with asparagine in SCR3 appears to be critical 

for binding measles virus (42-43). 



Measles virus (25, 78) is a pararnyxovims which consists of a negative 

strand RNA genome and an envelope which contains two surface glycoproteins 

known as hemagglutinin protein (H) and membrane fusion protein (F). A non- 

glycosylated membrane protein (M) lies on the inner side of the envelope and 

mediates an association of the glycoproteins with the nucleocapsid of the virus. H 

protein is responsible for virus attachment and interacts with CD46 (4, 14. 42) 

while F mediates penetration and syncytia formation (45, 65, 67. 82). lntenction 

of H with its receptor has ken  shown to downregulate surface CD46 in cultured 

cells (28. 35, 73-75) and 4 amino acids on the virus attachment protein have 

recently ken  implicated in this interaction (8). In addition, virus grown in cultured 

cells also binds to the receptors on many, but not all, species of monkey red blood 

cells to yield hernagglutination (20, 53-55, 57-59, 69). Hemagglutination assays 

with erythrocytes from cercopithecus and rhesus monkeys have traditionally ken  

used to titer laboratory strains of measles virus indicating that the red blood cells 

from many Old World monkeys do possess the receptor for this virus. However, 

the erythrocytes of human, chirnpanzee, and gorilla do not hemagglutinate in the 

presence of measles virus which correlates with the absence of CD46 on the surface 

of red blood celis from these higher primates (19.52). 

Since a number of species of monkey red blood cells vriry in their ability to 

bind measles virus and subsequently hemagglutinate (18-?O), we proposed to use 

the receptors on these erythrocytes as "naturd mutant proteins" in an attempt to 

further define the binding regions of CD46. In this manuscript. we first studied the 

ability of New World and Old World monkey red blood cells to hemagglutinate in 

the presence of measles virus. Surprisingly, none of the New World monkey 

erythrocytes hemagglutinated in the presence of measles virus although it was 

evident that they expressed CD46 on their cell surface. The CD46 molecuIes from 

the lymphocytes and red blood celis of New World monkeys ail lacked the SCRl 



coding region adjacent to the amino terminai signal peptide. A specific mutation 

present within the CD46 molecules of  baboons was noted which could account for 

diminished hemagglutination activity in the presence of measles virus. In addition, 

the effects of certain artificial mutations introduced into CD46 by site specific 

mutagenesis is also reported- 



2.2 Materials and Methods 

2.2.1 Cell lines and virus 

HeLa, Vero. and HuTK-143B cells were purchased from American Type 

Culture Collection (Rockville, MD). Sf9 insect cells were supplied by Invitrogen 

(San Diego, CA) and were gown in Grace's media. Hela, Vero and HuTK- l43B 

cells were propagated in Dulbecco's minimum essential medium (GZBCO/BRL. 

Gaithersburg, MD) supplemented with 10% ferai calf serum. In addition, HuTK- 

113B cells were cultivated in the presence of 12.5 &ml of bromodeoxyuridine. 

Monkey (cercopithecus, cynomologus and rhesus) red blood cells were purchased 

from Connaught Laboratones (Toronto, Canada) and baboon erythrocytes carne 

from Lampire Biological Laboratories (Pipersville, PA). Other monkey red blood 

cells were obtained from Granby Zoo (Granby, Canada), the Montreal Biodome 

(Montreal, Canada), Quebec City Zoo (Quebec City, Canada), Toronto 

Metropolitan Zoo (Toronto. Canada), t!!e NIH primate centre (Poolesvi l le, MD), 

iMerck-Frosst Pharrnaceuticals (Montreal, Canada) and the New England Primate 

Center (Boston, MA). The Edmonston strain of measles virus was originally 

obtained from Dr. Erling Norrby (Karolinska Institute, Sweden) and was 

propagated in Vero monkey kidney cells as previously descnbed (24). 

2.2.2 CD16 polypeptide expression and production of antibodies 

Pol yclonal anti bodies (CD46-333) directed against entire CD46 prote1 n and 

antisera directed against the SCRldomain (=SCRI) of CD46 protein were prepared 

by immunization of rabbits with purified recombinant protein. The entire CD46 

coding repion (isotype C2) was synthesized by polymerase chain reaction (PCR) 

with oligonucleotide prirners as previously descnbed (15). The DNA fragment wûs 

cloned into the Nhe 1 site of the baculovirus expression vector BlueBac 2 ( p m )  



and recombinant baculovirus was generated (36, 68, 80). Recombinant C M  

protein was expressed in Sf9 insect cells, resoived on SDS polyacrylamide gels, 

electroeluted, and injected into rabbits to generate a polyclonal antibody using 

routine methods (66, 81). A DNA fragment containing SCRl was synthesized by 

polyrnerase chain reaction (KR) with oligonucleotide prirners corresponding to the 

5' end (5'-AACGGATCCT-GTGAGGAGCCACCAACA-3') and 3' end (5 ' -  

TGGTGTTCGAAAA'TTGTCCGCAGTAGA-CTCTG-3') of the SCR 1 coding 

sequence. The PCR product was digested with BamHI and HindliI then cfoned 

into the bacterial expression plasmid pT7-7His cut with the s m e  enzymes (77). 

The resulting ptasmid was transformed into Escherichiu cofi BL21 (DE3) by 

electroporation, and the recombinant protein was expressed by induction with 0.4 

miM isopropyl-fi-D-thiogalactopyranoside (IPTG). The SCRl polypeptide fused to 

(His)6 was purified using metal chelation chromotography with Ni-NTA agarose 

(Qiagen) under denaturing conditions (6 1). Purified SCR 1 polypeptide was 

injected into rabbits for the production of polyclonal antibodies (27). In addition. 

the monoclonal antibody E4.3 (specific for SCR1) was purchased from BioICan 

Scientific (Mississauga, Canada) and rnonclonal M75 (specific for SCR2) came 

from Sei kugaku Inc. (Tokyo, Japan). 

2.2.3 Hemagglutination of different primate red blood cells by 

measles virus 

Primate blood samples were collected from anirnals in vacutainer tubes 

containing heparin/EDTA (Beckton Dickinson, Franklin Lakes, NJ) and stored in 

Alsevier's solution (GIBCO/BRL) for no more than 2 days. Cells were washed 2 

tirnes with PBS and a 1% (v/v) solution was used in the hemagglutination assays. 

A standard sample of concentrated measles virus ( 10' PFU/ml) was di luted senally 

(1:l) with PBS and 50 pl of each dilution was added to individual wells of a 96 



well microtiter plate with round bottom chambers (Costar, Cambridge, MA). A 50 

pl sample of the red blood cells was added to each well. Hemagglutination was 

allowed to proceed for 2 houn at 4 O  C. Erythrocytes settled to the bottom of the 

chambers when the assay was negative but fonned a suspended mauix when 

positive. The assay titer was the highest dilution of virus which produced 

hemagg 1 utination. 

2.2.4 Isolation of monkey lymphocytes and synthesis of cDNAs from 
CD46 mRNA 

Lymphocytes from different monkey species were prepared using a Ficoll- 

Paque (Pharrnacia, Upsala, Sweden) discontinuous gradient. Fresh monkey blood 

(2-3 ml) was diluted with an equal volume of balanced salt solution (0.01% 

anhydrous D-glucose, 5 pM CaCI?, 98 pM MgCl?, 0.545 mM KCI, 0.126 M 

NaCl. and 14.5 rnM TrisHCI pH7.4) and layered on to 3 ml of Ficol!-Paque. The 

sümple was centrifuged at 700g for 30 min. at 2 0 ' ~ .  The lymphocyte layer at the 

balanced saIt solution/Ficoll-Paque interface was collected and dilulted with 3 

volumes of balanced salt solution. Following centrifugation at 700g for 10 min at 

70". the lymphocytes pellet was washed once with lm1 of balanced salt solution, 

then resuspended in lm1 of TRizol (GIBCOA3RL). Chloroform (0.2ml) was added 

and the TRizol lysate was vortexed and left for 3 min at room temperature. The 

denatured extract was centrifuged at 10,000g for 10 min at 4OC. RNA in the upper 

aqueous Iayer was then precipitated with 0.5 ml of isopropanol at room tempenture 

for 10 min, then concentrated by centrifugation at 10,ûûûg for 10 min. Finally. the 

pellet was washed once with 75% EtOH, dried in the air, and resuspended in 50 pl 

H20. Synthesis of cDNA was performed from mEUVA using the First Strand 

Synthesis kit (Phmacia) and a specific CD46 primer (5 ' -  

GGGACAACACAAATTACTGC-3'). Double-stranded DNA fragments were 



generated using nested p l  ymerase chah reactions (PCR). Pri mers derived from 

the human CM6 sequence corresponding to 5'-GCMCTCCAACAACTATGGC- 

3' and 5'-AGTGTCCCTITCCTTCCTG-3' were used for the first 30 rounds of 

PCR ampli fication. In terior or "nested" prïmers corresponding to 5'- 

ACAATCACAGCAATGACCCA-3' and 5'-CGCTiTCCTGGGTTGCTïC-3' of 

human CD46 were used for the following 30 rounds of PCR reaction. 

2.2.5 Determination of the 5' terminal sequences of CD36 mRNA 

The 5' terminal coding regions of different monkey CD46 molecules were 

deterrnined using the  arat thon^' cDNA Amplification Kit (Clontech. Palo Alto. 

CA) as described in the reference manual. Poly A+ RNA was first isolated from 

total RNA using a QuickPrep mRNA purification kit (Phmacia).  Reverse 

transcriptase and oligo dT primer were used to synthesize the first stründ cDNA 

from lug of poly A' RNA. The second strand DN-4 was synthesized using a 

mixture of RNAse H, DNA pol 1, DNA ligase. and then T4 DNA polymerase (36). 

The Marathon cDNA adaptor was ligated to the dsDNA after synthesis of second 

strrind cDNA. Monkey CD46 fragment containing the 5' coding region was 

generated using nested PCR with human CD46 specific primer 

(5'TAAGACACTITGGAACTGGG-3') and Macrithon cDNA Adaptor specific 

primer API (5'-CCATCCTAATACGACTCACTATAGGGC-3') for the first 30 

rounds of PCR reriction and human CD46 specific nested primer (5'--3') and 

Marathon cDNA Adaptor specific nested primer AP2 (5'- 

ACTCACTATAGGGCTCGAGCGGC-3') for the next 30 rounds of PCR 

ampli fication. CD46 DNA fragments from the different mon keys were rendered 

blunt with PFU polymerase (Stratagene, San Diego, CA), then cloned into the Srf 1 

site of the PCR Script Amp (SK+) vector (Stratagene. La Jolla, CA). 



2.2.6 SDS-Polyacrylamide gel electrophoresis and immunoblot 
analysis 

SDS polyacrylamide gel electrophoresis and Western immunoblot andysis 

were performed as previously described (81). €4.3 and M75 monoclonal 

antibodies (1500 dilution) were incubated with nitrocellulose p q e r  blotted with 

total proteins from OST-7 cells infected with mutant CD46 recombinant virus. 

Binding of monoclonal anti body was detected by ECL cherniluminescence 

(Amersham. Arlington Heights. IL). 

2.2.7 DNA sequencing 

DNA fragments contained in PCR-Script AmP SK(+) vectors were 

sequenced using an Applied Biosystems 4301 autornated sequencer located at the 

Amgen DNA sequencing facility ( Amgen, Thousand Oaks, CA). Sequence 

analysis and alignments were perîormed using Lasergene DNASTAR software 

(Madison, WI). 

2.2.8 Flow cytometry analysis of monkey red blood cells and 
tymphocytes 

-Monkey blood (50~1) was centrifuged at 1500g for 5 min. washed twice 

with 5 ml of FACS buffer (PBS containing 1% of BSA, 5 mM EDTA, and 0.1% 

sodium azide). The red blood cells were resuspended in LOO pl of the same buffer 

containing 1 : 100 di lution of either preimmune anti body. CD46-333 antibody or 

SCRl antibody for 1 hour on ice. FoIlowing the incubation. cells were washed 

twice with 3 ml of FACS buffer by centrifugation at 1500g for 5 min. The celis 

were resuspended in LOO pl of the same buffer contating 1:lOO dilution of 

fluorescein isothiocyanate (F1TC)-labeled anti-rabbit IgG(H+L) for 1 hour on ice. 

After washing twice with the 3 ml FACS buffer, the blood cells were suspended in 



0.5 ml of FACS buffer and were subsequently andyzed on a Beckton Dickinson 

analyzer equiped with 15 m W  argon laser at 488 nm. The data were collected and 

analyzed using CeIlQuest software. 

Monkey lymphocytes were also analyzed by flow cytometry. The monkey 

blood samples were prepared and labeled as described above. Following the 

incubation with FiTC-labeled anti-rabbit IgG, the cells were washed and 

resuspended in 100 pl of FACS buffer. Red blood cells were Iysed by the addition 

of 1 ml of FACS lysis buffer (Beckton Dickinson) to each sample for 1 min. The 

lymphocytes were washed washed twice with 3 ml FACS buffer and rnonkey 

lymphocyte fluorescence data were collected as described in the previous 

parügraph. Mouse OST7 cells (2 x Io6 cees) which expressed mutant forms of 

CD46 were suspended in 1 ml of Cell Dissociation Buffer (Sigma. St. Louis. MO) 

and wrished 2 times by centrifugation with FACS buffer. The final pellet was 

suspended in LOO pl FACS buffer pnor to analysis by fluorescence cytornetry. 

2.2.9 Site-specific mutagenesis of CD36 and expression of mutants 
using vaccinia recombinants 

Portions of SCRl and SCR2 domains were replaced with point mutations 

or 4 - 6 alanine residues using gel-purified oligonucleotides consisting of 30-40 

nucleotides. Mutations were introduced into the CD46 molecule using the 

~ u i c k ~ h a n ~ e ~ "  site-directed mutagnesis kit from Stratagene. The CD46 coding 

region (isotype C 2 )  was cloned into PCR-Script Amp SK(+) plasmid. denatured 

and rinnealed with 2 complementary oligonucieotides containing the desired 

mutation, the mutagenized DNA strands were extended with Pfil polymerase, the 

methylated nonmutated parental DNA template was digested with Dpn 1, and the 

mutated plasmid was used to transform XL2-Blue ultncompetent cells. Mutant 

phsrnids were isolated and the CD46 inserts were completely sequenced. The 



rnutagenized CD46 coding regions were excised from the PCR-Script plasrnid 

following disestion with BspHI (5'end) and Bgl II (3'end) and ligated into the 

vaccinia vector pTMl (containing the T7 promoter) which had k e n  digested with 

the compatible restriction enzymes, Nco 1 and BamH 1. Vaccinia virus 

recombinants were prepared and titered by plaque assays as previously described 

using HuTK- l43B cells and bromodeoxyuridine selection (17). CD46 mutants 

were expressed in mouse OST-7 cells which contained the T7 polymerase and 

protein synthesis and surface expression was monitored by Western immunoblot 

and FACS scan analysis. 

2.2.10 Direct binding assays between CD16 mutants and insect cells 

expressing measles virus H protein 

Mutant CD46 coding sequences were cloned into the pTMl vaccinia 

expression vector which uses the T7 promoter to direct transcription of the foreign 

gene. Recombinant vaccinia virus was prepared as previously described (17) and 

mutant CD46 molecules were expressed in mouse OST7 cells which contain the T7 

polymerase. Sf9 insect cells were infected for 48 hr with a recombinant 

baculovims (81) which had been generated with the BlueBac2 expression vector 

(Invitrogen. San Diego, CA: 36. 68) and synthesized both the measles virus H 

protein and 8-galactosidase. The insect celis were colored blue by adding Bluogal 

(GIBCOBRL, Grand Island, NY) at 36 hr infection from a stock solution 

(SOmg/ml in dimethylfonnmide) to give a 0.05% (w/v) final concentration. 

Infections with recombinant vaccinia virus were allowed to proceed 12 hrs, Sf9 

insect cells expressing the measles H protein and 8-galactosidase were incubated for 

1/2 hour with the vaccinia-infected mouse OST7 cells in the presence of PBS 

containing 5% fetal calf senim. Non-adsorbed insect cells were eluted by washing 

the mouse cells 2 times with PBS. Binding in 25 cm' tissue culture flasks could be 



quantitated visually under the microscope or quantitatively by the hydrolysis of o- 

nitrophenylgalactoside (ONPG) using a 8-galactosidase assay kit (Stratrigene, La 

Jolla, CA). Cells were lysed in 0.5 ml of lOOrnM sodium phosphate buffer (pH 

7.5) containing 0.2% Triton-X 100 and 1% NP-40. Aliquots of lysate (50 pl) were 

added to a 96-well microtitration plate and freshly prepared buffer (100 mi sodium 

phosphate, 10 mM KCI, 1mM MgS04. 5OrnM B-mercaptoethanol, pH7.5) was 

mixed with each rtliquot to give a final volume of 160 pl. A 50pl volume of 

ONPG solution (4 mgml in 100 m M  sodium phosphate, pH 7.5) was added to 

each well and incubated at 37O until a yellow color was evident after about 30 min. 

The reaction was terminated by addition of 90pl of LM NalCO3 and color intensity 

was measured at 420 nm with a SpectraiMau 250 ELISA plate reader purchased 

from Molecular Devices (Sunnyvale, CA). Resuits were linear over time for an 

absorbance range of O. 1 - L A420 uni ts. 

2.2.11 Nucleotide sequence accession numbers 

The nudeotide sequences coding for the extracellular domains of monkey 

CD46 moIecules were submitted to GenBank (NCIB) and have the following 

accession numbers: Aorrrs trivirgarris (US79 l4), Papio i~u~riucI~as (U879 15), 

Ccllliniico goeldii (U879 16), Cullitiuir jacchus (Ut379 17), Sagriinris ntystar 

(U879 1 8). Suimiri scirelrs (Ut379 1 9 ) ,  Cercopirliec~rs uethiops (U87920), MCICUCU 

fisc-icwluris (Ut3793 1 ), ~MCICUCC~ mulut~a (U8 792 2). and Pititeciu pidzeciu 

(U87923). 



2.3 Results 

2.3.1 Analysis of  CD46 surface expression and hemagglutination of 

primate red blood cells in  the presence of Edmonston measles virus 

Certain monkey red blood cells are known to bind measles virus and have 

been routinely used to titer measles virus in hemügglutination assays (19, 56). 

However, it is known that human and chimpanzee erythrocytes do not 

hemagglutinate in the presence of measles virus (19, 54). This can now be 

attnbuted to the fact that the red btood cells of humans, gorillas. and chimpanzees 

do not have CD46, the receptor for measles virus, on their ceIl surface (52). 

African green monkey (Cercopirhecris ue~hiops) erythrocytes are known to be most 

sensitive to measles virus-induced agglutination (18, 20, 69). We collected red 

blood celIs from a number of Old World and New World monkeys and assayed 

their ability to hemagglutinate in the presence of Edmonston measles virus which 

had k e n  propagated in Vero monkey kïdney ceIls (Table 2.1). The presence of 

CD46 on the surface of these rnonkey red blood cells was first verified by 

fluorescence analysis using a polyclonal antibody specific for human CD46. Al1 

primate red blood cells which were tested, with the exception of human and 

chimpanzee erythrocytes, bcund the CD46 rintibody. Levels of immune recognition 

were probably less in k n ~ u r  niacucuo due to species specific variation of its CD46 

protei n. Hemagglutination assays mediated by measles virus were perfomed and it 

was obvious that erythrocytes from South Amencan mmosets  and tamatins 

(Ccrflitrzico goeldii, CullirlirLr ~ U C C I I I ~ S ,  Pirlteciu pirlleciu, Suimiri scirem. and 

Leo?iropirlwcus rosaliu ) and Madagascar lemur failed to bind measles virus (Table 

2.1). Old World monkey red blood cells varied in their ability to hernagglutinate in 

the presence of virus. As expected, human and chimpanzee red blood cells did not 



Table 2.1 CD46 FACS ANALYSIS AND HEMAGGLUTINATION OF 
PRIMATE RED BLOOD CELLS BY MEASLES VIRUS 

Primate Species Pre-ImmuneJ Anti-CD46' Hemagglutination Titerh 

Homo sa~iens  0.7 10 0.359 (O) 11 1 

Pan troglodytes 
(chi mpanzee) 

Cercopithecus 
aethiops (African 
green monkey) 

Cercopithecus 
diana 

Papio anubis 
(baboon ) 

Pripio hamadryas 
(baboon) 

.Macaca frtscicularis 
(cy nomolgus) 

Erythrocebus patas 

Cercoce bus 
torquatus lunulatus 
(mringaby ) 

Cailimico goeldi 
(Goeldii's marmoset) 

Cdlithrix jricchus 0.279 
(cornmon marmoset) 

Pithecia pithecia O. 190 
(ivhite-faced saki) 

Saimiri scireus 0.383 
(squirrel monkey ) 

Leontopithecus 0.203 
(lion-tamarin) 

Lemur macaco 0.250 
(black lemur) 

0.389 (O) 

6-8 ( 100++) 

'Expression of CD16 w w  rnonitorcd by FACS using a rabhir polyclonal antibody spccitk for the human 
ceII surfacc antigcn. The antibody spccitïc tluorcsccncc intensity is rcprcscntcd ris a number. Thc 
numhcr in parcnthcscs indicatcs the pcrccntrigc of chc cclls that wcrc fluorcsccnt. a plus sign indicntes 
[lm thc mcm fluorcsccncc was 2-10 timcs that of the prc-immune control. two plus signs indicatc rhc 
signal iras t 0- 100 iimcs thc mcan o f  the prc-immunc control. 
b~cmnfglut inat ian tiicrs wcre me~rurcd in rnicrotitcr plates with non-conccntrated measles virus from 
culturc media dilutcd scrially by 112 in PBS buffcr. an cqual volume of 1% ((v/v) suspension of rnonkey 
RBC \vas d&ul to cach wcll md thc s s a y  was dlowcd to incubate for 6 hrs rit J O .  Thc Iuger  dilution 
indicated an increriscd ability of the RBC to hcmagglutinatc in the prcsencc of rncaslcs virus- Iess virus 
wris rcquircd to maicc the RBC's clump. Assays with Old WorId monkcys wcrc pcrformed 4 timcs m d  
avcrrigcd. 

