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Sequence analysis of the murine gammaherpesvirus 68 (gHV68) genome revealed an open reading frame
(gene 4) which is homologous to a family of proteins known as the regulators of complement activation (RCA
proteins) (H. W. Virgin, P. Latreille, P. Wamsley, K. Hallsworth, K. E. Weck, A. J. Dal Canto, and S. H. Speck,
J. Virol. 71:5894–5904, 1997). The predicted gene 4 product has homology to other virally encoded RCA
homologs, as well as to the complement-regulatory proteins decay-accelerating factor and membrane cofactor
protein. Analyses by Northern blotting and rapid amplification of cDNA ends revealed that gene 4 is tran-
scribed as a 5.2-kb bicistronic transcript of the late kinetic class. Three gHV68 RCA protein isoforms (60 to
65 kDa, 50 to 55 kDa, and 40 to 45 kDa) were detected by Western blotting of infected murine NIH 3T12
fibroblast cells. A soluble 40- to 45-kDa isoform was detected in the supernatants of virally infected cells. Flow
cytometric analysis revealed that the gHV68 RCA protein was expressed on the surfaces of infected cells.
Supernatants from virally infected cells contained an activity that inhibited murine complement activation as
measured by inhibition of C3 deposition on activated zymosan particles. Recombinant gHV68 RCA protein,
containing the four conserved short consensus repeats, inhibited murine C3 deposition on zymosan via both
classical and alternative pathways and inhibited deposition of human C3 on activated zymosan particles.
Expression of this inhibitor of complement activation, both at the cell surface and in the fluid phase, may be
important for gHV68 pathogenesis via the inhibition of innate and adaptive immunity.

Gammaherpesvirus 68 (gHV68) (also known as murine
gammaherpesvirus 68 or MHV-68) is a gammaherpesvirus re-
lated to herpesvirus saimiri (HVS), Epstein-Barr virus, and
Kaposi’s sarcoma-associated herpesvirus (KSHV) (human her-
pesvirus 8) (13, 14, 65). gHV68 was first isolated from a bank
vole, is a murine pathogen, and infects both inbred and out-
bred mouse strains (6, 48, 51). gHV68 acutely infects multiple
organs in mice (7, 51) and also establishes a latent infection in
the spleen and peritoneal cells (60, 69). gHV68 can cause
inflammation of the great elastic arteries and has a tropism for
vascular smooth muscle cells (68). Although there is evidence
that B cells are a reservoir for latent gHV68 (60), B-cell-
deficient mice were found to harbor latent virus or viral DNA
(59, 63, 66, 67, 69). Recent work from our group has demon-
strated gHV68 latency in macrophages and chronic carriage
of the gHV68 genome in CD191 B cells (70). The program of
transcription during latency has recently been preliminary
characterized (58, 66). Importantly, regions of the gHV68
genome corresponding to known or suspected latency-associ-
ated genes of the primate herpesviruses HVS, Epstein-Barr
virus, and KSHV are actively transcribed in latent tissues (66).
In addition, we have shown that gHV68 (64) shares with
KSHV and HVS a functional D-type cyclin homolog (22, 29,
38, 61). These data argue that gHV68 will share molecular

mechanisms of pathogenesis with primate gammaherpesvi-
ruses.

A further argument for pathogenetic relatedness of gHV68
and the primate gammaherpesviruses KSHV and HVS is the
fact that these viruses share an open reading frame (ORF)
predicted to encode a protein structurally related to host reg-
ulators of complement activation (RCA proteins) (65). The
structural hallmark of RCA proteins is the presence of short
consensus repeats (SCRs). SCRs are ca. 60-amino-acid motifs
with four conserved cysteine residues (disulfide bonded to-
gether in the manner, 1-3, 2-4) (39, 53), which are critical
for binding C3b and C4b (2, 49). Gene 4 of gHV68, KSHV,
and HVS is predicted to encode a protein containing four
SCRs homologous to the viral and mammalian RCA proteins
(65). The best characterized of these gammaherpesvirus RCA
proteins is the HVS complement control protein homolog
(CCPH) (4, 5, 18). Northern blot analysis demonstrated two
transcripts of 1.5 and 1.7 kb from the CCPH gene (5), and
analysis of cDNAs demonstrated two forms, one spliced and
one unspliced (5). These two forms encode a membrane-
bound form and a secreted form of CCPH (5). The membrane-
bound form of CCPH inhibits cell damage mediated by human
complement (18). This property is explained by CCPH inhibi-
tion of C3 convertase activity and consequent deposition of C3
on the cell surface (18).