79 



hemaggl utinate whi le Cercopithecris aetliiops, Cercopithecris diuna, MCICUCU 

fascicrilaris, Macaca nidana, Eqth roce bris patas, Cercocebr is torquarrrs lrrrrrrlahts 

yielded high hemagglutination titers. Cercopithecus monkeys consistentty yielded 

slightly higher hemagglutination titers than the rest of the monkeys, as previously 

reported ( 18, 20). On the other hand, red cells from baboons (Papio ariubis and 

Pupio iiamc~&us) always produced much lower titers in Our assays. We proposed 

to isolate mRNA from the lymphocytes of these monkeys, synthesize cDNA, and 

sequence the regions coding for the extracellular domains of CD46 in an attempt to 

explain the species specific variation in hernagglutination titers exhibited by these 

different red blood cells. 

2.3.2 Sequence cornparisons of CD16 extracellular domains from 

different primates 

Lymphocytes were isoiated from the blood of different monkeys and 

cDNA1s were prepared using specific primers and reverse transcriptase, followed 

by polymerase chain reaction (RT-PCR). The predicted amino acid sequence wris 

deduced from at lest  3 separate PCR reactions for each type of monkey. 

Subsequently, signal peptide and short consensus regions (SCR1-SCR4) were 

aligned using the Clustal program from Lasergene (Figure 2.1 ). OveraIl, the CD46 

molecules from the different primates were highly conserved and the protein 

sequences of the SCR3 and SCR4 regions from atl the primates were extremely 

similar. SCR3 and SCR4 domains of Old World macaques exhibited 93% identity 

to the human sequence while those of New World monkeys were 80% identical. 

This conservation would seem consistent with the role of these regions of CD46 in 

complement regdation (40, 4 1 ) .  The conserved amino terminal signal peptides, 

STP, and membrane spanning regions facilitated RT-PCR across the extracelIular 

domain of CD46 It was irnrnediately evident chat the SCRl coding region 



(consisting of 63 amino acids) was missing from the cDNA's derived from the 

m m r  A of New World mon ke y s (Cullithir juccl~rts, Pithecia pithecia, Callirnico 

goeldii, Aotrrs trivirgat~is, Sainlin scirem). The observation that the SCR 1 coding 

region was missing from mRNA of lymphocytes and erythrocyte precursors of 

New World monkeys would explain why the erythrocytes of New World monkeys 

did not hemagglutinate in the presence of measles virus since this region has 

previously k e n  implicated in measles virus binding (30, 47). The SCR2 region 

varied most from the human sequence for both Old World and New World 

monkeys. This region was 73% identical to the human SCR2 for Old World 

monkeys and 68% identical for New World monkeys. Conserved regions of 

identity might be expected to participate in binding to the measles virus H protein. 

The CD46 sequences for different classes of OId and New World monkeys 

resembled each other and could clearly be used to classify the primates into different 

groups. Baboons, macaques and Afncan green monkeys belong to the family 

Cerco~ithecidae (5  1) and al1 have similar changes at 28 positions in the signal 

peptide and SCR regions when compared to the same extracellular portion of 

human CD46. Bands of amino acid identity at over 22 positions could easily 

differentiate whether the CD46 sequence belonged to an Old or New World 

monkey. South Ametican monkeys could be further subclassified on the basis of 

10 additional variations in the sequence shown in Figure 2.1. Marmosets 

(Ccd1ifliri.r jucclrrrs, Cctllirnico goekdii) and tamarins (Sugrtirzrrs ~?lystuv, Sugriinrts 

oecliprrs. and korztipit/lecris rosaliu) belong to the Callithrichidae family (5 1). On 

the other hand, squirrel monkeys (Scrir?zin scirerts), owl monkeys (Aoius 

triiirgutrrs), and whi te-faced sakis (Pirltecia pitheciu) are members of the Cebidae 

frimily (51). These family affiliations are reflected in amino acid variations found in 

the extemal domains of CD46 (Figure 2.1 ). 



Figure 2.1 Amino acid sequence alignment of SCRl to SCR4 
domains cd16 molecules from lymphocytes of old world and new 

world monkeys 

Blood samples were obtained from a variety of primates originating from either 

Africa or South Arnerica. Lymphocytes were isolated by gradient centrifugation. 

total RNA was extracted and cDNA was prepared with reverse transcriptase using 

specific oligonucleotide primers from the conserved STP and transrnembranc 

domains. DNA sequenczs were arnplified using conserved oligonucleotides upstrearn 

of the signal peptide region and regions adjacent to the SCR4 regions. The 5' ends 

of New World rnonkeys were also cIoned by RACE using a conserved primer from 

tlie SCR3 region. At least 3 independent cDNA clones were sequenced, translated to 

yield a predicted protein. and aligned using the Clustal method in the Lasergene DNA 

anrilysis package. Residues which differ from the human consensus are shaded. Old 

w.orld primates include humans (Honio supiens), cynomolgus monkeys (Macrrca 

j2~scicrtlnris). rhesus monkeys (Mncactr rriularta). baboon (Papio ariltbis and Papio 

hcrnicuicas). and Xfrican green rnonkey (Cercopitlzecus aerhiops). New world 

primates which we tested were the common rnarmoset (Cnkliri~rL~ jaccltus). Goeldii's 

rnarmoset (Cnlli~nico goekdii). moustached rnarmoset (Sagrririris rrzystrrr). the white- 

faced saki (Pirliecin pitlzecicr). owi rnonkey (Aorrts rrivirgarus). and squirrel rnonkey 

(Scriuriri scirerts). Signal peptide and SRC1. SCRÎ. SCR3. and SCR4 regions are 

indicatcid by solid Iines beneath the sequences. The mutation found in baboon CD46 

st amino x i d  103 is highlighted by a sotid box. 





CD46 sequences from baboons contained only 7 amino acid changes when 

compared to the cercopithecus monkey sequence - 6 of these changes (positions 7 1, 

92, 106, 113, 149, 172) were conservative but the other change at postion 103 

produced an Arg to Gln substitution. This change might account for the reduced 

hemagglutination properties of baboon red blood cells and was considered in 

subsequent studies. Cynomolgus (Mnctcu fuscicrrluris) and rhesus (Macm 

nzrtlumi) monkey CD46 sequences were almost identical to the sequence of 

Cercopitlzecrrs arrhiops and ail changes were minor and conservative. A slightly 

greater level of CD46 ceIl surface expression on the erythrocytes of CercopitFzecrts 

aerlziops and Cercopiriiecrrs dimu could explain the consistent difference in 

hemagglutination between cercopithecus monkeys and macaques (Table 2-1). It 

should also be noted that the Edmonston strain of measles virus has been routinely 

propagated in Vero and CV-1 cells, which are derived from the kidneys of an 

Africün green monkey. Propagation of this laboratory strain in culture, would 

ultimately favor the binding of measles virus to the Cercopltititecirs aethiops 

CD46 receptor over that of other monkeys. 

Convserved blocks of arnino acids in the SCRland SCR2 regions could 

give some clues as to which regions are most important in binding to measles virus. 

SCR 1 regions between amino acids 37-54 and 56-9 1 seem to be almost identical in 

the Old World monkeys. In addition, SCR2 regions consistins of residues 96-99, 

103- 109, 113-1 17, 124- 135, 137- 144, and 146-163 are almost identical in CD46 

molecules from the OId Worid monkeys and could contribute to virus binding. 

Glycosylation sites at Am83 and Asnll4 rire absolutely retained, 6 out of 8 

cysteine residues are conserved, and the 13 prolines are maintriined at al1 positions 

with the exception of residues 100, 104. and 1 12. It was interesting to note that 

baboons, macaques, and Afncan green monkeys contained another potential 

sJycosylation site in their SCR3 domain at residue 213. However. this should not 



effect binding to H since this region of C M  does not appear to interact with the 

virus during attachment. 

2.3.3 Polyclonal antibodies confirm that the SCRl region is absent 

from CD46 molecules expressed on the red blood cells and 

lymphocytes from New World monkeys 

SCRl polypeptides (amino acids 30-91) derived from CD46 were 

expressed in Esc.lrenciliu coli. recombinant protein wris purified and injected into 

rribbits in order to generate polyclonal antibodies. These antibodies were used to 

study surface expression of SCR1 on red blood cells, lymphocytes, and a number 

of cell lines from Old and New World monkeys using fluorescent antibody 

anal ysi S. A polycIonal anti body directed against the entire CD46 molecule indicated 

that the erythrocytes from most Old and al1 New World monkeys express CD46 on 

their ceil surface (Figure 2.2) .  However, SCR 1 -speci fic anti bodies clearly 

confirmed that the erythrocytes of Old World monkeys (Cercopitl~ecrts ueririops. 

rMucucu rr~rrlurtu. Mucucu fascicrrluris, and Pupio arurbis) expressed the SCR 1 

domain of CD46 on their surface (Figure 2.2A), while analysis of New World 

monkeys (Aotrrs rrivirgcirrrs. Suirrrri scireiw. Cu1litiir-i~ jucc/lrls. Sagrrirlrrs oedipzrs) 

showed that it was absent (Figure 2.2B). Analysis of Iymphocytes. followin- lysis 

of red blood cells, gave identical results (data not shown). This result confirrned 

our RT-PCR anaiysis of mRNA derived from lymphocytes and explained why 

New World monkey red blood cells did not hemagglutinate in the presence of the 

Iaboratory strain of Edmonston measles virus since the SCRl domain has been 

implicated in measles virus binding (30,47). 



Figure 2.2 Analysis of SCRl domains and CD46 molecules €rom red 

blood cells of Old World and New World monkeys using 

fluorescence cytometry 

Ery throcytes from monkeys were incubated with either pre-immune. SCRl -specific. 

or poIyclonal antisera directed against human CD46. Red blood cells were 

subsequently washed twice with FACS buffer using low speed centrifugation. 

FoIIowing resuspension of the pellet. the cells were incubated with FITC-labeled goat 

mti-rribbit IgG and again washed twice with FACS buffer using low speed 

centrifugation. The labeled erythrocyte pellet was resuspended in FACS buffer and 

analyzed using a Beckton Dickinson analyzer equiped with a 15 mW argon Iriser rit 

488 nm. The data were collected and analyzed using CeIlQuest software. Ce11 counts 

arc: indicated on the y-axis and the logririthm of the fluorescence intensity is 

represented on the x-axis. Analysis of some Old World monkey (Cercopitilecus 

cterhiops. Macaca niulrrrrtr. Mctct~cct fascicularis, Papio unubis) red blood cells is 

presented in Panel A while that of 4 different species of New World rnonkeys (Suirrriri 

scirerrs. Aottrs trii*irgnfus, Callitfrrîr jacchis, Saglrims oetiipiis) is shown in Panel B. 

(Red line) polyclonal antisen directed against entire human CD46 molecule; (Blue 

line) polyclonal antisera directed against SCRl ; (Green line) rabbit pre-immune 

ant iserri. 



A. Old World Monkeys 

B. New Worïd Monkeys 



2.3.4 A novel binding assay using Sf9 insect cells expressing 
measles virus H protein and fi-galactosidase can be used to study the 
binding domains of CD16 

Our Iaboratory previously demonstrated that Sf9 insect cells infected with a 

recombinant baculovirus expressing the measles virus H protein (Sf9-H) were 

capable of binding to red blood cells from African geen monkeys (80). Since 

recombinant briculovirus was cierived using the BlueBac U (pETL) expression 

vector (36 ,68) ,  the insect c e h  expressed B-galactosidase ris well ris measles virus 

H protein. We reasoned that these infected Sf9 cells grown in suspension should 

be capable of binding to rnammalian cells with CD46 at their cell surface. 

Prelirninary studies demonstrated that Sf9-H celis could indeed bind to HeLa cells 

and in addition could be stained blue in the presence of BIuogal. a subsuate for B- 

oalactosidase (19). Control Sf9 insect ce11 infected with wild type Arrrograplzu - 
ccrlfinzictr nuclear polyhedrosis virus (AcNPV) did not adhere to target cells and 

could be washed away. A mouse ceIl line contaning the T7 poiymerase gene (OST- 

7) does not norrnally bind measles virus. When infected with a recombinant 

vaccinia virus expressing human CD46 under control of the T7 promoter, these 

rodent cells could bind the Sf9-H cells (Figure 2.3D). Mouse cells infected with 

wild type vaccinia virus or a recombinant vaccinia virus expressing the SCRl , 

STP. and transmembrane regions of CD46 could not bind the Sf9-H cells (Figure 

2.3A. 2.3B). However, mouse OST-7 cells infected with a vaccinia recombinant 

expressing SCRl , SCR2. STP, and transmembrane regions (Figure 2.3C) could 

bind Sf9-H ceils just as well as if infected with vaccinia synthesizing the whole 

CD4G rnolecule (Figure 2.3D). These results confirrn previous findings (1 1, 30, 

47) which show that both the SCRI and SCR2 domains of CD16 are required for 

measles virus binding. The results presented in Figure 2.3 attest to the credibility 

of this assriy and establish a simple direct binding assay for interaction between 



Figure 2.3 Binding assay for mutant CD46 molecules using insect 

cells expressing the H protein o f  measles virus 

Mouse OST-7 cells were infected with wild type vaccinia virus (A), vaccinia virus 

expressing the SCR 1 domain. STP, and CD46 transmernbrane region (B), vaccinia 

recombinant expressing SCRI. SCR2. STP, and CD46 transmembnne domains (C). or 

ivith a recombinant virus expressing the entire human CD46 rnolecule (D). OST-7 

cells. riione. normdly  d o  not bind measles virus. Sm insect cells infected with a 

bric ulovirus expressing rneasles H protein and B-grilactosidase were incubated with 

BIuogal substrate. washed with PBS. and added to the vaccinia-infected cells. Binding 

of blue-colorsd insect cells to mouse cells which expressed either SCRl/SCR2 (Cj o r  

the entire hurnrin CD46 rnolecule (D) was apprirent. 





measles virus H protein and the human CD46 molecule. Previous investigators 

monitored this binding indirectly through the ability of measles virus to initiate 

infection in rodent cells expressi ng CD46 variants (47), fluorescence microscopy 

with measles antibodies (47), fluoresence cytomeuy measurements using H 

monoclonal antibody (30, 50), the ability to form rosettes between African green 

monkey erythrocytes and the CD46-bearing target ce11 (15) or semi-quantitativeiy 

with a biotinylated H protein overlay binding assay using nitrocellulose blots 

containing CD46 (42). Our new binding assay with Sf9-H cells offers the 

advantrige of being quick, sensitive, and easy to quantitate with either Bluogal or o- 

nitrophenylgalactoside (OhTG) substrates. 

2.3.5 Site-specific mutagenesis can be used to rnap regions of CD46 
important for interaction of the H protein 

Binding of measles virus to African green monkey red blood cells has 

previously been reported to be reversed by incubation with LM aginine and 

consequently electrostatic interactions appeared to be important in virus attachment 

(37). With this result in mind. we decided to initiate our mutagenesis studies by 

systematically substituting charged amino acids in the SCRl and SCR2 dornains 

with alanine. Larger stretches of the CD46 binding domains were also replaced 

with tracts of 3 to 6 alanine residues. Mutant CD46 molecules were expressed in 

mouse OST-7 cells using recombinant vaccinia virus and binding assays were 

performed with Sf9-H cells. Expression of dl CD36 mutants on the surface of 

OST-7 cells \vas analyzed by fluorescence cytorneuy and similar amounts of 

recombinant protein were expressed on al1 cells. Levels of mutant CD46 surface 

expression is presented in Table 2.2. Binding of Sf9-H cells to OST-7 cells 

expressing mutant CD46 molecules was measured colorimetrically with an ONPG 

assay and the results relative to nomal CD46 are presented in Figure 2.4. 



Table 2.2 SITE-SPECIFIC MUTAGENESIS, CELL SURFACE 
EXPRESSION, AND IIEACTIVITY OF CD46 MUTANT PROTEINS 
WITH SPECIFIC ANTIBODIES 

l'Mu ta tiona Surface Expressionb E43 M7F 
(Mean Fluoresceace) Monoclonal !Monoclonal 

EE36137AA 
E42A 
E4SA 
KK49/S 1 AA 
E55A 
ER58159AA 
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7.825 (100++) 
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8.499 ( 1 OO++) 
9.789 (100++) 
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T h e  CD46 molcculc t isotvpe CI)  was subjectcd to site-specific murrigrnrsis as describcd in Matcrials and Mflhods. 
Position of the murrition is jndiatcd by the amino acid rrsidur numkrcd  from the amino terminus of the polypptide and 
includcs ihc signal peptide prior IO post-translational clravage. The lettcr to the lcft of the numbcr indicatcs the original 
amino acid. while the lettcr to the right indicatcs the change. Multiple mutants 1-8 consist o f  alanine trrict subsututiom 
k t w r r n  the indicaicd positions. 
"Mcan flluorcsccnce of  C M  mutrint protcins which werr exprcssrd on the surface of mousr OST-7 crlls was 
dctcrmincd by FACS anrilysis using a mbbit polyclonal anribody directcd against CD*. Analysis was performed 3 tirna 
u ith an crror of ~ 1 5 % .  The m t i M y  spccific fluorcsccnce intcnsity is reprilsrntcd as a numbcr. T h e  n u m k r  in 
parcnthcscs indicares the prrcenuge of  the cclls that wcre fluorcsccnt. a plus sign indicatrs ihat ihc mean fluorcsccncr 
uas 2-10 tirnrs t h t  of the prr-immune control. two plus si- indicav thc signal w;is 10-100 t imd the mean of  the prc- 
immune control. 
*Rcactiivity of  the mutrint C W  molecules with monoclonal anribodies E4.3 and LI75 was determinrd by immunoblot 
anrilysis of protcins from a m u m l  C M  recombinant vaccinia virus infectrd crll lywtc. ( - )  indicales t h r  no band 
appcarcd on ihc blot. (+) indicates the prcsencc of a faint bmd. and (+++) indicares that the monoclonal antibody 
rrcognirrd ihc mutant CD* protein. 



Figure 2.4 Effect of CD46 site-specific mutations and monoclonal 
antibodies directed against SCRl and SCR2 on binding to insect cells 
expressing the measles virus H protein 
Mouse OST-7 cells were infected with recombinant vaccinia virus expressing the 

mutant CD46 molecutes described in TabIe 3.2. Sm insect cells which expressed both 

measles virus H protein and B-galactosidase were added to the mouse cells for 1/2 hr  

and subsequently washed with PBS. Binding was quantitated by a colorÏmetric assay 

for L3-galrictosidase using ONPG as a substrate and was compared to a standard value 

produced by cells expressing the normal CD46 rnolecule. This binding relative to 

normal human CD46 is represented on the y-axis of the histogram. while the various 

murritions are listrd on the x-axis. OST-7 cells infected with wild type vaccinia virus 

servsd as a riegtitive control. and exhibited no binding to Sm-H cells. Mutations 

introduced in SCRl are shown in Panel A. those placed in SCR3 are presented in 

Panel B. and multiple atanine substitutions in both SCRl and SCR2 appear in Panel C. 

The inhi bitory effects of monoclonal rtntibodies directed against SCR 1 (€4.3) and 

SCR2 (~M75) are also shown in Panel C. These two commercial antibodies were 

diluted 1 :20 and added to binding assays and inhibition was noted. 
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Substitution of charged amino acids at the SCRl amino terminus 

(EE36/37AA and E45A) appeared to moderately affect binding and led to 25-30% 

inhibition of binding. Mutation of the glycosylation site in SCRl at Asn83 had no 

effect on binding nor did mutations of the charged residues surrounding this site. 

However, the mutation ER58/59AA dramaticaily inhi bited binding up to 80%. 

Mutation of RD103/101AA and another N-glycosylation site (NI LIA) in the SCR2 

domain caused moderate but reproducible inhibition of binding, 25% and 50% 

respectively. As previousiy stated, the Arg residue at position 103 has been 

replaced by a Gln in baboons (Pupio mubis and Pupio ltcrrrtudryus) and we and 

others have noted that baboon erythrocytes are not nearly as effective in 

hemagglutination assays mediated by measles virus. Changes at amino acid 103 

appear to diminish measles virus binding but not abolish it. Another laboratory atso 

recently reported that the mutation at Asn 114 destroyed this glycosylation site and 

reduced infections and binding by measles virus (44). It has not been shown 

whether this carbohydnte chah participates directIy or indirectly in binding. For 

the most part. single amino acid mutations do not completely abolish binding of 

mutant forrns of CD46 to Sf9-H cells. This implies that several distinct regions in 

SCRl and SCR? cooperate in binding in a conformational rather than linear 

manner. and that no one region of SCR 

We were surprised to observe 

residues at 7 locations over the SCRl 

1 and SCR2 is critical for virus interaction. 

that multiple substitutions of 4-6 alanine 

and SCR2 domains (E42-G48, K49-E55. 

ES8-C63, Y70-A75, DS 1-W86, N 128-L 133, 1149-K 153) al1 totally abolished 

binding to Sf9-H cells. However, substitution of residues in the hinge region 

between SCRl and SCR2 domains (Y95-T98) had little inhibitory effect. These 

changes seem to indicate that major distortions of the SCRl and SCR2 domains 

cannot be tolerated in binding assays. Again the mutliple substitutions did not 

affect display of the mutant CD46 molecules on the surface of the rnouse OST-7 



cells (Table 2.2). It is quite possible that multiple alanine mutations might dismpt 

intramolecular disulfide bond formation and alter the native conformation of the 

virus binding domains. 

2.2.6 Monoclonal antibodies E4.3 and M75 inhibit binding of  H 
protein by interacting with specific regions in SCRl and SCR2 

Two monocIonals which react with CD16 were previously reported to block 

measles virus infections and prevent anachment of the measles virus H protein to 

the t q e t  cell (15, 30). We were able to map the regions on CD46 which intemct 

with monoclonals E4.3 and M75 using vaccinia recombinant virus expressing 

different CD46 mutants (Table 2.2) and show that they inhibited binding of Sf9-H 

cells (Figure 2.4). E4.3 inhibited binding of normal CD46 to Sf9-H cells by 45% 

while M75 yielded 67% inhibition. In order to map the monoclonal antibody 

epitopes, OST-7 cells were infected with vaccinia recombinants and infected ceIl 

iysates were analyzed using immunoblots with the 2 monoclonals and diminished 

re-eactivity of the monocIona1 with mutant CD46 molecules was noted (Table 2.2). 

E4.3 antibodies appeared to recognize residues 36-59 in the arnino termina1 domain 

of SCR i while M75 mapped to amino acids 103- 1 14. These epitopes coincided 

with the regions where site specific mutations had the most effect on virus binding. 

It wilf be interesting to note the inhibitory effects of additional monoclonals, when 

they become available, which recognize other regions of SCRI and SCM. 



2.4 Discussion 

CD46 was previously shown to be the receptor for the Edmonston strain of 

rneasles virus (15, 50). This paper expands upon the results of 2 other laboratories 

(30, 47) which claimed that both the SCRl and SCR2 dornains of CD46 are 

sufficient for virus binding. We proved that this process occun via direct 

interaction of H protein with SCRl and SCR2 using a novel binding assay with Sf9 

insect cells expressing the viral surface protein, H. In our study we were surprised 

to note that dl New World monkeys which were analyzed did not express the 

SCR L domain in CD46 molecules present on their red blood cells and lymphocytes. 

This observation accounted for their inability to bind measles virus and 

hemagglutinate. The SCR1 deletion corresponds to a missing second exon which 

is not retained in the CD46 rnRtVA dunng the processing of precursor RNA; 

however, the exon still appears to be present in chromosomal DNA (29) which 

irnplies some irregularity in the splicing process. The composition of STP and 

cytoplasmic domains of CD46 are known to Vary through a process of altemate 

splicing, but exons correspoding to the SCR domains have never k e n  reported to 

be deleted through mRNA processing (63.63. 71). No functional role has yet ken  

assigned to the SCRl domain of this molecule since complement components, C3b 

and CQb, have previously k e n  demonstrated to interact with SCR2, SCR3, and 

SCR4 ( 1. 12. 30). A role in signa! transduction has recently k e n  proposed for 

CD46 and it was shown that interaction of this receptor with measles virus or 

monoclonal antibodes specific for SCRL could downregulate the production of iL- 

12 (32). This receptor interaction could partially account for the 

immunosuppressive effects of measles virus. It remains to be detemined if other 

cellular factors besides measles virus interact with the SCR1 domain. The deletion 



of SCRl in most tissues of New World rnonkeys (29) may have interesting 

evolutionary implications in terrns of disese and immune regulation. 

Red blood cells from the baboon. Papio cyrtocephalus, have previously 

been reported to hernagglutinate in the presence of laboratory strains of measles 

virus (57, 59). However, researchers showed that many Old World monkey red 

blood ce1 is, includi ng those from Papio cyrtocepltal~rs, Mucacu fuscicrilaris, M w w a  

r~iiriurm, and E@rocebus putus, were less efficient in these assays than 

erythrocytes from the African green monkey (Cercopirhecus aerhiops) ( 18-20). We 

contirmed this result using two other species of baboon (Pupio ambis and Pupio 

Iiar~icrdryus) and found that this decreased ability to hemagglutinate corresponded to 

a change at arnino acid residue 103, which implicates this region of CD46 in 

meüsles virus binding. We were able to imitate this natunl change through site- 

speci fic mutagenesis and Our experiments revealed decreased affinity for the mutant 

CD46 in an Sf9-H binding assay. The nearby carbohydrate attachrnent site rit 

Asn 114 was also s h o w  to be important for optimal binding, since mutation of this 

residue to Ala also reduced interaction with Sf9-H cells. In addition, a monoctonal 

antibody, M75. was mapped to the same region (amino acids 103-1 18) using 

immunoblot rinrilysis of Our mutant CD46 molecules, and it was also shown to 

inhibit binding effectively. These preceding studies appear to implicate the region 

of CD46 consisting of amino acids 103-1 18 as at least one of the sites involved in 

virus attachment. 

The artificial mutation in CD46 which changed GluArg at positions 58 and 

59 to AlaAla, had a dmrnatic effect on Sf9-H ceIl binding. This is a region which 

could be involved in electrostatic interaction with the binding region of measles H 

protein. Arginine at concentrations of LM has previously been shown to abrogate 

virus binding and hemagglutination (37). The region at arnino acids 58 or 59 could 

contribute to salt-dependent or charged residue interaction during the attachment 



process (23, 37). The monoclonal mtibody E4.3 has previously k e n  studied in 

virus attachment experiments (30,47). There is some discrepancy between the two 

Iaboratories as to the effectiveness of this antibody in inhibiting the binding of H 

protein to target cells. which could be related to the concentration of the reagent 

used in their experiments. Our results support those of Manchester et al. and 

confirm that E4.3 was indeed a potent inhibitor of measles H protein attachment. 

We further demonstrated that the monoclonal antibody E4.3 mapped to a region of 

CD46 between amino acids 37-59 using immunoblot analysis of our mutant CD46 

molecules. Taken together, the preceding data indicate that the region of CD46 

consisting of amino acids 37-59 also participates in binding to the measles virus H 

protein. 

The CD4 binding region (amino acids 39-59) which interacts with human 

immunodeficiency virus (HiV) glycoprotein (gp 120) has previously k e n  rnapped 

by other investigators through a series of site-specific mutations and interactions 

with monoclonal antibodies (5, 6, 9, 10. 13. 3 1 ,  48, 60, 72, 79). Synthetic 

peptides were also employed by other Iaboratories in attempts to map binding 

regions on CD4 but led to contradictory results (3 1, 38, 39, 64, 83). Originally we 

also attempted to perform peptide studies with measles virus and CD46 using 25 

amino acid peptides derived from al1 regions of SCRl and SCR1. Peptides at 

concentrations as high as 200pM had no effect in Sf9-H binding and merisles virai 

infectivity assays. We presumed that binding of measles virus depended on 

conformational epitopes nther than linear peptide epitopes. Subsequently a genetic 

approach using site-specific mutagenesis was adopted in our laboratory to map 

binding regions on CD46 InitiaIly we found that large rnutagenic changes 

involving multiple alanine substitutions could not be tolerated. These multiple 

mutations appeared to perturb binding of Sf9-H cells to CD46, no matter which 

region was targeted. Surface expression of the mutated CD46 molecule was not 



effected, but intramolecular disuifide bond formation may have been altered. The 

only area where multiple alanine mutations did not drarnatically affect binding was 

the hinge region between SCRL and SCR2 indicating that this region was relatively 

refractile to mutagenesis and probably was not important in meastes virus binding. 

Smaller point mutations were subsequently utilized in our experiments to map 

regions in SCRl and SCR2 which are important for merisles virus binding. 

A molecular understanding of the exact interaction of measles virus H 

protein with CD46 will ultimately depend upon structural studies using nuclear 

magnetic resonance or X-ray crystaii~graphy to dissect the binding regions of H, 

SCRl. and SCR2. Serum factor H, like CD46, is another complement binding 

protein which is composed of 20 short consensus regions (SCRs). The SCRIS 

and SCRl6 regions of factor H, whose 3-D structure has been solved (7), bears 

some homology to the two terminal domains of CD16. The polypeptide backbone 

for CD46-SCRI and CD46-SCR2 can be cnidely modeled and superimposed on 

that for the SCRIS and SCRl6 domains from factor H. However. one cm only 

ripproximate regions of interaction between the receptor and viral glycoprotein at 

this time. The fine structure of the intramolecular loops defined by the cysteine 

residues and the orientation of the SCR domains about the hinge region between 

SCRl and SCR2 will likely detemine the residues available in the binding site. 

  mu trige ne sis offers some clues as to which residues are important in virus binding, 

but these experiments are actually a lead into structural studies. 

Based on the deletion of SCRI regions in New World monkeys, we might 

predict that marmosets and tamarins from South America are resistant to infections 

by the Edmonston strain of measles virus. Studies in our laboratory indicate that 

owI monkey kidney cells (OMK) and marmoset kidney cells (NZP-60) also contain 

this deletion and cannot be infected with measles virus in the laboratory (29). 

However, we and others (33) c m  infect a mannoset B cell line which has been 



immortalized with EBV (E395-8) and results indicate that these cells contain both the 

SCR 1-deleted and and non-deleted forrns of CD46 (29). Other researchers have 

reported measles virus infections in cynomolgus, marmosets, tamarins, and squirrel 

monkeys (2.3.34). The disease in moustached marmosets hris been reported to be 

characterized by severe gastroenterocolitis and immunosuppression (2) while the 

symptoms presented by squirrel monkeys are similar to those in humans and 

consist of rash, Koplik's spots, and infection of lymphatic tissue (34). The 

receptor distribution in these animals is currently under study in out laborittory and 

the nature of the SCRI deletion in different organs of monkeys may determine the 

tissue tropism and nature of the disease in these animals. Since the SCRl measles 

virus binding domain appears to be missing in these infected New World monkeys, 

it will be interesting to determine if another receptor besides CD46 cm be used by 

measles virus during the process of attachment. 
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Chapter 3: A Single Arnino Acid Change in the 
Hemagglutinin Protein of Measles Virus Determines Its 
Ability to Bind CD46 and Reveals Another Receptor on 

Marmoset B Cells' 

The resuIts from this chapter have k e n  published in the Jourtial of V i r o l o g ~  7 2 :  2905-2916 
( 1998). This publication was a joint effort frorn our laboratory and Dr. William Bellini's 
labortlrnry. 1 have done the experiments in Figures 3.1. 3.2A. 3.2B. 3.3. 3.5. 3.6 and 3.7. 
Expzrirnents frorn Table 3.1 and 3.2 were performed by researchers from Dr. William Bellini's 
Laboratory . Sequence alignment of CD46 from rnonkey cell lines was perfonned by Farida 
Sarangi (.Figure 3.32) and rintibody inhibition rissay was perforrned by Dr. Chris Richardson 
(Figure 3.4). 



3.1 Introduction 

Our labomtoty and another group have previously demonstrated that CD46 

(also known as membrane cofactor protein) could serve as a receptor for the 

labontory adapted Edmonston strain of measles virus (13,14,17,39). The 

Edmonston virus has been grown successfully in the laboratory for over 30 years 

following adaptation of the original wild type isolate to Vero monkey kidney cells 

(16). Attenuated vaccine strains of measles virus have also k e n  generated by serial 

passage of the original Edmonston wild type isolate in tissue cuIture using human 

kidney. human amnion, dog kidney, and chick embryo cells (i9,47). However, 

wild type isolates of measles virus have only recently k e n  propagated efficiently in 

mrirrnoset and human B cell lines without the need for adaptation to tissue culture 

(25) .    me ris les virus is ri negative stranded RNA virus which possesses an envelope 

containing two glycoproteins - the hemagglutinin (H) and a membrane fusion 

protein (F). Attachrnent of the virus to a specific host cell receptor is mediated by H 

while membrane fusion and penetration of the celIular plasma membrane is 

controlled by F (reviewed in 47,60), 

CD46 is composed of four extracellular short consensus domains (SCR 1, 

SCRÎ. SCR3, and SCR4) followed by a region rich in serine, threonine. and 

proiine (called STP), a transmembrane region, and a short cytoplasmic domain at its 

carboxy terminus (33.34). Variations in splicing of 14 exons encoding SCR 

domains. STP cassettes. and cytoplasmic regions yield glycoproteins which Vary in 

size from 57 to 67 kDa (4 1 ,i13,5'O). Ail four SCR domains are norrnaliy expressed 

in the higher primates but SCRl appears to be deleted from CD46 in the 

lymphocytes of South Amencan monkeys (22). Binding of laboratory strains of 

merisles virus to the SCRl and SCR2 domains of CD46 has been rigorously 

studied in recent years (8,9,22,35,36,55). In addition, several investigators 



reponed that infections by the Edmonston strain of virus possessed the ability to 

downregulate the surface expression of CD46 on the infected ce11 

(4,20.27,40,52,54). However, wild type isolates of measles vims did not produce 

this phenomenon (53). In addition, it has been known for many years that wild 

type isolates did not have the ability to hemagglutinate African green monkey red 

blood cells while laboratory strains adapted to gowth in Vero cells did (16,57,58). 

Recent reports suggest that wild type isolates do not use CD46 as a receptor but 

rnay instead interact with another receptor which is present on activated B cells 

(1029.53). This hypothesis was based upon the inabiity of wiid type stüins of 

measles virus to downregulate CD46, elicit hemagglutination of monkey 

erythrocytes, replicate efficiently in Vero cells. and cause fusion in infected HeLa 

cells. 

A great deal of time and effort has been spent in sequencing genes from 

wild type measles virus isolates frorn around the wortd and comparing them to 

those of existing vaccine strains (45-49). Based upon nucleocapsid protein and H 

protein sequences, yex of isolation, and geographic isolation, various isolates were 

rissigned to one of eight groups: the Edmonston wild type and vaccine strains 

belong to group 1. Following the aiignrnent of H proteins from 13 different 

~ x c i n e  strains and comparing them to the same protein from over 59 different wild 

type viruses, several amino acids consistently differed between the two types of 

vi ruses (46-49). These corresponded to amino acids 243, 252, 276. and 48 1. 

Approximately a third of the more recent rneasles virus isolates also possessed an 

additional N-linked glycosylation site at amino acid 416. Although sporadic 

changes occurred throughout the H protein, the sequences were highly consenred 

with greater than 95% identity. Recently variations of two amino acids at positions 

451 and 481 of the hemagglutinin molecule were proposed to account for 



differences in hemadsorption, syncytia formation, and CD46 downregulation 

between vaccine and wild type measles vinises (29). 

A recent publication from our labontory indicated that SCRl was missing 

from CD16 molecules on the surface of red blood cells and lymphocytes of New 

World monkeys. Based upon our findings and those of others (9,23,36,55), we 

were aware that this region was essential for binding to the Iaboratory strain of 

Edmonston measles virus. We predicted that mamosets and tamarins from South 

America should be resistant to infections by the Edmonston fabordtory strain of 

measles virus. Indeed this appears to be the case since mannosets inoculated with 

Edmonston virus developed no symptoms (2). However, other researchers have 

reponed that the common marmoset, moustached tamarin, and squirrel monkeys are 

susceptible to infections by wild type virus which prescrits symptorns including 

severe gastroenterocolitis, immunosuppression, respiratory congestion, and in 

some instances rash and Kopli k' s spots ( l,2,26). This basic observation coupled 

with the reports that wiId type strains of measles virus were unable to 

hemriggiutinate African green monkey red blood cells, led us to suspect that natunl 

isolates of the virus used a receptor other than CD46 in order to bind to the host 

cell. 

In this publication, we provide direct evidence for the existence of a second 

receptor for measles virus through use of a binding assay which was previously 

developed in our Iaboratory (22). Insect cells which expressed the wild type H 

protein bound to marrnoset B cells but did not adhere to Vero monkey kidney celIs 

or rodent lines expressing CD46 on their surface. In addition polyclonal antibodies 

directed against CD46 did not inhibit infections of the B cells with wild type virus. 

Differences in hemagglutinin protein structure between vaccine/laboratory and wild 

type strains of measles virus are described in this paper and the results are 

discussed in terms of receptor usage and viral pathogenesis in the infected host. 



3.2 Materials and Methods 

3.2.1 Cell lines and virus 

HeLa, Vero, OMK. NZP-60, BJAB, 1A2, B95-8, and SML cells were 

purchased from Amencan Type Culture Collection (Rockville, MD). Sf9 insect 

cells were supplied by Invitrogen (San Diego, CA) and were grown in Grace's 

media containing 10% fetal calf serum. Hela, Vero, and OiMK cells were 

proprigated in Dulbecco's minimum essential medium (GIBCO/BRL, Gaithersburg, 

,MD) supplemented with 10% fetal cdf senim. NZP-60 cells were propagated in 

Dulbecco's minimum essential r n e d i u ~ a m ' s  F12 medium (GIBCORBRL, 

Gaithersburg, MD) supplemented with 10% fetd calf serum, 10 ngml epidermal 

orowth frictor, 0.005 mgml insulin. 5 ngml selenium and 0.005mg/ml transfenin. - 
S m .  B95-8. BJAB. and lA2  ceils were propagated in RPMI-1640 medium 

(GIBCO/BRL, Gaithersburg. MD) supplernented with 10% fetal calf serum. The 

Edmonston strain of measles virus was originally obtained from Dr. Erling Norrby 

(Karolinska Insti tute, Sweden) and was cultivated in Vero monkey kidney cells as 

previously described (18). The Montefiore 89 strain of measles virus (wild-type) 

was obiaineci from Drs. IIya Spigland and Amy Fox (Montefiore iMedical Center, 

Bronx. NY) and was amplified in B95-8 cells as previously described ( 2 5 ) .  

iMoraten. Zagreb, and Schwarz measles virus vaccine strains were purchased from 

~Merck (West Point, PA) and SmithKline Beecham (King of Prussia, PA) and 

cultivated in Vero cells. 

3.2.2 Antibodies 

Monoclonal antibodies directed against H (28 1-3) and polyclonal antibodies 

(CD46-333) directed against entire CD46 protein were produced in our labontory 

as described previously ( 13, 22,43). A rabbit polyclonal antibody directed against 



native human CD46 was also obtained from Dr. J.P. Atkinson (Washington 

University, St. Louis, MI). Monoclonal antibodies directed agains matrix and 

hernagglutinin proteins of measles virus were purchased from Chemicon 

(Temeculri. CA). Polyclonal antibodies directed against the SCRl dornains of 

rnoustriched tamarin ( S u g ~ i m s  mystar) and humans were prepared in rabbits as 

previously reported (22). In addition, horseradish-peroxidase conjugated goat ami- 

rnouse (IgGflgM) antibody and fluorescein isothiocyanate-conjugrtted rat anti- 

mouse IgG(H+L) antibody were purchased from Jackson Laboratones (West 

Grove. PA). 

3.2.3 SDS-Polyacrylamide gel electrophoresis and immunoblot 
analysis 

Adherent and suspension cell lines were infected with either Edmonston 

strai n (vaccine/labontory strain) or  montef fi ore 89 strain (wild-type strain) of 

measles virus at a multiplicity of infection of 5 pfu per cell. Cells were harvested 

for 72 hours postinfection and washed twice with phosphate-buffered saline (PBS) 

by centrifugation then resuspended in 200 pl of sample buffer. SDS 

polyacrylmide gel electrophoresis and Western immunoblot analysis were 

performed as previously described (22,62). Pnmary antibody binding was detected 

with horseradish peroxidase conjugated goat anti-mouse antibody (1:5000 dilution) 

usins the ECL cherniluminescence detection method (Arnersharn, Arlington 

Heights. IL). 

3.2.3 Preparation of CD46 cDNA9s from monkey tissues or cell lines 

iMonkey tissues were cornpletely homogenized in the presence of 5rnl 

TFüzoI (GIBCO/BRL) using a polytron hornogenizer (Brinkmann). B95-8 and 

SML cells (1x10' cells) were washed twice with PBS by centrifugation and 



resuspended in lm1 of TRIzol (GIBCO/BRL). Total RNA was isolated according 

to the manufacturer's instructions. Synthesis of cDNA was performed from RNA 

using the First Strand Synthesis kit (Pharmacia) with the supplied random pnmer or 

a specific CD46 primer (5'-GGGACAACACM~ACTGC-3'). Double-stranded DNA 

fragments were generated using nested polyrnerrise chain reactions (PCR) as 

previously published (22). Interior or "nested" primers corresponding to 5'- 

CTKTGGCGGCCATGGTGTTG-3' and 5'-mAmGGAGGTGGTGTACAC-3'  were 

derived from Sagriirzzts rnystrr-r or Sairnirr' sciztrezts CD46 cDNA sequences (12)  

and used for the final 30 rounds of PCR amplification. Double-stranded DNA 

fragments corresponding to CD46 cDNA's from B95-8 and SML cells were cloned 

into PCR Script AMP (SK+) and sequenced. The 5' terminal coding regions of 

CD46 molecules from 895-8 and SML cells were detennined using the  ant thon^' 

cDNA Amplification Kit (Clontech, Palo Alto, C A )  as previously described (22). 

3.1.5 Preparation of cDNA containing the coding sequence for the 

hemagglutinin protein from the Montefiore 89 strain of measles virus 

RNA was extracted from B95-8 cells infected with the wild type Montefiore 

89 strüin of measies virus using TRizol (GIBCOBRL) and cDNA was prepared 

wi th the First Strand S ynthesis kit (Pharmacia). Double-stranded DNA fragments 

of wild-type measles hemagglutinin were generated using 30 rounds of PCR 

amplification and primers derived from the hemagglutinin sequence (Y- 

GGCGGATCC.4CAATGTCACCACAACGAGACCGG-3' and 5.- 

GAAGGATCCCTATCTGCG.4TTGGTTCCATCTTC-3' 1. Hemagglutinin cDNA 

fragments from 3 independent PCR amplifications were cloned into the Srf I site of 

the PCR Script Amp (SK+) vector (Stratagene, La Jolla, CA) and sequenced. 