Since the HVS homolog of the gHV68 RCA protein has two
forms and regulates complement activation, we tested the hy-
pothesis that the gHV68 RCA protein has similar properties.
In this paper we show that gene 4 is a late gene, and we
demonstrate expression of membrane-bound and soluble iso-
forms of the gHV68 RCA protein. We found that the gHV68
RCA protein regulates both the classical and alternative path-
ways of murine complement activation. These findings are
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consistent with a general strategy for complement evasion
shared by some gammaherpesviruses.

MATERIALS AND METHODS

Sequence analysis. The gHV68 genome sequence and putative ORFs were
analyzed on Vector NTI version 4.0 Deluxe (Informax Inc., Gaithersburg, Md.)
as previously described (65). The first 275 amino acids of the putative RCA
sequence were aligned with other murine and viral RCA sequences by using the
DNASTAR MEGALIGN software program (DNASTAR Inc., Madison, Wis.).

Nomenclature for the gHV68 RCA gene and protein. In the original full-length
sequence of gHV68, we designated the region predicted to encode an RCA
family member ORF 4 (65). We used the ORF designation, rather than referring
to predicted ORFs in the gHV68 genome as genes, since transcriptional data
were not available for most regions of the genome. In this paper we show that
ORF 4 is both transcribed and translated and that ORFs 6 and M4 are tran-
scribed, thereby meeting the criteria for being genes (gene M4, gene 4, and gene
6). The protein product of gene 4 is homologous to members of the RCA family
and, per this paper, regulates complement activation. We therefore refer to the
protein product of gHV68 gene 4 as the gHV68 RCA protein. Note that gHV68
ORFs without homology to other gammaherpesvirus ORFs were designated with
an M. Thus, gene M4 is the fourth ATG-initiated ORF in the gHV68 genome
without clear viral homologs and is adjacent to but distinct from gene 4.

Generation of virus and viral DNA. gHV68 clone WUMS was cloned by
limiting dilution from a stock generously provided by P. Doherty and A. Nash
and has been sequenced in full (65). Virus was passaged and grown as previously
described (65). gHV68 was grown in NIH 3T12 cells in Dulbecco’s modified
Eagle medium supplemented with 10% fetal calf serum, 100 U of penicillin per
ml, 100 mg of streptomycin per ml, and 2 mM L-glutamine. Virus titer was
measured by plaque assay (67). Viral DNA was prepared by infecting NIH 3T12
cells at a multiplicity of infection (MOI) of 0.5. Culture supernatants were
collected and DNA was isolated as previously described (65).

Northern blot analysis. Total RNA was isolated from mock-infected and
gHV68-infected NIH 3T12 cells infected at an MOI of 5 in the presence or
absence of a DNA synthesis inhibitor (phosphonoacetic acid [PAA]) and protein
synthesis inhibitors (cycloheximide and anisomycin). Cycloheximide, anisomycin,
and PAA were used at final concentrations of 40 mM, 10 mM, and 200 mg/ml,
respectively. Total cellular RNA was harvested at 7 and 12 h postinfection by
using the single guanidinium thiocyanate-phenol method (50), and 10 mg of total
RNA was loaded per lane. Probes to gene M4, gene 4, and gene 6 ORFs were
generated by PCR amplification of gHV68 genomic DNA. PCR was carried out
in 25-ml reaction mixtures consisting of 13 Taq DNA Polymerase Reaction
Buffer (Promega, catalog no. M1882), 1.5 mM MgCl2, 0.2 mM deoxynucleoside
triphosphates (dNTPs), 5 U of Taq polymerase enzyme (Promega, catalog no.
M186E), 0.2 mM primers, and 1 mg of gHV68 DNA. PCR conditions were as
follows: (i) denaturation at 94°C for 5 min; (ii) five cycles of 94°C for 1 min, 55°C
for 2 min, and 72°C for 3 min; (iii) 25 cycles of 94°C for 1 min, 60°C for 2 min,
and 72°C for 3 min; and (iv) a 4°C hold. PCR primers used for each probe and
the corresponding coordinates (65) of the amplified product in the gHV68
genome were as follows: gene M4 (bp 8608 to 8914), 59-TACGGATCCTCGA
GCACCCACCCCTGGAGAAGATGAT-39 and 59-TACGGATCGCGGCCGC
ATTGACTTCTAATCGACCCA-39; gene 4 (bp 10227 to 10593), 59-TACGGA
TCCTCGAGGGCTACAATCTTCTGGGAGAAAGT-39 and 59-TACGGATC
GCGGCCGCATCGCAATTGACAACAAGTTCTCTA-39; and gene 6 (bp
11956 to 12307), 59-TACGGATCCTCGAGACATATCCTGCAGAAAACTGC
G-39 and 59-TACGGATCGCGGCCGCCAGTCCATGCTGCATATAGTA-39.
For these and all subsequently described primers, nonhomologous bases con-
taining a unique restriction site for cloning purposes are underlined. Probes were
labeled by using the Megaprime DNA Labeling System (Amersham, Arlington
Heights, Ill.) as per the manufacturer’s instructions. A probe for the rat cyclo-
philin transcript was used for all Northern blots to control for loading (10).