3.2.6 Construction of a chimeric CD46 molecule containing SCRl 
and SCR2 from Saguirius mystax fused to human SCR3 and SCR4 
domains 

The SCRl and SCR2 domains from human CD46 were replaced with 

SCRl and SCR2 domains from B95-8 cells. A vaccinia expression vector pTMl 

containing the human CD46 coding sequence was digested with NcoI and BsrGI 

restriction enzymes. SCRl and SCR2 sequences from B95-8 cells were 

synthesized by polymerase chah reaction (PCR) using the specific oligonucleotide 

primers described above. The amplified DIVA product was digested with Ncol and 

BsrGI restriction enzymes and inserted into the digested pTM1-CD46 expression 

vector. Vaccinia recombinant virus was prepared as previously descn bed (Hsu et 

al.. 1997). Chimeric CD46 was expressed in mouse OST-7 cells which contained 

the T7 polyrnerase and protein synthesis and surface expression was verified by 

Western immunoblot and FACS scan analysis- 

3.2.7 Site-specific mutagenesis of measles hemagglutinin protein and 
expression of mutants using baculovirus recombinants 

Specific mutations were introduced into the wild-type measles 

ml hemagglutinin molecule using the QuickChange site-directed mutagenesis kit 

from Stratagene (La Jolla. CA) as previously described (22). Mutant plasmids 

were isolated and the measles hemagglutinin inserts were completely sequenced. 

The mutagenized hemagglutinin reading frames were excised from the PCU-Script 

Amp (S K+) plasmid fol lowing digestion wi th BamHI and subsequentl y inserted 

into the bücuiovirus expression vector pETL(BlueBac2) which also contains the B- 

galactosidase gene. Bacuiovirus virus recombinants were generated as previously 

described (28,44,61). Recombinant H protein was expressed in Sf9 insect cells 

and protein synthesis and surface expression were monitored by Western 



imrnunoblot and FACS scan malysis using hemagglutinin speci fic monoclonal 

anti bodies. 

3.2.8 Flow cytometry analysis o f  CD46 molecules and measles 

hemagglutinin molecules 

Mouse OST-7, B95-8, OMK, SML, and NZP-60 cells ( 2  x 1o6 cells) which 

expressed CD46 were suspended in 1 ml of Cell Dissociation Buffer (Sigma. St. 

Louis. MO) and washed 2 times by centrifugation with FACS buffer (PBS 

containing 1% of BSA, 5 fnM EDTA. and 0.1% sodium aide).  Incubations were 

performed with a 1: 100 dilution of either preimmune, polyclond CD46(#333), or 

polycIona1 Sugzrimts nlystur SCRl antibodies for 1 hour on ice. Cells were 

washed and incubated with fluorescein isothiocyanate (FITC)-labeled anti-rabbit 

IgG(H+L) secondary antibodies as previously reported (Hsu et al., 1997). Just 

prior to analysis cells were washed and suspended in 0.5 ml of FACS buffer and 

rissays were performed on a Beckton Dickinson analyzer. 

3.2.9 Direct binding assays between CD46 cell lines and insect cells 

expressing different measles virus H recombinant protein 

CD46 molecules were expressed in either mouse OST-7 ceils or hamster 

CHO cells as previously described (13.22). Sf9 insect cells were infected for 38 hr 

with recombinant bacuioviruses which expressed Edmonston vaccine, Montefiore 

89 wild type, or mutant H proteins in addition to B-galactosidase. Binding assays 

between infected insect cells and mouse or hamster cells were perforrned as 

described previously (33). Nonadherant insect cells were washed away and 

binding was either visualized under the microscope in the presence of Bluogal or 

quantitated with the enzyme substrate ONPG. 



3.2.10 Nucleotide sequence accession numbers 

The nucleotide sequences coding for the extracellular domains of B95-8 

CD46 and SML CD46 molecules, which originate from moustached tamarin 

(Sagrririus n i y s r u )  and squirrel monkey (Suiniin' scituetrs) respectively , were 

submitted to Genbank (NCIB) and have the following accession nurnbers: 

Sugui~zzrs I I I ~ S ~ C L ~  SCR 1 (AF025182). Suimiri scirrrerrs SCR 1 (AF025483), 

Sagrti~rris r~zystcm SCR 1 -deleted ectodomain (U879 1 S), and Sainlin scizireirs 

SCR 1 -deIeted ectodomain (U879 19). The sequence for the cDNA coding for 

hernrigglutinin protein of the Montefiore wild type measles virus was also submitted 

and has the accession number (AF025484). 



3.3 Results 

3.3.1 Most organs o f  the common marmoset contain CD46 molecules 

with a deletion of the SCRl domain which blocks infections by the 

Edmonston laboratory but not wild type strains o f  measles virus 

We have previously demonstrated that the CM6 molecules from 

lymphocytes and erythrocytes of New World monkeys contain a deletion of the 

SCR l domain ( 1 2 ) .  Since this region of the receptor is critical for binding to the 

hemagglutinin protein of the Edmonston laboratory strain of measles virus 

(823.36) we proposed that cells and tissues from South American monkeys may 

be resistant to infections by measles virus. Experiments were performed to 

determine whether the SCRl domain was deleted in CD46 proteins from other 

orpns of the cornmon marmoset (Cullirlirir juccllrrs). Brain, herirt, liver, lung, 

kidney. small intestine, spleen. stomach were homogenized, mRNA was extracted. 

and cDNA was prepared. PCR was performed across the SCRl region using 

oligonucleotide primers derived from the conserved signal peptide and SCR3 

domains. A 300 bp product was indicative of a deleted SCRl domain while a 523 

bp product was produced frorn a complete copy of the CD46 cDNA. Most organs 

from the marmoset contained the deleted form of CD46 (Figure 3.1) but the brain 

and heart may contain small amounts of the undeleted species in addition to the 

major deleted mRNA. Mmosets  inoculated with the Edmonston strain of measles 

virus, did not exhibit disease symptoms nor did the tissues of these monkeys 

contain measles virus based upon RT-PCR analysis for nucleocapsid protein (Table 

3.1). However the  animals did seroconvert which may indicate the existence of a 

subclinical infections caused by non-specific uptake of the virus. These results 

seem to confirm previous findinzs ( 2 )  where mannosets infected intrxerebraily 

with Edmonston vins developed encephalitis but displriyed no visceral symptoms. 



Figure 3.1 Southern blot of PCR amplification spanning SCRl 
region of the common marmoset (Callithrix jacclrus) 
Brriin. heart. liver. lung. kidney. srnall intestine, spleen, and stomachs of a common 

marrnoset were isolated. homogenized in TriZoI. mRNA was extracted. and cDNA was 

prepared with reverse transcriptase. PCR was performed across the SCRl region using 

oligonucleotide primers derived from the conserved signal peptide and SCR3 

dornains. A 300 bp product was indicative of a deleted SCRl domain while a 522 bp 

product was produced from a complete copy of the CD46 cDNA. Most organs from 

the marrnoset contained the deleted form of CD46 but the brain and heart may 

contain srnaII rimounts of the undeieted species in addition to the major deleted 

mR.iiA. B95-8 rnarmoset B cells were homogenized and mLYA was exuacted and 

rrexed in a sirnilar rnsinner sis chat from the rnarmoset organs. Undeleted and deleted 

b rms  of CD46 were present in the B95-8 ceIls. PCR analysis was also performed on 

cDNA clones which had been prepared from mRNA isolated frorn 895-8 cells and 

inserted into the pCR-script vector. The PCR products frorn the deleted clone 

(CD46ASCR 1) and the nondeleted clone (CD46) templates were also analyzed. PCR 

products were resolved by agarose gel electrophoresis. transferred to nitrocellulose. 

and probed with "P-labelled fragments derived from the SCR2 and SCR3 regions o f  

CD46 and subjected to autoradiography with Royal X-OMAT film for 24 hrs. 
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The srnall amounts of undeleted forms of CD46 which we found in the rnarmoset 

brain are consistent with the ability of Edmonston measles virus to cause 

encephalitis. However. we were at a loss to explain why marrnosets, tamarins, and 

squirrel monkeys, which contained deletions in CD46, were still susceptible to 

infections by wiId type strains of measles virus leading to severe 

gastroenterocolitis, immunosuppression, and respiratory distress ( 1,26,30). 

Productive infections with wild type measles virus were confirmed in one of Our 

Iriboratories foflowing inoculation of the common marmoset (CaffirltrLr jucclirrs) 

with the Pennsylvrinia-1 90 strain of virus (Table 3.1). Wild type virus could be 

detected in peripheral blood cells of infected marmosets by RT-PCR but tests for 

the Edmonston strain in the other group of marrnosets were negative. We began to 

suspect that wild type strains of measles virus may indeed use a receptor other than 

CD46 during the initial stages of infection. 

3.3.2 Marmoset B cells (B95-8) and squirrel monkey lung (SML) 
cells can be infected with the Edmonston strain of measles virus 
while owl monkey kidney (OMK) and marmoset kidney (NZP-60) 
cells are resistant to infection 

A B ceIl line (B95-8) trrinsforrned with Epstein B m  virus which was 

originrilly derived from the moustached tamarin (S~zgztiriits rriysrar) (38). B95-8 

celis were previously shown to support the growth of both wild type measles virus 

and virus which had been adapted to growth in Vero cells (25) .  Through RT-PCR 

we deterrnined that B9S-8 cells contain both the deleted and undeleted forms of 

CD46 rnRNTA (Figure 3.1). The SCRl deletion corresponded to a missing exon2 

in mFWA derived from the CD46 gene and the exon was previousiy s h o w  to be 

present in m m o s e t  chromosornat DNA (22,41,42,50). It is possible that under 

certain circumstances, such as viral transformation, exon 2 may be correctly spliced 



Figure 3.2 Growth of the Edmonston strain of measles virus in New 

World monkey cell lines is impaired when SCRl is deleted 
Pr1ric.1 A: Human cervical carcinoma (HeLa). African green monkey kidney (Vero), 

owi monkey kidney (OMK). mannoset kidney (NZP-60). marmoset B (B95-8). and 

squirrel monkey lung (SML) cells were infected with the Edmonston strain of  measles 

virus which had previously been adapted for growth in Vero cells. Cells were 

inoculrited with 5 PFUkell of virus and infections were allowed to proceed for 72 hrs 

after Lvhich the infected cells were subjected to immunoblot analysis with monoclonal 

rimi bodies directed against measles H protein. Viral protein synthesis was not 

observed in the OMK and NZP-60 cell lines but measles virus H protein was detected 

in B9S-S and S M L  cells. Pcrnel B: FACS scan analysis wris performed on B95-8, 

OMK. SML. and NZP-60 ceIIs using an antibody which was directed against the SCRl 

doniriin of the moustached tamarin (Sagui~ius niysfnr)  and detected with goat 

antirabbit rintibodies which had k e n  conjugated to fluorescein (soiid line). Cells 

\vert3 31~0 tested with rabbit pre-immune antisera (dotted line). Shifts in fluorescence 

\vers observed in B95-8 and SML cells but not in OMK and NZP-60 cells. Panel C : 

mRNX was extracted from B95-8 and SML cells, cDNA was prepared. PCR products 

spanning the signal peptide. SCR1. SCW. and SCR3 dornains were prepared and 

sequenced. The predicted amino acid sequence is shown and was derived from 3 

independent amplification reactions for each sequence. Both deleted and non-deleted 

forms of mRNA were present in the two ceIl lines. 
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to yield full length CD46 mfCr!A. We subsequently tested two Old World and four 

New World primate ceIl lines for their ability to support Edmonston measles virus 

infection. Viral protein synthesis was demonstrated through the presence of the 

measles hemagglutinin protein (H) foliowing immunoblot analysis with a 

monoclonal antibody directed apainst H. As expected, the Old World primate ceil 

lines. HeLa (human cervical carcinoma) and Vero (African Green monkey kidney), 

supported Edmonston measles virus infection as indicated by the presence of 79 

kDa bands corresponding to the molecular weight of the H protein (Figure 3.2A). 

The New World monkey cell lines. 0MK (owl monkey kidney) and NZP-60 

(Cdlirlit-i~ argeritcctcl kidney), did not support Edmonston measles infection. On the 

other hand, the two other New World monkey ce11 lines. B95-8 and SiML (squirrel 

monkey lung transformed with a simian retrovirus) did support Edmonston measles 

infection. Apain mRNA from these cell lines was isoiated, cDNA wris prepared, 

and RT-PCR was performed across the SCRl region usinz primers derived from 

the signal peptide of CD46 and SCR3. Southem blot hybridization of the PCR 

products revealed that the OlMK and NZP-60 ceIl lines yielded only one band 

corresponding to the SCRl-deleted fom of CD46 mRNA while the B95-8 and 

S m  ce1 1 lines produced 2 products corresponding to deleted and non-deleted fonns 

of CD46 mRiiA (data not shown). Vero and HeLa cells yielded 1 PCR product 

which corresponded to the non-deleted form of CD46, as expected. 

FACS scan analysis was also perfomed on B95-8, OMK, SML, and NZP- 

60 cells using an antibody which was directed against the SCRl domain of 

Sagrtilzrcs nzystcu- . Cells were also tested with rabbit pre-immune antisem and a 

pol yclonal an ti body directed against the entire human CD46 molecule (data not 

shown). Each of the cell lines exhibited a shi ft in fluorescence due to the presence 

of CD46 on their surfaces, but only the B95-8 and SML cells possessed a 

fluorescent signal specific for the the SCRl domain. (Figure 3.2B). Both SCRl 



and SCR2 domains have previously been implicated in binding to measles virus 

which had k e n  grown in Vero cells (8,9,22,36) and the fhorescence cytometry 

shown in Figure 3.2B supports the results of the virai infections shown in Figure 

3.2A. 

PCR products from the previous expetïments with B95-8 and SML cells 

were cloned and sequenced using 3 independent amplification reactions. The 

deduced polypeptide sequences containing the signal peptide and short consensus 

regions (SCRl-SCR2) of CD46 were aligned using the Clustal progam frorn 

Lasergene (Figure 3.2C). The Iarger cDNA0s of B95-8 and SML CD46 molecules 

contained the SCRl domain while the smaller isoform did not. The SCRl regions 

from B95-8 cells (Sugzi iws ~rzysrav) and SML cells (Sainlin' sciicrerts) were very 

similar and possessed 90% identity with the human sequence. Since the SCRl 

coding region was present in the mRNA from both the B95-8 md SML ce11 lines, 

one might expect these two New World monkey cell lines should support infections 

by the laboratory strain of Edrnonston rneasles virus, while ce11 lines lacking SCRl 

(OMK and NZP-60) would not. These sequences corroborate our previous results 

with RT-PCR assays and FACS analysis, and provide one explmation as to why 

B95-8 and SML cells can support infection by the Edmonston laborsitory strain of 

measles virus. 

3.3.3 A wild type strain of measles virus (Montefiore 89) will infect 
B9S-8 cells but cannot grow in other cell lines 

Several different CD46 positive ceIl lines were inoculated with either 

Edmonston merisles vims (adapted to growth in Vero cells) or the wild type 

Montefiore 89 strain of measles virus, in order to test their susceptibility to these 

viruses. Cells were incubated for 72 hours with either strain of virus and infection 

was rnonitored by the synthesis of the measles virus matrix protein using 



immunoblot analysis. As expected, HeLa, Vero, CHO-CD46, and B95-8 cells 

supported infection by the Edmonston stmin of virus and 40 kDa bands 

corresponding to the M protein were present on immunoblots prepared from 

infected ce11 lysates (Figure 3.3A). CHO cells, which do not express CD46 on 

their surface, were transfected with the expression vector alone and did not support 

infection. Heta, Vero. and CHO-CD46 cells which were inoculated with 

Montefiore 89 wild type measles virus, did not show any evidence of vin1 

infection. However. B95-8 cells clearly supported infection by either the 

.Montefiore 89 or Edmonston strains as indicated by the presence of viral LM protein 

(Figure 3.3B). These results confirrn the findings of others (25)  and in addition 

suggest that wild type strains of measles virus may use a receptor other than CD46, 

which appears to be present on transformed mannoset B cells. 

3.3.4 CD46 polyclonal antibody block infections by the Edmonston 
strain in Vero cells but does not inhibit infections by the Montefiore 
89 strain of measles virus in B95-8 cells 

We previously demonstrzlted that a polyctonal antibody directed against the 

entire hurnan CD46 molecule could both recognize CD46 proteins frorn different 

monkeys and inhibit infections by the Edmonston strain of measles virus in H e h  

celis (13,22). In addition, the polyclonal antibody at dilutions as low as I:400 

effectively neutralized infections by the Edmonston strain in Vero monkey kidney 

ceils (Figure 3.4E). Polyclonal antibody directed against CD46 and the marmoset 

SCR 1 were aiso tested for there ability to inhibit infections by either the Edmonston 

Iaboratory strain or the wild type Montefiore strain of measles virus infection in 

marmoset B95-8 cells. The B95-8 cells were pre-incubated with dilutions of 

poIyclona1 anti-CD36/SCRI serum or pre-immune antiserum ranging from 1: 10 to 

1 :400 for a period of 1 hour; the Edmonston strain or Montefiore strain of measles 



Figure 3.3 Infection of ce11 lines with Edmonston laboratory and 
Montefiore 89 wild type strains of measles virus 
HeLa. Vero. Chinese hamster ovary cells transfected with an empty  expression vector 

(CHO-pDRu2). Chinese hamter ovary cells expressing hurnan CD46 (CHO-CD46), o r  

a mrirmoset B cell Iine (B95-8) were inoculated with either Edmonston o r  wild type 

Montefiore 89 strains of measles virus. CelIs were incubated for 72 hours with either 

strain of virus and infection was monitored by irnmunoblot analysis with a 

monoclonal antibody directed against the measles virus matnx  protein (JO kDri). 

Pmwl  A : HeLa. Vero. CHO-CD46. and B95-8 cells supported infection by the 

Edmonston strriin of virus while CHO cells which were transfected with the expression 

vector alone (CHO-pDRcc2) were not infected. Pariel B : HeLa, Vero. CHO-pDRcc2. 
and B95-S ceIls were inoculated with the wild type Montefiore 89 strain o f  virus and 

infections were allowed to proceed for 72 hours. Only the B95-8 cells supported 

infection. Protein standards ( D a )  are shown at the left of each panel. 
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Figure 3.4 Polyclonal antibody directed against CD46 does not 

inhibit infections by the Montefiore 89 wild type strain of measles 
virus 
Anti bodies directed against CD46 and the marmoset SCR 1 were cornbined and tested 

for their ribility to inhibit infections by Montefiore 8 9  virus and Edmonston strain of 

msasles virus in B95-8 and Vero cells. Cells were treated with CD46 and SCRl 

immune rintibodies (Prrnels A,C,rrrid E )  or  preimmune serum (Panels B. D. and F) .  

CD46 antibodies at dilutions of 1: 10 had no effect upon infections o f  B95-8 cel1s by  

the w4ld type Montefiore 8 9  virus (Panel A) but partially inhibited infections of the 

same type of ceils by the Edmonston strain of virus i Panel C). The same antibodies 

at dilutions as low as 1:4OO completely inhibitsd infection of Vero cells by the 

Edmonston virus ( P m d  E). Infections were assessed by the formation of syncytia o r  

multinuclerited cells. The solid bar in Panel F represents 3 Pm- 





virus was added and dlowed to adsorb for another hour, and virus was 

subsequently removed and replaced with fresh media. Cells were inoculated with 

measles virus at a m.0.i. of 1 PFU/cell, the infection was allowed to proceed for 36 

hours in the presence of antibody, and the cytopathic effects found in infected cells 

were examined using the microscope. Vims dependent syncytia formation was 

clearly observed in B95-8 celIs which were infected with either Edmonston and 

Montefiore 89 strains of measles virus in the presence of preirnmune antibodies 

(Figures 3.4B and 3.4D). On the other hand, treatrnent of B95-8 cells with anti- 

CDJ6/SCR 1 potyclonal antiserum at dilutions as low as 1: 10 appeared to reduce 

infections by Edmonston measles virus, but failed to fuHy protect the cells from 

infection (Figure 3.4C). Infections of B95-8 cells by the Montetiore 89 meastes 

virus were not inhibited by anti-CD46/SCR1 (Figure 3.4A). These qualitative 

observations were confirmed by immunoblot analysis and plaque assays (data not 

shown). The preceding data provide further evidence that CD16 may not function 

ris a receptor for the wild-type strain of measles virus. since CDa-specific 

antibodies had no effect upon infections by the Montefiore 89 strain of virus. Wild 

type virus presumübly binds to an as yet unidentified receptor which is present on 

mmoset  B cells. In addition, the Edmonston strain of virus was only partially 

inhibited by CD46 antibodies during infections of B95-8 cells, and it too may use 

this new hypothetical receptor under certain circumstances. 

3.3.5 The hemagglutinin protein from the Montefiore 89 wild type 

strain o f  measles virus does not interact with CD46 in  a direct 

binding assay 

The ability of Montefiore 89 witd type and Edmonston hemagglutinin 

proteins to intenct directly with CD46 or a receptor on immortalized B cells was 

measured in a binding assay that we have previously desctibed (22). The cDNA 



for the hemagglutinin protein of the Montefiore 89 strain was cloned and expressed 

on the surface of Sf9 insect cells using the recombinant baculovirus system. In 

addition, a ma.oset/human CD46 chimeric molecule was constnicted using the 

SCRl and SCR2 domains from B95-8 cells and the SCR3, SCR.1, STP, 

trrinsmembrane, and cytoplasmic domains of human of CD46. The chimera was 

expressed in the mouse OST-7 cells using the recombinant vaccinia virus system in 

that same way that human CD46 was previously expressed in this mouse L ceIl line 

(22). Expression of chimeric CD46 on the surface of mouse OST-7 cells was 

confirrned by FACS scan analysis as previously described (22). The purpose of 

construc ting the chimeric molecule was to determine whether subtle di fferences 

between hurnan and marmoset CD46 molecules could account for the altered 

tropism of wild type virus for human and B95-8 ce11 lines. Sf9 insect cells 

expressing either Edmonston H or 1Montefiore 89 H, in addition to B-galactosidase, 

were stained blue by the addition of the enzyme substrate, Bluogal- The blue- 

colored insect cells were incubated with OST-7 cells expressing human CD46, 

marmoset/humrin chimeric CD46, or human CD21 molecules. Insect cells 

expressing H were also incubated with the marmoset B95-8 ceIl line. Sf9 cells 

which did not adhere to the t q e t  cells were washed away and binding of insect 

cells was first evaluated under the microscope (Figure 3.5). Insect cells which 

expressed the Edmonston H protein remained attached to mouse cells expressing 

human or chimeric CD46, as well as to the marmoset B95-8 ce11 line (Figure 3.5, 

panels A, C, and E). As we previously demonstnted (13,22), the Edmonston H 

protein did not bind to OST-7 cells, CHO cells, or to a rnouse B ce11 line (data not 

shown). On the other hand, the wild type Montetiore H protein did not bind to 

mouse cells expressing human CD46 or chimeric CD46. but it did adhere to the 

marmoset B ce11 line (Figure 3.5, panels B, D, and F). Similar results were found 

with human lymphoma B ceIl Iines grown in our laboratory where insect cells 



Figure 3.5 Binding assays with H proteins €rom the Montefiore 89 
and Edmonston strain of  measles virus to rnouse OST-7 cells 
expressing CD16 and marmoset 895-8 cells 
Hemagglutinin proteins from the Montefiore 89 and Edrnonston strains of measles 

virus were cloned and expressed on the surface of S B  insect cells using the 

recombinant baculovirus system. Sf9 cells also expressed fi-galactosidase and were 

striined blue by the addition of BluogaI substrate. The blue-colored insect cells were 

incubated with mouse cells expressing human CD46 (Pariels A and B), mouse cells 

expressing marmoset/human chimeric CD36 (Parzels C nrzd D )  or B95-8 cells (Panels 

E m2d F )  anc! looseiy adsorbed S B  cells were washed away. Insect cells which 

txpressed the Edrnonston H protein remained attached CO mouse cells expressing 

human or chimeric CD36 ris weII as to the marmoset B95-8 celI tine (Pnriels A. C. and 

E ) .  The wiId type Montefiore H protein did not bind to mouse cells expressing 

human CD46 or chimeric CD36. but it did adhere CO the mannoset B ceIl Iine (Parzels 

B. D. nrid B. The solid bar in panel B represents 2.5 Fm- 





expressing wild type H or Edmonston H also bound to human BJAB and human 

IA2 cells (data not shown). The binding results presented in the preceding 

experiments were quantitated and summarized in Figure 3.6 by measuring the 

hydrolysis of the B-glactosidase substrate, ONPG. We concluded that the H protein 

of the Edmonston vaccine strain of virus could bind to human CD46 or chimenc 

CD46 which was expressed on the OST-7 mouse L cells. The Edmonston H 

protein could also bind to receptors on the B95-8 cells (Figure 3.6A). On the other 

hand. the H protein of the Montefiore wild type virus did not bind to human CD46. 

chimenc CD46, or CD21. but did attach to some receptor which was present on 

B95-8 cells (Figure 3.6B). This receptor was not CD21, a molecule with similar 

propenies to CD46, which is known to bind Epstein Barr virus. These direct 

binding assays clearly establish that wild type H protein intencts with some 

receptor other than CD46 which is present on the surface of mmoset  895-8 cells. 

3.3.6 Amino acid residue 181 o f  the hemagglutinin molecule 

determines the viral protein's ability to bind to CD16 and rcveals 

another receptor which is present on B95-8 cells 

 mea as les virus isolates have ken  classified into 8 groups based upon nucleic 

acid sequence, year of isolation. and the country of isolation (45,48.49). Measles 

iMontefiore 89 strain was isolated rit the Montefiore iMedical CenterIAlbert Einstein 

Medical College and appears to belong to Group 2 based upon its similarity (99.5% 

to 100% identity) to Chicago 1. San Diego 89, Iliinois 89, Pennsylvania 90, Texas 

89, and California 90 strains of measles viruses which were isolated between 1989- 

1990. The Montefiore 89 H sequence was 100% identical to that of Californici 90 

meüsles virus. We aligned di fferent hemagglutini n protein sequences from 59 wild 

type and 12 vaccine/laboratory strains of measles virus based upon data which had 

previously ken  entered in the NCIB Genbank. H proteins were aligned using the 



Figure 3.6 Quantitation of  Edmonston H and Montefiore H binding to 

mouse cells expressing human CD46, marmoset/human chimeric 

CD46, CD21 or to B95-8 marmoset cells 

Sf9 insect cells expressing Edmonston or Montefiore 89 hemagglutinin proteins were 

incubrited with B95-8 marmoset cells or mouse L cells expressing CD46. chimeric 

CD46. or CD21 as described in Figure 3.5. Loosely attached cells were washed away 

and binding was measured coIorimetrically with the ONPG substrrite for B- 
grilactosidase. Edmonston H bound to rnarrnoset B95-8 cells and mouse cells 

expressing human CD46 and chimeric CD46. It did not bind to mouse cells 

expressing CD21 (Patiel  A). Montefiore H bound to marrnoset B95-8 cells but did 

not adhere to mouse cells expressing human CD46. chimeric CD36. or CD21 ( P a n e l  

B). Binding is expressed as a percentage relative to either Edmonston H binding 

(Pnriel A )  or Montefiore H binding (Panel  B )  to B95-8 cells. 
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MegAlign Clustal program marketed by Lasergene (data not shown). The wild type 

strains had k e n  propagated in rnarrnoset B95-8 cells while the vaccineAabontory 

strains were amplified in Vero monkey kidney cells. When the two different types 

of isolates were compared, differences were consistently observed at positions 2 1 1, 

243. 176, and 48 1. Amino rtcids 451 and 481 had previously k e n  implicated in 

determining hemadsorption. cell fusion and CD46 downregulation caused by 

vaccine strains of measles virus (29,57). Our alignments demonstmted that 97% 

of both wild type and vaccine strains contained a valine residue at residue 45 1 and 

only 5 wild type viruses conatained giutamic acid at this position. We concluded 

that this residue appeared to be irrelevant in determining the wild type virus 

phenotype. About a third of the wiId type strains possessed an additional potential 

glycosylation site rit position 416. The results of our alignments were related to the 

ability of individual isolates to infect either Vero or B95-8 cells. The results of 

these findinzs are summarized in Table 3.2. Wild type virus H proteins possessed 

an Asn resdidue at position 481 instead of the Tyr present in vaccineAaboratory 

viral H proteins. In al1 cases, vimses which contained a tyrosine at residue 481 

were capable of infecting Vero cells, while those with an aspargine at this position 

g e w  in B95-8 cells but not the monkey kidney cell line. This change has 

previously been observed during successive passages of wild type measles isolates 

in Vero cells and may parriIlel the ability of virus to agglutinate monkey red blood 

cells (29.57). The gradua1 mutation of N481 to Y481 during adaptation of a 

Montefiore 83 wild type isolate to Vero cells over 10 passages was also observed 

by one of our laboratories (M.S. Sidhu, unpublished resuit). On the other hand, 

amino acid differences at positions 416 and 45 1 did not seem to affect the growth of 

wild type virus in Vero cells (Table 3.2). The N48 1Y mutation which occurs 

between the H proteins of wild type and vaccine/laboratory strains of measles virus 
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can beattributed to a single nucleotide change (MC* TAC). It is not yet known 

whether this change ais0 occurs in vivo during natural infections. 

In order to detemine whether the N48 1Y change controls the ability of 

measles hemagglutinin protein to bind either to CD46 or to a new unidentified 

receptor which is present on B95-8 cells, mutations were introduced into the H 

protein at this position using site-specific mutagenesis. Mutated H proteins from 

wild type and Edmonston vaccine strains of measles virus were expressed in Sf9 

insect cells and incubated with Vero, HeLa, CM6-CHO, or marmoset B95-8 cells. 

Binding of insect cells expressing the rnutated H proteins, Montefiore 89 wild type 

H. or Edmonston H was assayed with CD46-CHO cells and the marmoset B ceIl 

line. and was subsequently quantitated with the ONPG assay for pgalactosidase 

(Figure 3.7). The Edmonston H protein bound to both the CD46-CHO and B95-8 

celis while the wild type H protein anached only to the B95-8 cells. Mutations 

N4 16D, which abolished the potential glycosylation site, had little effect on binding 

of the wild type H to either CD&-CHO or B95-8 cells. However the N481Y 

mutation which was introduced into wild type H protein now perrnitted this 

=lycoprotein to bind to CD46-CHO ce1 1s (Figure 3.7A). Similaril y. when the Y48 1 

was changed to N in the Edmonston H protein, attachment to CD46-CHO cells was 

abolished (Figure 3.7A). However, the Y481N change had no effect upon the 

binding of Edmonston H protein to 895-8 cells. and it would appear that this 

mutation did not penurb interaction with the putative receptor which is present on 

mmose t  B95-8 cells (Figure 3.7B). Similar results were reproduced in mouse 

OST-7 cells which were infected with CD46 recombinant vaccinia virus, Vero cells, 

or HeLa cells following incubation with insect cells expressing mutant H proteins 

(data not shown). We concluded that the tyrosine residue at position 48 1 in the 

measles virus hemagglutinin molecule was a key determinant of H protein binding 

to the CD46 receptor. However, mutations rit arnino acid 481 did not impair 



Figure 3.7 Tyr48lAsn mutation inhibits the binding of Edmonston 
and Montefiore 89 hemagglutinin proteins to CD46 
Edmonston H (ED), Montefiore H (WT), and mutated forrns of  these proteins were 

expressed in Sf9 insect cells and incubated with CHO cells containing human CD46 

(Pmiel A )  or  marmoset B95-8 cells (Panel 6).  As expected. insect cells expressing 

Edrnonston H ( E D )  bound to both CHO-CD46 and B95-8 cells. while wild type 

Montetiore 89 H (WT) protsin only bound to B95-8 cells. The N116D mutation 

introduced into Montefiore 89 H (WT N-D) had no  effect on binding to either ceil 

line. However a N1SlY mutation in the wild type H (WT N-Y)convened the protein to 

a CD46-binding phenotype. In addition when the Y481N mutation was placed in 

Edmonston H (ED Y-N). binding to CHO-CD46 celIs was abolished. None of the 

mutations affected the binding of  either Edmonston (ED) or wiid type H (\W) 

proteins t o  mannoset  B95-8 cells. Binding was measured by quantitating p- 
galactosidase activity and was expresscd as a percentage relative to the binding 

observeci for Edmonston £4 ( E D )  protein. 
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binding to the mmoset  B ceIl receptor and these results suggest that another region 

of the measles H protein may interact with this as yet unidentified cell surface 

protein. 



3.4 Discussion 

This paper provides direct evidence for the existence of another receptor for 

measles virus. in addition to CD46, which is present on mtumoset B cells. 

Through sequence analysis and binding assays with hemagglutinin molecules from 

wild type and Vero cell-adapted isolates of mesles virus, it was apparent that 

Tyr481 of the H protein was criticial in detemining whether this protein bound to 

CD46. H proteins from attenuated vaccine strains and laboratory isolates of 

merisles virus which had k e n  propagated in Vero cells al1 contained this Tyr at 

position 48 1 while wild type isolates which had k e n  propagated in marmoset B95- 

8 cells produced a protein with Asn48 1. Binding assays indicated that witd type H 

molecules did not interact with human or marmoset CD46 molecules but rather 

bound to another receptor which was present on B95-8 cells. Although polyclonaI 

antibodies directed against CD46 and SCRl reduced infections by the Edmonston 

Iüboratory strüin of virus, they could not totally inhibit viral infections in B95-8 

cells. even at very high concentrations. A decrease in infection by the Edmonston 

\finis in these cells, when antibody is present, may reflect a smaller number of 

functional receptors and reduced binding affinity to the second receptor for the 

attenuated virus. Further studies will eventually clarïfy this situation. These same 

antibodies had no effect upon wild type vin1 infections in the B95-8 ceIl line. The 

fact that CD46 antibodies were very effective in blocking infections by the 

Edmonston virus in Vero monkey kidney cells coupled with the ability of the H 

protein containing the Y481N mutation to retain its binding properties for B95-8 

cells, appeared to indicate that the Edmonston H protein may bind to either CD46 or 

the wild type virus receptor. There may be 2 separate sites on the Edmonston H 

protein which could bind to either CD16 or the unidentified receptor on marmoset B 

cells. but this remains to be confirmed. 



Amino acids 21 1 ,  243, and 276 of the measles virus H protein consistently 

vary between attenuated labontory and and wild type strains of virus. The role of 

these amino acids in binding to the host ce11 is still not apparent. One publication 

has suggested that amino acids 2 1 1-214 may contribute to the CD46 binding site 

( 5  1 ) while mino acids 45 1-6 17 appear to constitute the primary receptor binding 

site which is involved in hemagglutination ( 5  1,57). Antibodies directed against 

regions spanning amino acids 185-195 have aiso k e n  reported to inhibit 

hemagglutination (63) but may not be involved directly in binding to CD36. 

However. our evidence indicates that amino acids 2 1 1 ,  243, and 276. which differ 

between attenuated and wild type strains. may not be extremely important for 

binding to CD46, since wild type H containing the mutation N48 1Y binds just as 

efficiently as Edmonston H to cells expressing CD46 on their surface. The role 

these amino acids play in binding to the wild type viral receptor remains to be 

determined. Other investigators have suggested that the binding si te for CD46 lies 

between residues 45 1 and 617 (12.17.5 1.57) and this seems to agree with our 

findings. 

Results indicating the existence of a second receptor for measles virus 

which are presented in this paper partially explriin why mmosets  are susceptible to 

infections by measles virus in spite of the deleted SCRl domain in their CD46 

molecuIes. Our data also explain why wild type measles virus grown in B95-8 

cells does not hemagglutinate African green monkey red blood cells in spite of these 

cells having CD46 on their surface. This second receptor obviously plays a criticd 

role during infections initiated by wild type isolates of measles virus. The virus is 

norrnally spread as an aerosol to the nasopharynx. However. the primary cellular 

target for the virus is not known for certain. During the acute phase of measles 

virus infection the virus undergoes primary replication in the respiratory tract and 

disseminates throughout the body via the reticuloendothelial system. The virus has 



been reported to undergo a round of secondary replication in lymphoid tissues, and 

monocytes are efficiently infected by the virus (15). Isolates of wild type virus 

were normal1 y obtained as throat swabs containing mucosal epitheliai cells and 

lymphocytes which were subsequently propagated in B95-8 cells. Tracheal and 

branchial epithelial celis are thought to be the primary target cell for measles virus, 

but lymphocytes and monocytes in the local lymph nodes are also infected by the 

virus at very early stages. Virus spreads to the thymus, spleen, skin, conjunctivae, 

kidney, lung, gastrointestinal tract, respiratory mucosa, small blood vessels, and 

liver. Endothelial cells, epithelial cells, monocytes, macrophages, and lymphocytes 

are al1 target ceils which support virus growth in vivo (19,37). The characteristic 

rrish is caused by infiltration of macrophages to areas of skin endothelium that have 

been infected by the virus. The role that two different receptors play in natunl 

measles virus infections remains to be determined. Since CD46 nonnally prevents 

complement lysis of the host cell (33,34) and has been shown to be down-regulated 

on the surface of the infected cell (4,20,27,40.52,53), it might not be advantageous 

for the virus to use this receptor under certain circumstances. 

The shift in tropism which accompmies the N48 1Y mutation in wild type H 

molecules as they adapt to growth in culture requires a minor one nucleotide change 

@AC-TAC). It is unclear whether this single base mutation also occurs ili vivo 

dunng measles virus infections. Changes in the H protein could determine whether 

infections of lymphocytes, epithelial cells, or endothelial cells were favored. 

Precedent for a change in cellular tropism during an ongoing infection exists since it 

was recently shown that many HIV-1 infections are initially macrophage tropic, but 

through minor changes in the V3 loop of the envelope protein shi ft to become T cell 

tropic. and subsequentl y use the CXCR4 coreceptor for entry (reviewed in 7.3 1 ; 

1 1 ). Minor changes in the viral attachment proteins of other viruses have also been 

associated with changes in receptor usage. Coxsackie B viruses cm use either 



CD55 (5) or CAR (6) as receptors depending upon whether they have been ahpted 

to growth in a rhadomyosarcoma cell line or HeLa cells, respectively. Ross River 

vims is a member of the togavirus farnily and varies its tropism between smalf 

mammals, chicken fibrobtasts, mosquitoes, and man with single amino acid 

changes in the El  and E2 viral membrane proteins (24.59). Finally 2 amino acid 

changes in the S protein of transmissible gastroententis coronavinis of pigs were 

recently found to abolish enteric tropism to favor respiratory infections (3).  Thus, 

small changes in viral gl ycoproteins routine1 y dictate what receptor can be utilized 

and influence the type of ce11 which cm be infected. It is quite possible that wild 

type isolates of measles virus contain a mixture of vinons which c m  use either 

CD46 or a new receptor found on B cells. In addition, small changes in the H 

protein are also associated with neurovirulent strains of measles virus in rats (32), 

which do not have a CD46 analogue, and this may retlect altered receptor usage in 

the brain. Since al1 wild type measles strains are currently k ing  isolated with B95- 

S marmoset B cells or activated human B ce11 lines. virions are now k i n g  selected 

in the laboratory which characteristicaliy bind to the new unidentified B ce11 

receptor. 

The involvement of more than one cellular molecule in virus attachment and 

penetration in measles virus infections seems more than likely. The envelope 

glycoprotein of MV-1 attaches to CD4 and a variety of chemokine receptors 

(reviewed in 7). This may also be the case with Coxsackie A vimses which were 

recently shown to tightly bind to ICAii-1 but also interact with the Iow affinity 

receptor CD55. Coimmunoprecipitation and chernical cross-linking studies seemed 

to indicate that CD55 and ICAM-1 rire closely associated on the cell surface (56). 

Thus, one might expect other proteins to interact with CD46 which could act to pull 

the measles vims closer to the ce11 membrane in order to facilitate fusion with the 

ce11 membrane. 



The new unidentified receptor for measles virus appears to be on marrnoset B cells 

which have k e n  immortdized and transformed by Epstein Barr virus (EBV). We 

tested irnmodized human B cells and they too bound the H protein from 

 montef fi ore 89 wild type virus. while rnouse B cells were Iess efficient in this 

process (data not shown). Previous investigators have claimed that measles virus 

crin infect mouse B cells, which do not express CD46, and this suggests that the 

newly identified receptor may also be present on rnouse lymphocytes (21). The 

identity of this new receptor for measles virus is unknown, but we are presentiy 

searching for and attempting to further characterize it in our laboratory. It also 

remains to be deterrnined whether other coreceptors participate in the membrane 

fusion and internalization process of measles virus. 
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Chapter 4: Use of Site-Specific Mutagenesis and 
Monoclonal Antibodies To Map Regions of CD46 Which 

Interact With Measles Virus H Protein' 

' The results from this chapter have been published in the V i r o l o g ~  258: 3 11326 (1999). 1 have 
performed al1 the experirnents in Figures 4.1 to 4.4 and TabIes 4.1 to 4.2. Sarah Sabatinos has 
assisted me in generating some of the hydrophobie mutations. 



1.1 Introduction 

Measles virus infects about 44 million individuals and is responsible for 1.5 

million deaths each year. It is still the number one infectious killer of children in 

developing countnes (9, 42). In spite of the success of immunization with an 

attenuated viral vaccine, numerous measles outbreaks are still reported in both 

Europe and North America (9). Measles vims is a member of the morbillivirus 

genus. a subgroup of the paramyxovirus family and the Edmonston isolate of 

meules has k e n  used to generate the attenuated vaccines which are widely used 

today ( 13. 15, 37). It is an enveloped virus with a single-stranded negative RNA 

genome encoding 6 gene products: nucleocapsid protein (N) for viril RNA 

protection. matrix protein (M) which mediates virion assembly, phosphoprotein (P) 

and Iarge polymerase protein (L) for viral transcription and replication, fusion 

protein (F) for membrane fusion and penetration of the host ceIl membrane, and 

hemügglutinin (H) for attachment to the host ceIl ( 1 1. 14). 