RACE and S1 nuclease protection analysis. Poly(A) mRNA was purified from
total RNA harvested from mock-infected and gHV68-infected NIH 3T12 cells by
using the PolyA Spin mRNA Isolation Kit (New England Biolabs [NEB], catalog
no. 1560). Poly(A) mRNA was converted into cDNA and amplified by using a
Marathon cDNA Amplification Kit (Clontech, catalog no. K1802-1). Both 59 and
39 rapid amplification of cDNA ends (RACE) PCRs were performed as per the
kit manufacturer’s protocol. The 59 RACE primer sequence was as follows:
59-AATTTACTTTCTCCCAGAAGATTGTAGCCGGGA-39 (59 end of primer
at gHV68 coordinate bp 10255). The 39 RACE primer sequence was as follows:
59-TATCTGAGGCACCCGAGGTTCCCA-39 (59 end of primer at gHV68 bp
10720).

S1 nuclease assays were performed as previously described (71, 74) with some
modifications. Briefly, analysis of the 59 transcriptional start site of the RCA
mRNA was performed with total RNA isolated from mock- or gHV68-infected
NIH 3T12 cells harvested at 24 h postinfection. Four nanograms of 59-end-
labeled S1 oligonucleotide probe was hybridized to 40 mg of total cellular RNA
extracted from either mock- or gHV68-infected cells. Hybridization was carried
out at 37°C overnight. S1 nuclease (Promega) was then added at concentrations
of 100, 300, and 500 U/ml and incubated at 37°C for 30 min, and the protected
fragments were separated by electrophoresis on a 10% denaturing polyacryl-
amide gel. The sequence of the S1 oligonucleotide probe, including the putative

gene 4 translational start site, was as follows (59 end of probe at gHV68 coor-
dinate bp 9911): 59-CCCCACCAATACTGCGCAGAAAAGTGGAAGTTGG
CCATGATTTTGTTGAGAGTAATTTTTATTAACCCT-39.

Generation of recombinant gHV68 RCA protein and rabbit polyclonal anti-
serum. A truncated form of the predicted gHV68 RCA protein was generated by
PCR with primers internal to gene 4 such that the expressed protein lacked the
amino-terminal and carboxy-terminal hydrophobic domains. PCR was carried
out in 25-ml reaction mixtures containing 13 Thermopol Buffer (NEB), 1.5 U of
Vent DNA polymerase (NEB, catalog no. 254S), 0.2 mM dNTPs, 40 ng of
primers, and 1 mg of gHV68 DNA. PCR conditions were as follows: (i) dena-
turation at 94°C for 5 min; (ii) five cycles of 94°C for 1 min, 40°C for 1 min, and
72°C for 3 min; (iii) 15 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 3
min; (iv) extension at 72°C for 10 min; and (v) a 4°C hold. The PCR primers used
were as follows: 59-TACGGATCTTCGAAATGTGCCACCATCTTCCTCA-39
(59 end of primer at gHV68 coordinate bp 9936) and 59-TACGGATCCTCGA
GCTATAAGGATGACTTTTTGGGCG-39 (59 end of primer at gHV68 coor-
dinate bp 10937), which deleted 63 and 99 bp from the 59 and 39 ends of the gene
4 ORF, respectively, resulting in a truncated RCA protein containing amino acid
residues 22 to 354 of the predicted 388-amino-acid sequence. The primers in-
clude unique BstB1 and XhoI restriction enzyme sites which were used to clone
it into pET-30a(1) (Novagen), which contains an amino-terminal His6 tag.
Escherichia coli BL21 cells (Novagen) were transformed with this construct,
grown to an optical density at 600 nm of 0.6 to 0.9, and induced with isopropyl-
b-D-thiogalactopyranoside (IPTG) (Sigma, catalog no. I-6758) at a final concen-
tration of 0.4 mM. Induction was carried out for 3 to 5 h at 37°C, after which cells
were spun down and His-tagged RCA protein was column purified according to
the instructions of the manufacturer (Qiagen). His-tagged v-cyclin derived from
gHV68 gene 72 protein was similarly purified on an Ni-nitrilotriacetic acid
column and eluted with 200 mM imidazole (64). Polyclonal rabbit antiserum
(Cocalico, Reamstown, Pa.) was generated to an initial inoculation of 100 mg of
recombinant gHV68 RCA protein in complete Freund adjuvant with eight fol-
low-up boosts of 50 mg of incomplete Freund adjuvant 1 month apart. Sera were
collected 7 days after the boosts.

Western blot analysis for gHV68 RCA protein expression. NIH 3T12 cells
were infected at an MOI of 5, and total cell lysates were harvested at 24 h
postinfection. Cells were either mock infected or infected with gHV68 in the
absence or presence of protein or DNA synthesis inhibitors (cycloheximide and
PAA, respectively) (see above). A total of 3 3 105 cell equivalents per lane were
resuspended in 13 reducing loading buffer, boiled for 10 min, and loaded onto
a 10% polyacrylamide gel. The gels were transferred onto Hybond-N membranes
(Amersham). Blots were blocked and incubated with a 1:500 dilution of rabbit
polyclonal antiserum as previously described (64). The blots were washed three
times following incubation with the primary antibody, incubated with horseradish
peroxidase-conjugated donkey antirabbit antiserum, and developed with ECL
chemiluminescent reagent (Amersham) as previously described (64). Superna-
tants containing soluble gHV68 RCA protein were prepared as follows. Three
T225 flasks containing NIH 3T12 fibroblasts (Costar) were either mock or
gHV68 infected at an MOI of 5, and supernatants were harvested 34 h later.
Cells were infected in Dulbecco’s modified Eagle medium supplemented with
0.5% fetal calf serum, 100 U of penicillin per ml, 100 mg of streptomycin per ml,
and 2 mM L-glutamine. Supernatants were spun at 5,000 rpm for 10 min at 4°C,
passed through a 0.2-mm-pore-size filter to remove cell debris, and concentrated
50-fold to a final volume of 2.0 ml by using Centriprep 10 concentrators (Amicon,
catalog no. 4304). The supernatants were centrifuged at 100,000 3 g for 3.5 h at
4°C in an Optima TLX ultracentrifuge (Beckman). The top 1.0 ml was used as
the soluble fraction. The pellet was washed and resuspended in phosphate-
buffered saline (PBS). Both the soluble and pellet fractions were aliquoted and
frozen in the presence of a protease inhibitor cocktail (Sigma, catalog no.
P-8340). Western blot analysis was then performed as described above.

Flow cytometric analysis for detecting surface expression of RCA protein.
Flow cytometry was performed with a Becton Dickenson FACScan, and 10,000
events were collected per sample. Mock- or gHV68-infected NIH 3T12 cells
were scraped from 100-mm-diameter tissue culture dishes, resuspended in com-
plete Dulbecco’s modified Eagle medium, and spun at 230 3 g for 5 min. The
medium was aspirated, and the cells were resuspended in staining buffer (1%
bovine serum albumin [BSA] in PBS). An aliquot of cells were fixed in 2%
paraformaldehyde (pH 7.0) and counted, and 106 cells were used per reaction.
Cells were blocked for 1 h with 10% fetal calf serum and 5% BSA in PBS and
then incubated with rabbit polyclonal antiserum at a 1:750 dilution for 1 h at 4°C.
Preimmune serum gave no specific staining (see Fig. 7A). Specific fluorescence-
activated cell sorter (FACS) signal from immune antisera was eliminated by the
addition of recombinant gHV68 RCA protein (see Fig. 7C) but not by the
addition of recombinant v-cyclin (data not shown). Cells were washed three
times with staining buffer, incubated with donkey anti-rabbit antibody conju-
gated to the fluorescein derivative 5-[(4,6-dichlorotriazine-2-yl)amino]-fluores-
cein (DTAF) at a 1:100 dilution, washed three times, fixed in 2% paraformal-
dehyde, and analyzed.