Membrane cofactor protein (MCP) or CD46 was previously identified as the 

host cell receptor for the Edmonston laboratory strain of measles virus by two 

independent groups (10, 34). CD46 is a member of the regulators of complement 

activation (RC.4) family of proteins, and its gene is located on human chromosome 

1 (25. 26). Cornpiement regulators such as C M 6  (MCP) and decay accelentin~ 

Factor (DAF), intertere with the formation of the complement attack complex on the 

membrane of normal cells and prevent deregulated comptement ceIl lysis of the host 

cell. Therefore, CD46 plays a critical role in protecting uninfected self tissue from 

complement mediated damage. The gene coding for CD46 consists of 14 exons 

and 13 introns, and spans more than 43 kb of genomic DNA (25).  It is a type 1 

membrane glycoprotein and possesses a 34 amino acid signal peptide at its arnino 

teminus which is subsequently removed during post-translational modification in 



the endoplasrnic reticuhm. The extracellular portion of the protein consists of 4 

domains or short consensus regions (SCRL-4) which characterize RCA proteins, 

followed by a ser/thr/pro rich sequence (STP) situated just above the membrane. In 

addition C M 6  has a hydrophobic transmembrane domain and a cytoplasmic C- 

terminal tail specified by either exon 13 or exon 14. N-giycosylation occurs on 

SCRl, 2, and 4 while the STP region contains O-glycosylation sites. Differential 

olycosylation and alternative spiicing of the STP region and cytoplasmic tails gives 
w 

rise to different isoforms of CD46 with molecular weights ranging from 57 to 67 

kDa. 

In recent years, interaction between CD46 and measles virus H protein has 

k e n  studied extensively. For example, monoclonal antibodies directed against 

SCRl or SCRS are capable of blocking viral infections in culture (6. 16, 18. 30, 

39). in addition, CD46 deletion mutants and recombinant chimeric molecules 

composed of CD46 and D M  or CM6 and CD4 revealed that both the SCR1 and 

the SCR2 domains of CD46 were required for binding to merisles virus culture (6, 

16. 18, 30). Eliminriting the N-linked glycosylation sites by mutagenesis proved 

that only the carbohydrate associated with SCR2 is important for virus binding (16. 

37. 2 8 ) .  Specitic regions of the SCRl and SCR2 domains have aIso been 

implicated in binding by di fferent groups, including ours, using either inhibitory 

peptides in viral infectivity assays or through use of site-specific mutants in binding 

assays (6, 16, 39). In a previous pubIication we demonstrated that a number of 

hydrophilic residues in CD46 including E36E37, E45, E58/RS9. and R LOYD 104, 

appeared to be important for binding to the measles virus H protein (16). Our 

laboratory recently demonstrated that a mutation at position 48 1 of the measles virus 

(Edmonston) hemagglutinin protein, from tyrosine (Y) to asparagine (N), 

completely abolished binding with CD46 (17). Thus, it appeared that hydrophobic 

interriction may also be important for binding between measles H protein and 



CD46. Therefore, we proposed to systematically replace hydrophobic residues 

located in SCRI and SCR2 domains of CD46 with the neutrai amino acid, serine, 

and study the effect of these mutations with respect to measles H protein-CD46 

interaction. In this communication, we have identified hydrophobic residues which 

are important for this interaction, using a binding assay that was previously 

developed in our iabomtory (16). In addition, monoclonal antibodies directed 

against SCRl or  SCRî domains of CM6 which inhibited binding to H, mapped 

near the regions where amino acid substitutions produced the most deleterious 

effects. 



4.2 Materials and Methods 

4.2.1 Cell lines and virus 

HuTK-143B cells and mouse OST-7 cells, which expressed TI 

polymerase, were used in isolating and expressing vaccinia virus recombinants, 

respecti vely . They were purchased from ATCC (Roc kvi l le, MD). These cells were 

cultured in Dulbecco's minimal essential medium containing 10% fetal calf senim as 

pra,iously described (Hsu et al.. 1997). Sf9 insect cells were obtained from 

Invitrogen (San Diego, CA) and cultured in Gnce's medium containing 10% fetd 

calf serum. The Montefiore 89 isolate of rneasles virus was obtained from M. 

Sidhu at Wyeth-Lederle Pediatric Vaccine Labontories and the Edmonston 

laboratory strain of measles virus, which had k e n  adapted to Vero cells, originally 

came from E. Norrby (Karolinska Institute, Stockholm, Sweden). 

4.2.2 Antibodies 

The monoclona1 antibody E4.3 (specific for SCRl) was purchased from 

Bio/Crin Scientific (Mississauga. Canada). M75 (specific for SR?) came from 

Sei kugaku (Tokyo. Japan). 54-48 was supplied by Serotec (Kidlington Oxford, 

UK). 122-3 (specific for SCR2) was purchased from Biodesign international 

(Kennebunk. ME), and B97 (specific for SCRl) carne from the Iaboratory of J .  

Schneider-Schaullies and V. ter Meulen (Universitat Wurtburg). 

4.2.3 Mutagenesis of CD16 coding sequences and DNA sequencing 

SCRl and SCR2 domains were aitered with point mutations using gel- 

purified oligonucleotides consisting of 30 to 40 nucleotides. Mutations were 

introduced into the CD46 molecule by using the QuickChange site-directed 



mutagenesis kit from Stratagene. The CD46-coding region (isotype C2) was 

cloned into PCR-Script Arnp SK(+) plasmid, denatured, and annealed with two 

complementq oligonucleotides containing the desired mutation, the muugenized 

DNA strands were extended with Pfrt polymerase, the methylated nonmutated 

parental DNA template was digested with Dpn 1, and the mutated plasmid was used 

to transforrn XL2-Blue ultracompetent cells. Mutant plasmids were isolated and the 

CD46 inserts were completely sequenced. The mutagenized CD46 coding regions 

were excised from the PCR-Script plrisrnid following digestion with BspHI (S'end) 

and Bgl II. (3'end) and ligated into the vaccinia vector pTMl (containing the TI 

promoter) which had k e n  digested with the compatible restriction enzymes, Nco 1 

and BarnH 1. Vaccinia virus recombinants were prepared and titered by plaque 

assays as previously described using HuTK- 143B cells and bromodeoxyuridine 

selection (12). CD46 mutants were expressed in mouse OST-7 ceils which 

contained the T7 polymerase and protein synthesis and surface expression was 

monitored by Western immunoblot and FACS scan anaiysis. 

4.2.4 Binding assays performed between mutant CD46 molecules and 
insect cells expressing Edmonston measles virus H protein 

We previously developed a binding assay which measured the interaction 

between CD46 molecules expressed in mouse fibroblasts and Sf9 insect cells 

expressing both the measles virus H protein and B-galactosidase (16, 17). Mutant 

CD46 coding sequences were cloned into the pTMl vaccinia expression vector 

which uses the T7 promoter to direct transcription of the foreign gene. 

Recombinant vaccinia virus was prepared as previously described ml et al., 

1995) and mutant CD46 molecules were expressed in mouse 0ST7 cells which 

contain the T7 polymerase. Sf9 insect cells were infected for 48 hr with a 

recombinant baculovims (4 1) which had been generated with the BlueBac2 



expression vector (Invitrogen, San Diego, CA) (23, 36) and synthesized both the 

measles virus H protein and B-galactosidase. The insect cells were colored blue by 

adding Bluogal (GIBCO/BRL, Grand Island, NY) at 36 hr infection from a stock 

solution (50mglrnl in dimethylformmide) to give a 0.05% (w/v) final 

concentration. Infections with recombinant vaccinia virus were allowed to proceed 

12 hrs, Sf9 insect ceIls expressing the measles H protein and 8-galactosidase were 

incubated for 1/2 hour with the vaccinia-infected mouse OST7 cells in the presence 

of PBS containing 5% fetal calf serum. Non-adsorbed insect cells were eluted by 

washing the rnouse cells 2 times with PBS. Binding in 25 cm' tissue culture flasks 

could be quantitated visuaily under the microscope or quantitatively by the 

hydrolysis of O-nitrophenylgalactoside (ONPG) using a 8-galactosidase assay kit 

(Stratagene, La Jolla. CA). Cells were Iysed in 0.5 ml of lOOmM sodium 

phosphate buffer (pH 7.5) containing 0.270 Triton-X 100 and 1% NP-40- Aliquots 

of lysate (50 pl) were added to a 96-we11 microtitration plate and freshly prepared 

buffer (LOO mM sodium phosphate, 10 m .  KCl, lnuM MgS04, SOrnM B- 

mercriptoethanol, p H 7 3  was mixed with each aiiquot to give a final volume of 160 

pl. A 5 0 ~ 1  volume of ONPG solution (4 mgml in 100 m M  sodium phosphate, pH 

7.5) was added to each well and incubated at 3 7 O  until a yellow color was evident 

after about 30 min. The reaction was terminated by addition of 90p1 of iM Na2CO; 

and color intensity was measured at 420 nm with a SpectraMax 250 ELISA plate 

reader purchased from MoIecular Devices (Sunnyvale, CA). Results were linear 

over time for an absorbance range of O. 1- LA420 units. 

4.2.5 Fluorescence cytometry of CD46 mutant proteins 

Mouse OST7 cells (3 x 10' cells) which expressed mutant forms of CD16 

were suspended in 1 ml of Cell Dissociation Buffer (Sigma, St. Louis, MO) and 

washed 2 times by centrifugation with FACS buffer. Cells were resuspended in 



100 pl of the same buffer containing 1: 100 dilution of either non-immune antibody 

or a specitic monoclonal antibody (E3.3, J4-48, M75, 122-2, or B97) for 1 hour 

on ice. Following the incubation, cells were washed twice with 3 ml of FACS 

buffer by centrifugation at 1 5 0 0 ~  for 5 min. The cells were resuspended in LOO pi 

of the same buffer containing a 1: 100 dilution of fluorescein isothiocyanate (FiTc)- 

labeled anti-rabbit IgG(H+L) for 1 hour on ice. Afier washing twice with the 3 ml 

FACS buffer, the blood cells were suspended in 0.5 ml of FACS buffer and were 

subsequently analyzed on a Beckton Dickinson analyzer equipped with 15 mW 

argon laser at 488 nm. The data were collected and analyzed using CeIlQuest 

software. The final pellet was suspended in 100 pi FACS buffer prior to analysis 

by fluorescence cytometry . The reactivity of the different monoclonal anti bodies 

with the mutagenized porzions of CD46 was cornpared to reactivity with the wild 

type molecule. Fluorescence from a standard monoclonal (either J4/48 or 122-2) 

reacting with the non-mutagenized SCR was first nomalized to the same level of 

fluoresence as from wild type CD46. In most cases non-normalized values were 

already within 10% of each other. The obvious exception was when the mutation 

effected surface expression of CD46. Following normalization, the signal due to a 

specific monoclonal antibody reacting with the mutagenized SCR was computed as 

a geometric mean. The mean fluorescence due to a monoclonal antibody reacting 

with mutant CD46 was compared to that from the wild type CD46 and expressed as 

a percentase. 

4.2.6 Molecular modeling 

Changes in CD46 which reduced binding or recognition by inhibitory 

monoclonal antibodies were mapped on a structural mode1 of the SCRL and SCR2 

domains which was provided by Drs. R. Cattaneo (University of Zürich) and Dr. 

W. Braun (University of Texas Medical Branch, Galveston) (6). This mode1 was a 



simulation performed with the DIAMOD and FANTOM modeling programs based 

upon the related structure of Factor H ( 3 ,  33). Models were viewed with the 

RasMol 2.6 Molecular Graphics Visualization Program (Dr. R. Sayle, Glaxo 

Wellcome, UK). Four possible configurations were reported, but only one mode1 

(LM 1 ) is consistent wit h both Our laboratories' observations. 



4.3 Results 

4.3.1 Confirmation of mutant CD46 expression by fluorescence 

cytometry and immunoblot analysis 

Mutation of a single hydrophobic residue (Y48 1 )  in the hemagglutinin 

protein from the Edmonston strain of measles virus appeared to abolish binding to 

CD46 ( 17). This observation would suggest that the hydrophobic interactions may 

play a critical role in the contact between these two proteins. With this hypothesis 

in mind, we systematicalIy replaced each of the hydrophobic residues in the SCRl 

and 2 domains of CD46 with the neutral amino acid serine, and expressed these 

mutant CD46 moiecules in mouse OST-7 cells by using recombinant vaccinia 

viruses (Figure 4. IA). The surface expression of dl the CD16 mutant molecules 

was quantitated by fluorescence cytometry (Figure 4.1B) and expression of CD46 

mutants in mouse OST-7 cells was confmned by immunoblot analysis (Figure 

4.1 C). Analysis of mutant CD46 expression and binding assays were performed 

10 hr after the OST-7 cells were infected with recombinant vaccinia viruses. This 

ensured that the CD36 target cells were intact and that receptor surface expression 

was fairl y close to ph ysiological levels. The reactivity of the di fferent monoclonal 

antibodies with the mutagenized portions of CD46 was compared to reactivity with 

the wiId type molecule. Fluorescence from a standard monoclonal (either 54/38 or 

122-2) reacting with the non-mutagenized SCR was first norrnalized to the same 

lsvel of fluoresence as from wild type CD46. In rnost cases non-normalized values 

were alreridy within 10% of each other. The obvious exception was when the 

mutation effected surface expression of CD16 Following normalization, the signal 

due to a specific monoclonal antibody reacting with the mutagenized SCR was 

compared to that from the wild type SCR and expressed as a percentage. Similar 

levels of recombinant CD46 were present on the cell surfaces of mouse OST-7 cells 



Figure 4.1 Site-specific mutations which were introduced into the 
SCRl and SCR2 domains in order to evaluate the importance of 
hydrophobic interactions during binding of the measles virus H 
protein (Edmonston strain) to CD16 
( A )  The amino acid sequence of CD46 is depicted. with SCRl and SCR2 domains 

separrited. dernonstrating the Individuai hydrophobic residues which were mutated to 

serine (S). (B)  Binding of mutated CD46 molecules to monoclonal antibodies was 

rissessed by fluorescence cytometry in order to demonstrate ce11 surface expression o f  

the \*ririous mutant proteins and to map the reactivity of various monoclonal 

rintibodies to antigenic epitopes. Suspended OST-7 cells expressing mutated CD46 

molecules were incubated with the appropriate monoclonal antibody (J3/43. E4.3. 

B07. .hl75 or 122-2) and binding was detected with FITC-labeled goat anti-rnouse 

IgG using a Beckton Dickinson analyzer equiped with a 15 mW argon laser at 1 8 8  

nm. The data were collected and analyzed using CeIlQuest software. Cell counts are 

indicated on the y-axis and the logarithm of the fluorescence intensity is represented 

on the x-axis. These representative plots depict reactivity of SCRl-specific (B97 and 

J1/4S) and SCR2-specific (M75 and 122-2) monoclonal antibodies to wild type CD16 

and mutant CD36 molecules (Y70S and L133). The positive and negative controls 

for antibody binding are CD46 wild type (WT) and non-immune IgGl. respectively. 

Fluorescence from a standard monoclonal (either 54/43 or 122-2) reacting with the 

non-mutagenized SCR was first norrnalized to the same level as rhat from wild type 

CD46. For the müjority of mutants. the non-normalized fluorescence values were 

\\fithin I O %  the levels found for wild type CD46. indicating efficient ce11 surface 

expression of the mutant proteins. Following norrnalization. the signal due to a 

specific rnonoclonril antibody reacting with the mutagenized SCR was computed as a 

geometric mean. The reactivity of the different monoclonal antibodies with the 

mutrigenized portions of CD46 was compared to chat with wild type C D 4 6  (C) 

Western bloc rindysis with the monoclonal antibodies J4/48 and E4.3 were used to 

confirm expression of mutant CD46 mokcules in rnouse OST-7 cells infected with 

recombinant vaccinia virus. In this example. the effects of 8 individual mutations in 

SCRI and SCRî on recognition by J4-48 and E4.3 are demonstrated. Molecular 

ueight protein standards (Daltons) are located to the left of the blot. Absence of 

reactivity (L46147S. Y53S. Y54S. V60S. and Y63S) heIp define the antigenic epitope 

reccgnized by W.18 and EJ.3 antibodies. A non-specific protein band migrating 

with a molecular mass of 60 kDa is also evident. Expression of al1 mutant CD46 

proteins in OST-7 cells wrts verified by probing immunoblots with poIyclona1 CD46 

antibodies. 
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expressing most of the CD46 mutants. Mean fluorescence values had a statisticai 

emor of 115%. However, CD46 molecules containing the mutations Y62S and 

W86S, were not exposed on the cell surface (Tables 4.1 and 4.2) even though 

immunoblot analysis showed that these proteins were synthesized within the cell. 

We suspected that these mutations distupted the folding of CD46 during post- 

translationa1 processing and prevented the expon of this protein to the cell surface. 

4.3.2 Binding assays between mutant CD46 molecules and the 

measles virus H protein 

We previously developed a binding assay which measured the interaction 

between CD46 molecules expressed in mouse fibroblasts and Sf9 insect cells 

expressin9 both the measles virus H protein and B-galactosidase ( 16, 17). Mutated 

forrns of C m 6  were expressed in mouse OST-7 cells using vaccinia virus 

expression vectors, and Sf9 insect cells were infected for 48 hr with recombinant 

baculoviruses derived with the vector with the BlueBac II vector, which expressed 

Edmonston H protein in addition to P-galactosidrise. Binding assays between 

infected insect cells and mouse cells were perforrned at 37' C for 30 minutes. 

Nonadherent insect cells were washed away and binding between mutant CD46 

molecules and Edmonston H was quantitated with the enzyme substrate O- 

nitrophenylgalactoside (ONPG) as shown in Figure 4.2 The results with the mutant 

CD46 molecules were cornpared to binding obtained with normal CD46. Each 

experiment was performed 3 separate times in triplicate and values were expressed 

as standard deviations from the mean. We only considered major decreases in 

binding to H protein as k ing  relevant. 

Mutation of hydrophobic residues at the arnino terminus of SCRl appeared 

to have very little effect on the binding of CD46 to measles virus H protein. 

However, substitution of tyrosine at arnino acid 54 to serine (Y54S) led to a 30 



TABLE 4.1 Site-specific mutagenesis of CD46 SCRl domain, cell 
surface expression, and reactivity of CD46 mutant proteins with 
specific antibodies 

iMutation" Surfaceb Reactivitv with monoclonal antibodv 
Expression J4/48' E4.3' ~ 9 7 "  

CD46 C2 
E36AE37A 
F l l S  
E42A 
M44S 
EJSA 
L46S/147S 
K 4 9 N K 5  1 A 
Y53S 
Y54S 
E55A 
156s 
E58A/R59A 
voos 
D6 1 A/K63A 
Y63S 
K65AiK66A 
Y6SS 
F69S 
Y70S 
17 1 s  
L74S 
H77A 
179s 
D8 IAIR82A 
N83A 
H84A 
W86S 
L87S 
v s 9 s  
D9 1 iUD92A 

+t+ 
- 
ff+ 
ff+ 
+++ 
ttt 
++ 
- 
- 
- 
+++ 
fff 
- 
+ 
+++ 
+ 
ttt 
++t 

tf+ 
fS-+ 
+++ 
ttt 
ttt 
+++ 
i++ 

ttt 
+++ 
+ 
+++ 
tu 
+++ 

'The CD46 moleculc (isotype C 2 )  was subjected to site-specitic 
mutagenesis 3s described previously. T h e  position of the mutation is indicatcxl by 
the amino acid residue numbered from the  amino terminus of the polypeptide. and 
includes the signal peptide prior to pst-translational cleavage. The letter to the left 
of the nurnbcr indicares the original amino acid. while the letter to the right 
indicates the change. 

' ~ h e  mean tluorescence of C M 6  mutant proteins which were expressed on 
the surface of rnouse OST-7 cells was determined by FACS analysis with CD46  
SCR2 specific monoclonal antibody (M75). Analysis was perforrned twice with an 
srror of I 15%. T h e  surface expression of each mutant is cornpared directiy with 
the wild-type CD46. The percentage of standard expression is indicated as  follows: - 
(no surface expression). + ( ~ 3 0 % ) ;  ++ (3  1%-65%). and +++ (>66%). 

Teactivity of the mutant CD46 molecules with monoclonal antibodies 
J l / l S  and E1.3 was detemined by immunoblot analysis of proteins from ri mutant 
CD46 recombinant vaccinia virus-inkcted ceIl lysate. -. no band a p p d  o n  the 
blot; +. presence of ri faint band; ++-+. indicates the monoclonal antibody recopized 
the mutant CD46 protein. 

*eactivity o f  the mutant C D 4 6  molecules with monoclonal antibodies 
B97 was also determined by FACS analysis. The  mean fluorescence values of 
different rintibodies were nonnalized with wild-type CD46 as describeci in Materials 
and Methods. The surface recognition o f  specific antibody to a c h  mutant was 
cornpared to the reactivity with wild-type CD46. The  percentage of antibody 
recognition is indicated as follows: - (no antibody recognition). + (~30% 
recognition); ++ (3 1%-65% recognition). and +++ (>66% recognition). 



TABLE 4.2 Site-specific mutagenesis of CD46 SCR2 domain, cell 
surface expression, and reactivity of CD46 mutant proteins with 
specific antibodies 

Mutation" SurfaceB Reactivitv with monoclonal antibody' 
Expression M75 122-2 

"The CD46 molecule (isotype C2)  was subjected to site-specitic 
mutagenesis ris describcd previously. The position of the mutation is indicated by 
the amino acid residue numkred from the amino terminus of the polypeptide. iuri 
includes the signal peptide prior to post-translational cleavage. The letter to the left 
of the number indicates the original arnino acid. while the letter to the right 
indicrites the change. 

'The mean fluorescence of CD46 mutant proteins which were expressed on 
the surface of rnouse OST-7 cells was determined by FACS analysis with CD46 
SCR 1 specific monoclonal antibody (JU4S). Analysis was perfonned twice with an 
error of I 15%. The surface expression of sach mutant is comprired directly with 
the wild-type CD46. The pcrcentrige of standard expression is indicated ris follows: - 
(no surface expression). + (~30% expression; ++ (3 I%-65% expression), and +++ 
(>66% expression). 

"Rcactivity of the mutant CD46 molecuies with monoclonal antibodies 
M75 and 133-2 was d s o  determined by FACS analysis. The mean tluorescence 
values of different antibodies were normalized with wild-type CD46 as  describrd in 
Materials ruid Methods. Recognition of spccific antibody by each mutant was 
compared to reactivity with wild-type CD46. The percentrige of antibody 
recognition is indicated as follows: - (no  antibody recognition). + ( ~ 3 0 %  
recognition); ++ (3 1 %-65% recognition). and +++ (>66% recognition). 



reduction in binding and mutations of tyrosine at amino acid 68 (Y68S) and 

phenylalanine at amino acid 69 (F69S) led to more substantial inhibition, ranging 

between 40%-50% (Figure 4.2A). As we expected, mutations of Y62S and W86S 

abolished expression of CD46 molecule on the cell surfàce and OST-7 cells 

containing these mutant proteins did not bind to the H protein (Figure 4.2A). On 

the other hand, mutation of the hydrophobic residues in the SCR2 domain produced 

much more dramatic inhibition without affecting expression of mutant C M  on the 

cell surface. Substitution of Y 101, 1102, V117, M123, F125 and W150 to serine 

completely abolished binding to merisles H protein. In addition, mutation of Y 13 1s 
and L139S produced a moderate 20% reduction in binding while the mutation 

L133S produced 60% less binding (Figure 4.2B). We and others have previously 

shown that when R103 and D1W residues of CD46 were mutated to alanine, 

significant inhibition of binding was also evident (6, 16). suggesting that this 

region of SCR2 might be crucial for interaction with H protein. 

4.3.3 Mapping antigenic epitopes on CD46 which are recognized by 

monoclonal antibodies that inhibit binding to measles virus H protein 

In order to further define specific regions of CD46 which are involved in 

binding to H, we examined the ability of five different CD46 specific monoclonal 

anti bodies to inhi bit interaction between CD46 and mesisies H protein. Monoclonal 

antibodies .J4/48, E4.3. and B97 were previously shown to interact with the SCRl 

domain while 3475 was mapped to the SCR2 consensus region (6, 10, 16, 18). In 

addition. the 122-2 monoclonal antibody was shown to bind SCR2 using CD46 

deletion mutants previously generated in our taboratory (data not shown). Human 

143B osteosarcorna cells expressing CD46 were incubated with a 120 dilution of 

the monoclonai antibody, Sf9 insect cells with H on their surface were added, and 

non-adherant cells were washed away. Binding of insect cells expressing measles 



Figure 4.2 Interaction between mutant CD36 molecules and measles 
H ( Edmonston strain) protein effects of monoclonal antibodies 
(EJ.4. J4/18, B97, 122-2, M75) on binding 
 mutant CD46 rnolecules were expressed on the surface of mouse OST-7 cells using a 

recombinant vaccinia virus expression system and measles virus H protein was 

expressed on the surface of insect Sm cells using recombinant baculoviruses which 

rilso contrtined the B-galactosidase gene. OST-7 and Sf9 cells were incubated for 1/2 

hours. non-adhrrant Sm cells were washed away. and binding was quantitated with the 

ONPG colorimetric rissay. Binding relative to that of normal hurnan CD46 is 

represented on the y-axis o f  the histogram. and the various CD46 mutations which 

were rissayed are presented on the x-axis. (A) Mutations in the SCRl domain which 

were assayed. (B) Mutations in the SCR2 domain which were assayed. ( C )  Effects o f  

SCR 1 specific monoclonal antibodies (E4.3. J448. and B97). and SCR2 specific 

monoclonal antibodies (122-2 and M75) on binding of normal CD46 to  measles 

virus H protein. All results are expressed as means of 3 assüys and standard 

Deviations rire indicated. 





virus H protein and p-galactosidase was quantitated by measunng ONPG 

hydrolysis in a colorimetric assay, and the results are presented in Figure 4.2C. Of 

the SCRl specific monoclonal antibodies, €4.3 appeared to inhibit binding by 

40%. B97 antibody dramatically reduced binding by 80%, while 54/48 only slightly 

blocked binding (42%).  On the other hand, both SCR2 specific antibodies, M75 

and 122-2, appeared to inhibit binding very efficiently (>70%). 

Antigenic epitopes recognized by the 5 different monoclonal antibodies were 

mapped using either immunoblot or fluorescence cytometry analysis. In the first 

approach OST-7 ceIls were infected with the different recombinant vaccinia vimses 

expressing CD46 mutants, cell lysates were prepared, proteins were subjected to 

SDS polyacrylamide gel electrophoresis and transferred to nitrocellulose 

membranes. The immunoblot was recognized by both J4/48 and €4.3 antibodies, 

but failed to react with B97, M75, or 122-2 monoclonals. This result indicated that 

54/48 and €4.3 recognized either linear or partially renatured epitopes from proteins 

on the nitroceilulose. The analysis of 8 representative CD46 mutants is shown in 

Figure 4.1C. Expression of CD46 mutant proteins in al1 OST-7 ceIl lysates was 

verified using ri polyclonal CD46 antibody. A nonspecific protein band which 

migrated with a molecular mass of 6 0  D a  was recognized by the two monoclonal 

antibodies. Both E4.3 and J448 mtibodies appeared to have very similar epitopes 

involving residues at position 36/37 and between amino acids 46-62. The E4.3 

antibody failed to recognize E36A/E37A, L46Sfl47S and Y62S mutants, and had 

reduced recognition for Y53S, Y54S and V60S. Similarly 54/48 antibody failed to 

recognize E36A/E37A, Y53S and Y54S mutants, and had reduced recognition for 

L36SA47S. V60S. Y62S and W86S mutants. Although both of these antibodies 

have very similar antigenic epitopes, these reagents do not inhibit interaction 

between CD46 and H equally. This may be due to differences in the binding 

affinity of these two antibodies with their corresponding epitopes. 



Unlike J4/48 and E4.3, monoclonai antibodies B97, M75, and 122-2 did 

not recognize CD46 on immunoblots and appeared to require native epitopes for 

interaction. We therefore used a second approach based upon fluorescence 

cytomeuy to map the antigenic epitopes for these antibodies. Vriccinia virus 

recombinants expressing mutated CD46 mutant molecules were used to infect OST- 

7 ceils which were subsequently analyzed for reactivity with B97, M75, and 122-2 

rintibodies by fluorescence cytomeuy with M75 and compared to the immune 

recognition of normal CD46. Fluorescence from a standard monoclonal (either 

J M S  or 113-3) reacting with the non-mutagenized SCR was first normalized to the 

same level of fluoresence as from wild type CD46. In most cases non-normalized 

values were already within 10% of each other. The obvious exception was when 

the mutation riffected surface expression of CD46. Foi iowing normalization, the 

signal due to a specific monoclonal antibody reacting with the mutagenized SCR 

was compared to that from the wild type SCR and expressed as a percentage. A 

representative analysis is s h o w  in Figure 4.1B and the resuIts of dl the mutations 

are summarized in Tables 3.1 and 4.2. B97 antibody reacted weakly with C M  

molecules containing the L46fi37 and Y70S mutations. As expectea it did not react 

with the two mutants (Y62S and W86S) which were not expressed on the ceil 

surface. The anti body 122-2 failed to recognize CD46 molecules containing 

Y 10 1 S. F 125s or W 1 SOS mutations, and had reduced recognition for proteins with 

the changes M123S, Y131S. L133S and LL39S. The M75 antibody had a similar 

recopition profile and also did not recognize proteins with F125S and W 150s 

mutations and exhibited reduced binding to molecules containing I102S, M123S, 

Y l3lS, L133S, and L139S changes. Our laboratory and another have previously 

shown that M75 fails to recognize CD46 molecules where polar amino acids 

between RI03 to NI14 were replaced with alanine (6, 16). The significance of the 

epitope mapped by the W 150s mutation is not clear, but this mutation also inhibits 



the binding of CD46 to H. We believe that the region containing YlOl,  R103, 

N I  14, and F125 must be critical for the interaction between CD46 and H. It seems 

important to note that the residues implicated as forrning antigenic epitopes for both 

1M75 and 122-2 antibodies coincided with regions in SCR2 where mutations 

produced the most drastic effects. 

4.3.4 Molecular model showing amino acid residues o n  CD46 which 

seem to be important in binding to measles virus H protein 

The SCRl and SCR2 domains of CD46 have previously ken  modeled 

based upon the sirnilx SCRlS and SCR16 domains of Factor H, another member 

of the RCA family (3, 6, 29, 33). Using the RaslMol 3.6 MoIecular Graphics 

Visualisation Program and the coordinates for the CD46 SCR 1 and 2 domains from 

the hypothetical mode1 which were provided by Drs. Roberto Catteneo and Werner 

Braun (33), we were able to visualize the locations of different amino acids 

contributing to the antigenic epitopes recognized by the inhibitory monoclonal 

antibodies (Figure 4.3). We also mapped the regions where site-directed mutations 

yielded reduced binding between CD46 and H (Figure 4.4). For the most part. dl 

mutations which correlate with the reduction or abolition of binding are located on 

the same face of the model (Figures 4.3A and 4.4A). Hydrophobic arnino acids 

involved in forrning the antigenic epitopes for E4.3, and J4/48 antibodies (L46. 

147, Y53, Y54, V60) are clustered together in the upper left hand corner of Figure 

4.3A. This region lies directly above €45 and adjacent to the 58ERS9, residues 

which were previously implicated in binding studies following mutagenesis to 

alanine (16). The antibody E4.3 has also been shown, through site-specific 

mutagenesis. to interact with E36, €37, E42. E45, K49, K5 1, E55, E5S. and R59 

(6, 16). which lie directly behind these hydrophobic residues (Figure 4.3B). The 

monoclonal antibody 54/48 was deterrnined by our laboratory to have a similar 



Figure 4.3 Antigenic epitopes on SCRl and SCR2 that are recognized 
by specific monoclonal antibodies which inhibit binding between 
measles virus H protein and CD46 
Assays were performed as described in Tables 4.1 and 4.2. Molecular models of  

CD46 SCRl and 2 domains were visualized using the space filled option of the 

RasMol 2.6 Molecular Graphic Visualization Program. In the SCRl domriin. orange 

coloured residues represent antigenic sites which react with all three (J4/48, €4.3 and 

B97) antibodies; green residues represent antigenic sites recognized by both J4/48 

and E4.3 rintibodies; yellow residues correspond to arnino acids interacting with B97. 

In the SCRî, domain. blue residues are recognized by both 122-2 and M75 

antibodies. whereris the red residues rericted only with the 122-2 monoclonal 

antibody. (A)  The face of the mode1 upon which most antigenic residues are located. 

( B )  An opposite rerir view of the mode1 ( 180 degree rotation). 





Figure 4.4 Representation of residues implicated in binding of the 
measles virus H protein to CD46 SCRl and 2 domains 
.Molecular models of CD46 SCRl and 2 domains were visualized using the space 

filled option of the RasMol 2.6 Molecular Graphic Visualization Program. In the 

SCRl domain. orange residues represent hydrophilic amino acids which reduce 

binding when rnutated to alanine. while green residues are the hydrophobic amino 

acids which affect binding when mutated to serine. In the SCR2 dornain. blue 

residues represent hydrophilic amino acids which reduce binding when mutated to 

alanine. and red residues are the hydrophobic amino acids that affect binding when 

mutated to serine. (A) The face of the model upon which residues most sensitive to  

change rire siturited. (B) A rear view of the model (180 degree rotation) is shown. 





recognition pattern (Table 4.1 ). Thus, the antigenic recognition site for E4.3 and 

J4/48 appears to straddle the top portion of SCRI. On the other hand, B97 

anri bodies appear to interact w i th another partially overlapping region cornposed of 

the hydrophobic arnino acids L46, 147. and Y70 and the polar arnino acids R59, 

D6 1, and K63. This antibody appears to interact with the front face of SCRl 

(Figure 3.3A). Taken together, the monoclonal mtibody inhibition and site-specific 

mutagenesis results indicate that R59 is a key residue in SCRI-H protein 

interaction, since it is common to al1 epitopes. Residues Y63 and W86 appear to be 

interna1 residues which constitute the hydrophobic core of SCRI and coufd act to 

hold the domain together. Therefore, mutation of these two arnino acids to serine 

could result in misfolding and account for the loss in C M  surface expression 

(Figure 3.2A and B). Amino acids Y68 and F69 are located below the predicted 

epitopes for E4.3, W48, and B97 antibodies, but they may play some role in H 

protein interaction, since changes at these positions does yield 50-5596 inhibition in 

binding. However, mutations at Y 101. 1102. Y 117, M133, and F125, and Wl5O 

in the SCR2 domain produce dnmritic and almost total inhibition of binding. 

Exriminrition of the model reveals that M133, F125. and W 150 are buried residues 

and they may heIp retain the active conformation of SCR2. Changes at these 

residues may result in global distortion of SCR2 and thereby affect both receptor 

binding and monoclonal antibody recognition. Antigenic epitopes for the M75 and 

122-2 monoclonal antibodies appear to contain Y 101, 1102, R103, D104, and 

N 1 14 residues. Changes at Y 13 1, L133, and L139 also reduce recognition by M75 

and 122-2, but again these residues appear to be buried and mutation of these 

residues probably affects the antigenic epitope through disruption of the overail 

SCRî conformation. SCR2 residues implicated in binding to H al1 lie on the front 

side of the model (Figure 4.3A). R103, Dl04 and N114, are also situated near the 

YI01 and 1102, have also previously been shown to affect binding (16). The 



glycosylation site at NL 14 lies opposite to these residues, and although it was 

previously shown to be important for binding, mutations of this residue only 

inhibited interaction between CD46 and H by 45% (16). The carbohydrate 

associated with this region may serve as a spacer to orient SCR 1 and SCR2 relative 

to each other nther than k i n g  actively involved in binding to H protein. (Figure 

4.3A). The interpretation of Our CD46 mutagenesis results must still be approached 

with some caution, since the changes may not always produce localized effects. 

Instead, they rnny cause altentions in the global structure of the molecule. An exact 

rissigrnent of residues directly involved in receptor binding awaîts the 3-D 

structural determination of CD36 and the mesisles virus H protein. 



4.4 Discussion 

A similar approach involving site-specific mutagenesis and the mapping of 

inhibitory monoclonal antibody epitopes has previously been used dissect the 

regions of CD4 (amino acids 39-59) which interact with the 33120 envelope protein 

of HIV-1 (1, 2.4, 5, 8, 19, 3 1, 35, 38. 40). Residues F43 and R59 of CD4 were 

found to be critical for interaction with 0368, E370, and W427 of gp120 through 

these mutagenesis studies. These results have recently been borne out through 

crystalIographic data obtained from a complex of the two terminal domains of CD4 

and gp120 (21). CD4 resides (spanning amino acids 25-64) insert into a 

depression consisting of 26 amino acids derived from 6 different segments of 

gp120. Synthetic peptides were also employed by other laboratories in attempts to 

map binding regions on CD4, but these experiments led to contradictory results 

( 19, 23, 24). Initially we also attempted to perfom peptide inhibition studies with 

measles virus and CD46 by using 25-amino-acid peptides derived from dl regions 

of SCRL and SCRÎ. but in our han& peptides at concentrations as high as 200 pM 

had no effect in Sf9-H binding and measles virus infectivity assays. We presumed 

that the interaction of measles virus hemagglutinin with CD46 depended more on 

conformational epitopes rather than linear peptide regions. Our results usinz 

mutagenesis and inhibitory monoclonal antibodies implicate E45, 58ER59. Y68. 

F69, Y 101. Iloz, R103, D104, N114, Y 1 17 in the binding of SCRl/SCR2 

domains of CD46 to measles virus hemagglutinin. The carbohydrate attached to 

Pi1 14 probably does not participate directly in binding, but may serve to correctly 

orient SCRl with respect to SCR2, and may act to favor binding indirectly. Three 

dimensional analysis using X-ray crystatlognphy and NMR should eventually 

complement these studies. 



Two other groups have attempted to map the regions of CD46 which bind to 

measles vims H protein. One laboratory used a series of 26 overiapping peptides 

spanning SCRl and SCR2 to inhibit measles virus infections (29). These 

investigators found that peptides derived from Y70-V89 in SCR 1 and El 18-El37 

in SCR2 could inhibit infections and virus-mediated hemagglutination of monkey 

red blood cells at concentrations of 100 PM. In addition, these researchers 

exchanged the peptide regions implicated in binding with analogous stretches of 

arnino acids from C D S ,  another member of the RCA family. They found that the 

CD55 polypeptide regions introduced into CD46 blocked viral infections. The 

opposite experiment whereby putative CD46 binding regions were introduced into 

CD55 was not reported. However, we previously found that CD46 did not tolente 

multiple amino acid changes in almost al1 regions of SCRl and SCR2 (16). so these 

results with chimeric CDS-CD46 should be interpreted with caution. The results 

of this laboratory imply that measles vims H protein intemcts with linear peptide 

domains on SCRl and SCR2 and led these investigators to propose a mode1 for 

CD46 based upon a known 3-D stucture of the SCR's from factor H (3). 

Another Iaboratory has used an approach similar to ours to map the H 

protein binding domains of CD46 (6). A series of 40 mutations were introduced 

into the SCRl and SCR2 domains which changed mriinly polar amino acids to 

alanine. The effect of these CD46 changes on binding to soluble recombinant H 

protein was measured by FACS analysis. This method proves to be less sensitive 

than our binding assay which amplifies the H binding signal through 8- 

gülactosidase which is also expressed in the insect cells. In addition, the 40 

mutations were used by the other laboratory to map the binding sites of 1 1  

monocIona1 antibodies which block the interaction of H protein with CD46. The 

mutations E45A, K63A, P73A, and DIWA reduced binding to H protein. It was 

surprising that these single amino acid mutations did not have a greater effect on 



bindins to soluble H, but this could be related to the sensitivity of their assay. In 

addition, 4 of the monoclonal antibodies tested, E4.3, .i4/48, B97, and M75, were 

the sarne as those tested in Our laboratory. For the most part, these rnonoçlcnals 

mapped to the same regions of CD46 as presented in our paper. As we found, the 

B97 and M7S antibodies were highly efficient in blocking H protein attachrnent to 

CHO-CD46 cells, and E4.3 and J4-48 were less effective in biocking binding. B97 

mripped to R59, D6 1, and K63 in their hands and E58/R59, D6 1, and K63 in our 

experirnents. M75 mapped to R103 and 4124 in the other goup's experiments and 

1102. 103RD104. N114, and Ml23  in Our experiments. E4.3 antibody reacted 

with E36 and E37 in both Our hands, but also appears to involve L46A47 and 

K49/K5 1. Slight differences in mapping the epitopes of these monoclonal 

antibodies may be related to the fact that we utilized immunoblots as well as FACS 

analysis to monitor the change of reactivity of antibodies towards the mutant 

proteins. We concluded that 54-48 antibody intencted with SCR 1, based upon 

previous publications (6. 18, 39), and that its epitope consisted of residues 

K19/K5 1. YS3, Y54, E58R59, and V60. 

Our results indicate that E45, Y54, E58/R59, Y68, F69, Y 101, 1102, 

R103/D104. Y 1 17 seem to be critical residues for the binding of CD36 to measles 

virus H protein. Hydrophilic interaction with R59 in SCRI, as s h o w  in our 

prcvious publication (16). and hydrophobic bonding with residues Y68, F69. 

YlOl, 1102. and Y117 seem to be especially important. Other hydrophobic 

residues such as Y62, W86, M123, F125, L133, and WI50 appear to be buned 

and substitutions of these arnino acids probably distort the overall conformation of 

SCRl and SCR2 and indirectly inhibit binding of H to CD46. Amino acids 

implicrited in binding seem to lie on one face of SCRl and SCR2. Our stmctural 

interpretations conceming the role of individual amino acids in binding is based 

upon the most likely mode1 structure derived by superimposing the amino acids of 



CD46 SCR 1ISCR2 on the related 3-D structure of Factor H domains 15/16 (33). 

The interpretation of Our data is also made with the understanding that individual 

amino acid changes could distort the global structure of CD46 and indirectly affect 

its binding to H protein. A similar modeling approach has also been applied to the 

four SCR domains of the related CD55 molecule (20). While the conformations of 

SCR 1 and SCR2 are generally predictable, uncertainty is denved by possible 

rotation about the hinge region between the 2 domains. Other viruses such as 

Epstein-Barr virus (EBV). coxsackie viruses. and echoviruses also bind to 

rnernbers of the RCA complement regulatory family (7,33). In each of these cases, 

the virus appears to react with 2 or 3 domains of their receptors. EBV reacts with 

the 2 terminal domains of CD21 and Coxsackie vinises and echoviruses bind to 

SCRî-4 of CD55. Confirmation and a more precise assignment of the residues 

invol ved in CD46-H binding will depend upon the elucidation of 3-D structures of 

CD46 and the measles virus H protein through NMR and X-ray crystallogaphy 

studies. which is currently under way in our laboratory. 
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Chapter 5: Conclusion 



5.1 Summary and Discussion 

The World Heal th Organization (WHO) has recentl y targeted measles vi ms 

as a candidate for global endication (7). However, this task may be harder than it 

seems. Since the introduction of the two-dose measles vaccine in developed 

countries such as Canada and the US, the rate of measles infection has decreased 

dramaticdly (17). Nonetheless in developing countries, measles still remains the 

number one killer in chi ldren, resulting in more than 1.5 million deaths each year. 

The hallmark of the measles infection is the presence of a rash. which develops 14 

driys post initial exposure to the virus. In addition, measles virus infected patients 

are usually immunosuppressed subsequent to the disease (2 1,42). In fact, the high 

monality rate of measles is a direct result of the secondary infections caused by 

immunosuppression associated with the virus (20). 

Measles virus is a member of the Parurrzyrot~in'due virus family. Other 

vimses in this family are mumps, Sendai, canine distemper virus and respiratory 

syncytia virus (30).  mea as les virus is composed of a non-segmented negative strand 

RNA genome that is associated with the N, P and L proteins. These three proteins, 

together. mediate viral transcription and replication. The virion aIso contains the 

matnx protein (M), which is essential for the packaging of the virus. The 

membrane of the virus consists of two different glycoproteins, hemagglutinin (H) 

for attachment and fusion (F) for subsequent viral entry. 

Dorig et uI. and Naniche et al. identi fied CD46 protein as a receptor for the 

Edmonston laboratory strain of measles vims ( 16, 37). As one of the complement 

regulatory proteins, CD46 normaIly inactivates the complement activation pathway 

by interacting with the factors, C3b and C4b. CD46 serves to prevent non-specific 

lysis of the host cell by the complement system of the host celIs (32). The structure 

of CD46 consists of 4 short consensus repeat domains (SCR), a 



serine/threonine/proline rich region, a transmembrane region and a cytoplasmic tail. 

Distinct SCR regions are recognized by complement factors and measles virus. The 

cornplement factors bind to SCR3 and 4 and measles virus binds to SCRl and 2 

( 2 2 .  25, 34). Detailed mapping of the CD46 regions important for measles virus 

binding was perforrned (Chapter 2,4).  Specific monoclonal antibodies were used, 

ris well as site-specific mutagenesis, where chaqed residues were mutated to 

alanine and the hydrophobic residues were changed to senne. The effect of these 

changes on measles virus binding was rnonitored through ri binding rissay that 

rneasured the interaction between insect cells expressing the measles virus H protein 

and OST-7 cells expressing mutant CD46 proteins. The amount of interaction was 

quantified using a colormetric assay for the 0-galactosidase activity present in the 

insect cells. The mutagenesis results indicated that mino  acids E45, Y53, 

ESS/R59, Y68 and F69 of the SCRl domain and Y 101, 1102, R 103, D 104. and 

Y 117 of the SCRZ domain are important for interaction with the H protein of 

measles virus. Furtherrnore, the antigenic epi topes of five monoclonal an ti bodies. 

which  inhibited the interaction between CD46 and measles virus H protein, 

rippeared to map to the sarne amino acids that led to loss of binding following 

mutation. Finally, the SCRl and 2 domains of CD46 were modeied through three- 

dimensional structural data of a functionally analogous protein, SCR 15 and 16 of 

factor H ( 5 ,  12, 33. 35). Amino acids implicated for binding through site-specific 

mutagenesis and monoclonal antibodies studies appeared to be located on the same 

plrinar face of the SCRl and 1 domains. Recently the crystal structure of SCRI and 

3 domains of CD46 was solved (13). Using the SCRl and 2 crystal structural 

coordinates provided by Casasnovas et al., we were able to visualize the effect of 

Our site-specific mutations on this crystal structure with the RasMol 2.6 Motecular 

Graphics Visualization Program (Figure 5.1). Both the crystal structure and the 

previously published mode1 structure revealed that each domain folds into 



Figure 5.1 Visual representation of residues implicated in binding of 

the measles H protein to CD46 SCRl and 2 domains 
CD16 SCRI and 2 domains were visualized using the space filled option of the 

RasMol 2.6 Molecular Graphic Visualization Program. In the SCRl domain. orange 

residues represent hydrophilic amino acids which reduce binding when mutated to 

alanine. while green residues are the hydrophobic amino acids which affect binding 

\vhen mutrited to serine. In the SCR2 domain. blue residues represent hydrophilic 

amino acids which reduce binding when mutated to alanine. and red residues are the 

hydrophobic amino acids that affect binding when mutated to serine. (A) The face of 

the rnolecular mode1 we used in chapter 4 upon which residues most sensitive to 

chansr: art3 situated. (B) The same view of the CD46 crystal structure published by 

Casasnovas er c d .  showing the identical residues. 





P-barrels. which consists of antipdlel B-sheets joined togerher by 1 disuIfide 

bonds. The hinge region of the SCRL and 2 domains creates a concave grmve and 

provides limited perpendicular rnovement between the two domains. Examination 

of the critical residues implicated by Our mutation studies in ternis of the 3-D crystal 

structure supports Our previous hypothesis that measles virus I-I protein binds to 

same face of the SCRl and 2 domains of CD46 (13, 23). Nonetheless, the exact 

interaction between the H protein and CD46 will only be elucidated by future 

structure studies through X-ray crystal lography of an H-CD46 cornplex. The 

vrilidity of the above approach used in the interaction studies between CD46 and 

measles virus H protein was demonstrated by HIV studies (3, 4,  10, 1 1 ,  14, 26). 

More precisel y, the recent crystallographic data descri bing the interaction between 

CD4 and M V  gp120 protein confirmed that residues which were previously 

implicated in binding, through mutagenesis and antibody approaches, were actually 

invoived in ,OP 120-CD4 contact. (29). 

Our laboratory has demonstrated that South Amencan monkeys have a 

deletion of their SCRl domain of the CD46 molecules through a post- 

transcriptional splicing of CD46 mRNA (Chapter 2). Furthermore, cell lines 

denved from the South American monkeys were shown to be resistant to the 

Edmonston laboratory strain of measles virus, which uses CD46 as receptor for 

viral entry (22). Therefore, we predicted that South American monkeys. such as 

marmosets. should be resistant to infection by the Edmonston laboratory strain of 

measIes virus. However. researchers in the early 1980s have reported that South 

Amencan monkeys, including the common marmoset and squirrel monkeys, are 

susceptible to infection by the wild-type strains of measles virus (1, 2). They 

exhibit severe gastroenterocolitis and immunosuppression. This revelation, dong 

with reports that wild-type measles virus failed to hernagglutinate African green 

monkey erythrocytes, which express functional CD46 on their surfaces, led us to 



speculate that wild-type strains of measles virus might use another receptor for 

en try. 

We have previously demonstrated that wild-type measles virus cm not be 

propagated in owl monkey or marmoset kidney ce11 lines, but is able to replicate 

efficientty in B95-8 marmoset B ce11 lines without a need for adaptation to ce11 

culture (Chapter 3). This growth phenotype suggestes that the wild-type virus uses 

another receptor present on B cells. In addition, antibodies directed against CD46 

had pxtirilly inhibited infection of B95-8 cells by the Edmonston labomtory strain 

of measles virus. but had no effect on wild-type vin1 infections of B95-8 cells. 

This evidence indirectly irnplies that both the wild-type strains and the Edmonston 

laboratory strain of measles virus can use the unknown receptor on B95-8 cells for 

entry (24). Both Murakami et al. and Brutz et al. have also reported similar 

findings (6. 36). A direct binding assay, with insect cells expressing the 

hemagglutinin (H) proteins of either the Edmonston laboratory or wild type 

(Montefiore 89) strains of measles virus, was used to evaluate the interaction 

between the H proteins and the receptors. insect cells expressing the Edmonston 

laboratory H protein, but not the wild type H protein, bound to CHO cetls 

expressi ng CD46 on their surface. Conversel y, both the Edmonston laboratory and 

the wild-type H proteins can bind to B95-8 celfs. We established that the CD46- 

binding phenotype is detennined by a single mino acid at position 48 1 of the ff 

protein. Most wild-type H proteins have an asparagine residue at position 481 and 

c m  not bind to CD46 Mutating this amino acid to a tyrosine residue converted the 

wild-type H protein to a CD46 binding molecule. On the other hand, the 

Edmonston laboratory strain of H protein has a tyrosine at position 481 and can 

bind to CD46 effectively. Similarly, binding to CD46 by the Edmonston H protein 

was abolished when the residue at position 481 was mutated to asparagine. 

Interestingly, both sets of mutants did not affect binding to B95-8 cells. These 



results provided evidence, through the use of a novel binding assay developed in 

our laboratory, that another receptor for measles virus is present on primate B cells 

(34). 

The presence of another receptor may explain the susceptibility of marmoset 

monkeys to rneasles virus infection even though their CD46 SCRl domains are 

missing. The identity of this unknown measles virus receptor may also elucidate 

the natuml course of measles infection. Since measles is normally spread by 

rierosoI to the nasopharynx. we speculate that the primary cellular target for the 

virus may be activated lymphocytes in the respiratory tract. In the early days of the 

viral disease, measles virus may initially use this unknown receptor to infect 

activated lymphocytes that subsequently facilitate the spread of the virus to the local 

lymph nodes. where viral replication occurs. As the virus spreads through the 

body. a btock at the level of the receptor prevents the virus from infecting other 

types of cells and organs. At this point, a N48 IY mutation in the H protein favors 

the use of the CD46 receptor for entry. The mutated virus is now able to infect 

other organs such as kidneys, Iiver, lungs and endothelium and epithelium of the 

skin resulting in the acute measles diseüse, This hypothesis is supported by the fact 

that continuous passages of wild-type rneasles virus in Vero cells yields a similar 

mutation at position 481 of H protein and results in the use of CD36 as a p n m q  

receptor for subsequent infection of the virus. 

Changing viral tropism through a minor mutation in viral surface proteins is 

not without precedent. The epitome for such a shift was recently reported in the 

human immunodeficiency virus (HIV) which initially infect macrophages through a 

chernokine receptor, CCRS. The HïV virus subsequently makes minor changes in 

its V3 loops of the envelope protein and infects T ceils through another chemokine 

receptor, CXCR4 (15. 31). While the transmission of HIV virus from one 

individual to another is predominantly through the macrophage tropic HIV virus, it 



is the T ce11 tropic virus that leads to AIDS in a single individual (15). There are 

other exarnples rissociated with minor changes in virai attachment proteins that 

dictate the receptor usage. Coxsackie B viruses can use either CD55 or CAR as 

receptors depending on the cell lines used to propagate the virus (8, 9). In extreme 

cases, some viruses c m  even change animal tropism through srnaII changes in 

attachment proteins. For example, Ross River virus, a member of the togavirus 

hmily, crin switch its tropism among mosquitoes and humm with single amino acid 

changes in the E l  and E2 viral membrane proteins (28). Therefore, it is highly 

plausible that a minor change in the hemagglutinin protein of the measles vims can 

dictüte the specificity for different ceiluiar receptors utilized during the course of 

rneasles infection (24). 

5.2 Present and Future Experiments 

The identity of the rneasles virus receptor on lymphocytic cells is still 

unclex. Our laboratory has begun the search for this unknown receptor. Using the 

binding assay developed in our laboratory, we have been able to establish that the 

unknown merisles virus receptor is present on activated human B cells, myelorna B 

cells. and some lymphoma B cells. Conversely, the unknown receptor is absent on 

human T cells such as Jurkat and Molt 4 and resting B ceils such as BJAB (Tabie 

5.1). Furthermore. the resting BJAB cell line cm be induced to express the 

unknown measles virus receptor through LPS activation. These results imply that 

the unknown measles virus receptor is located on the surface of the activated B cell. 

We have subsequently assessed the ability of known B cell activation markers to 

function as a wild type measles virus receptor using our binding assay. We have 

expressed the following markers on the surface of the Chinese hamster ovary cells 

containing poiyoma large T antigen (CHOP): CD9, CD10, CD19, CD20, CD21, 



Table 5.1 Binding of wt Measles H to Lymphoid Cell Lines 

CeII Line 

Raj i 

Daudi 

B95-8 

LA3 

H929 

M y 5  

OCI-3 

OCI-7 

OCI-8 

OCI- 1 s 
Cassman 

BJ AB 

BJAB 

Jurkat 

iMolt 4 

OC1- 17 

K 5 6 3  

U937 

Tvue of Cell 

activated B 

activated B 

activated B 

activated B 

myetoma B 

myelorna B 

lymphoma B 

lymphorna B 

lymphorna B 

lymphorna B 

lymphorna B 

resting B 

LPS act B 

leukemia T 

leukemia T 

Irukernia T 

myel. leukemia 

premyel. Ieuk. 

B ind in~  Edmonston H 

+ff 

i-t-t 

-H+ 

+ff 

+++ 
tt-t 

4-H 

tt-t 

4 - H  

ftf 

++ 
f++ 

+++ 

t t - t  

t+f 

tu 

i4-t 

+++ 

Hematopoietic cancer ceils were obtained frorn Dr. Hans klessner at OCI. Cells were 
frorn Bcell lyrnphoma. T cell leukemia. rnyeloid leukernia. and premyeloid leukemia 
patients. Cells were assayed for binding to "blue" insect cells expressing Edrnonston 
H or  montef fi ore 89 H proteins which also expressed B-galactosidase. Positive 
adherant cells bound blue cells whiie positive suspension cells clumped in the 
presence of Sf9 cells expressing MV H protein. 



CD23, CD24, CD25, CD37, CD39, CD40, CD54, C60, CD79, CD86 and CD1 19. 

None of these activated B cell markers, however, are able to bind wild-type H 

protein in our assay. 

Currently, two other approaches are being irnplemented in our laboratory to 

identify the unknown measles virus receptor. The first approach utilizes a cDNA 

expression library prepared frorn B95-8 cells, and the second approach involves the 

generation of inhibitory monoclonal antibodies directed against surface proteins of 

B95-S cells. Both approaches require a very sensitive and effective screening assay 

in order to yield reliable results. In the past, the hemagglutination assay and virus 

infectivity assays have k e n  used to identify CD46 as the rneasles virus receptor. 

The hemagglutinin assay involves incubating African monkey erythrocytes, which 

express CD16 with the Edmonston Iaboratory strain of measles virus. The virus 

ricted as a "bridge" mediating binding between adjacent erythrocytes. On the other 

hand. the virus infectivity assay involves inoculating measles virus with cell lines, 

which express CD46 on their surface. Since measles virus infected ceils express 

viral proteins. H and F, on their ce11 surface, measles virus infection can be 

confinned with a specific antibody against the viral proteiris. The presence of 

measles virus is imperative for the success of both assays. Unfortunately, wild- 

type merisies virus does not hemagglutinate African monkey erythrocytes; therefore. 

the hemagglutinin assay cannot be used for the screening of the unknown measles 

receptor. The virus infectivity assay is atso not a very sensitive method for 

screening because measles virus is a very "sticky" virus. Frequentiy, in culture, the 

virus can non-specifically attach to and enter ceIls that do not have the viral receptor 

on their surface and produce high backgrounds in the assay. To overcorne these 

limitations. we decided to genente soluble wild-type H protein and subsequently 

use i t as the probe for the receptor. The interaction between the soluble H protein 

and the receptor can be analyzed using a rnodified binding assay (Figure 5.2). 



Figure 5.2 Soluble measles H protein binding assay 
Soluble rneasles H protein will be used in a binding assay. Celts with receptors for the 

H protein will bind to soluble H protein. This interaction can be quantified in a FACS 

scan analysis assay using specific monoclonal antibody against the H protein and 

FITC conj ugated anti-mouse IgG antibody. Conversely. cells without the viral 

receptor will not bind t o  soluble H protein and cannot be detected with anti-measIes H 

antibody. 





A specific monoclonal antibody against the H protein is used for quantitation of H 

binding in a FACS scan analysis assay. 

Previous reports have indicated that even minor mutations of the 

hemagglutinin protein can affect the biological activity of the H protein so it is not 

inconceivable that a single amino acid change at position 48 1 could affect the ability 

of H to bind to CD& (18). Recently. Sato er al. reported the generation of a 

functionally soluble H protein by dipesting the Edmonston laboratory strain of 

merisles virus with Asp-N endoproteinase (40). Using the digestion map of the H 

protein provided by Sato cf .if. as a blueprint, we insened a thrombin cleavage 

sequence at position 135 of the baculovirus recombinant expressing the wild-type 

measles H protein (Figure 5.3A). No effect on the binding ability of the modifieci 

wild-type H protein to B95-8 cells was observeci (data not shown). After treating 

the insect cells expressing H protein with thrombin, the soluble H protein in the 

media was partially purified by ion exchange chromatography. The purified soluble 

H protein was subsequently analyzed for biological activity using a modified 

binding rissay (Figure 5-38). B95-8 cells and Jurkat cells were incubated with 

either partially put-i fied soluble wild-type H protein or wi th a diffèrent unrelated 

soluble protein as a negative control. The cells were tested using monoclonal or 

pol yclonal an ti bodies directed against the H protein and anal yzed by FACScan 

analysis. B95-8 cells exhibited a shift in fluorescence due to the presence of the 

wild type soluble H protein interacting with the unknown receptor on the cell 

surface. Conversely, the Jurkat cells did not exhibit a shift in fluorescence because 

they do not express the wild-type measles receptor (Figure 5.3C). Using soluble 

wild-type H protein as a probe in the binding assay appears to be very effective in 

reducing the high backgrounds that was previously observed using measles virus as 

a probe. Therefore, this modified binding assay will be used to facilitate the cDNA 



Figure 5.3 Soluble meastes H protein binds to B9S-8 cells but not 
Jurkat cells 
A thrornbin cleavage sequence was inserted rit position 135 of the baculovirus 

recombinant expressing the wild type measles H protein. The recombinant H proteins 

was treated with thrombin and was subsequently purified by ion exchange 

chromatography (A). Following incubation with soluble H protein and mouse anti- 

measles H antibody. the cells were treated with FITC-labeled gorit anti-mouse IgG. 

The Iabeled cells was resuspended binding buffer and analyzed using rt Beckton 

Dickinson analyzer equipped with a 15 m W  argon laser at 488 nm. The data were 

collected and analyzed using Ce11 Quest software. Cell counts are indicated on the y- 

axis and the logarithm of the fluorescence intensity is represented on the x-axis. (B) 

F.4CS analysis of soluble H protein binding to B95-8 cet1 (red line) vs. B95-8 cells 

wirhout H protein (green Iine). (C) Soluble H protein binding to Jurkat cells (red 

line) vs. Jurkat cells without H protein. 
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expression cloning screening approach and the monoclonal antibodies inhibition 

screenins approach in Our iaboratory. 

Screening for receptors with a cDNA expression library has k e n  used 

previously to identify the echovirus receptor, herpes virus receptors and mouse 

mammary turnor virus receptor (19,27, 41). We propose to constmct a rnarmoset 

B cell cDNA expression library by isolating mRNA from the B95-8 cells and 

cloning it into the expression vector pcDNAl. 1. This vector has a strong CMV 

promoter and a polyomdSV40 origin of replication which c m  replicate in the 

trmsfected celk and yield high level of protein expression in CHOP or Cos-7 cells 

which contain the polyoma or SV40 large T antigen. 36 hours post transfection. 

the cells will be incubated with soluble wiid-type H protein and H monoclonal 

antibody followed by goat anti-mouse antibodies conjugated to magnetic beads. 

The transfected cells that bind to the soluble H protein will be selected with a 

magnet and the transfected plasmids will be recovered by the Hirt extraction 

technique to release episomes that encode the putative receptor. The plasmid 

encociing the receptor will be arnplified by transformation of Top 10 

electrocompetent bacterial cells. The identity of the receptor will be deterrnined by 

DNA sequencing using the T7 and T3 pt-imers which flank the multiple cloning site 

of the pcDNA 1.1 plasmid. The cDNA expression cloning approach wi I l  only be 

successful if  the viral receptor consists of a single molecule. If wild-type measfes 

virus utilizes a receptor complex that is composed of several molecules, this 

approach may fail to yield a result. 

The limitation of above approach can be overcome with another more labor 

intensive method, the monoclonal antibody inhibition of virus binding approach, 

which has also been used by others to identify molecules present in a receptor 

complex. For example. monoclonal antibody inhibition was used to identify CD46 

as a receptor for the Edmonston labotatory strain of measles virus (37-39). A 



similar approach could be used to identify the wild-type measles virus receptor. We 

propose to generate a battery of monoclonal antibodies directed against the surface 

proteins of B95-8 cells. The FACS analysis assay that was described previously 

will be used to screen for specific monoclonal antibodies that cm inhibit wild-type 

soluble H protein attachment to B95-8 cells. Finally, monoclonal antibodies which 

inhibit binding could be used to immunoprecipitate the viral receptor from a B95-8 

ceII lysate, and the identity of this irnmunoprecipitated protein would be determined 

through N-termi na1 sequencing. 

Finally. we propose to establish that the N481Y mutation of the 

hemagglutinin protein occurs during the natural course of measles disease (24). 

Since African monkeys, such as Rhesus macaque, sustain an infection similar to 

that in humans, we propose to inoculate macaque monkeys with a wild-type stnin 

of measles virus and study the phenotype of the H protein at position 48 1 dunng 

different stages of measles. The mRNA of the measles H from lymphoid tissues 

(spleen. tonsils. nasopharyngeal exudate and penpheral blood cells) and non 

lymphoid tissues (liver, kidney, brain and skin) of the infected monkeys wilI be 

isolated and sequenced. This experiment will determine whether a switch occurs 

from the lymphocyte specific receptor to CD46 through a single arnino acid 

mutation (N to Y) at position 48 1 of the H protein dunng the course of infection. 

5.3 Final Remark 

The identity of the wild-type measles receptor will help to further 

characterize the natural course of measles virus infections iri vivo. In addition, the 

normal celluiar functions associated with this yet unidentified measles receptor may 

answer many questions surrounding the disease, such as the well documented 

phenornenon of measles associated immunosuppression. More importantly, the 



technologies developed and the information obtained in Our laboratory while 

studying measles virus cm be applied to other tess understood pathogens such as 

hepatitis B virus and hepatitis C virus, Ultimately, we hope that the knowled=e 

contained in this thesis may contribute to the devetopment of anti-viral measles 

treatments that may complement the already existing viral vaccines and eventually 

lead to the global endication of measles. 
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