Assay for regulation of C3 deposition by soluble RCA protein isoform. Reg-
ulation of complement activation was measured by using an assay that detects C3
deposition on activated zymosan A (zymosan), as previously described (19).
Briefly, zymosan (Sigma) was suspended in 0.9% NaCl solution and boiled for 30
min. Zymosan particles were then counted on a hemocytometer, spun down at
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230 3 g for 5 min, and resuspended at 1.3 3 109 particles/ml. Two hundred
microliters of concentrated supernatant from mock- or gHV68-infected cells
(prepared as described above) was incubated with serum derived from 129Ev/Sv
mice as a source of complement and 1 ml of zymosan at 37°C for 30 min. The
reaction mixture was centrifuged and washed three times in FACS buffer (1%
BSA and 0.1% sodium azide in PBS). Zymosan particles were then incubated
with a 1:100 dilution of FITC-conjugated goat anti-mouse C3 antibody (Jackson
Immunoresearch) for 30 min on ice, washed three times, and resuspended in
FACS buffer. Flow cytometric analysis was performed, and 25,000 events were
collected. In other assays, 70 mg of recombinant His-tagged RCA protein was
added to medium to assess whether the bacterially expressed RCA protein
exhibited complement-regulatory activity. The His-tagged gHV68 v-cyclin (64)

was used as a negative control protein purified in the same way as the gHV68
RCA protein. This amount of gHV68 RCA protein was selected based on studies
showing that inhibition of complement activation by the gHV68 protein was dose
dependent and that 70 mg gave maximal inhibition of complement activation.
Protein concentrations were determined by using the Bio-Rad protein assay kit
(catalog no. 500-0006) as per the manufacturer’s instructions.

Mouse strains used for serum preparation. Mice were housed and bred at the
Washington University School of Medicine at biosafety level 2 in accordance
with all federal government and university policies. Sentinel mice, assessed every
3 to 6 months, were determined to be negative for adventitious mouse pathogens.
B-cell-deficient mice, generated by creating a null mutation in the transmem-
brane exon of the immunoglobulin M (IgM) heavy chain (34), were originally

FIG. 1. Alignment of the predicted gHV68 RCA protein sequence with sequences of multiple RCA protein family members. (A) Sequence alignment of the gHV68
putative gene 4 product (gHV68) with RCA homologs from HVS (CCPH), vaccinia virus (VV), and KSHV (gene 4 protein), murine DAF (mDAF), human DAF
(hDAF), and human MCP (hMCP). The first 275 amino acids of the gene 4 product, which include the four short consensus repeats, were aligned by using the
DNASTAR MEGALIGN program. Amino acids with functional groups similar to those in the consensus sequence are shaded in grey. Identical amino acids are
denoted by with white letters in black boxes. (B) Alignment of the four SCRs in the gHV68 RCA protein. Note the conservation of the four cysteines as well as the
tryptophans, glycines, and prolines. Approximate positions of conserved amino acids (see Discussion) are signified by the SCR consensus above the sequence alignments
of the four SCRs. The shadings are the same as for panel A.

7660 KAPADIA ET AL. J. VIROL.



obtained from Jackson Laboratory (C57BL/6J-Igh-6tm1Cgn). C3-deficient and
factor B-deficient mice were kindly supplied by Harvey Colten of Northwestern
University. Both mice strains are on a mixed 129/J and C57BL/6J background.
Heterozygous factor B-deficient mice were crossed, and homozygous progeny
were detected by PCR and Southern blotting as previously described (45). PCR
primers used for factor B deficiency detection were as follows: 59-CCGAAGC
ATTCCTATCCTCC-39, 59-CGAATGGGCTGACCGCTTCC-39, and 59-GTAG
TCTTGTCTGCTTTCTTC-39. C3-deficient mice were detected by PCR. PCR
was carried out in 25 ml of 13 Taq buffer (Promega)–5 U of Taq DNA poly-
merase (Promega, catalog no. M186B)–0.2 mM dNTPs–150 ng of each of the
four primers stated below–2 mg of mouse DNA. PCR conditions were as follows:
(i) denaturation at 94°C for 4 min; (ii) 30 cycles of 94°C for 1 min, 60°C for 2 min,
and 72°C for 3 min; (iii) 72°C for 3 min; and (iv) a 4°C hold. PCR primers were
as follows: 59-CTTAACTGTCCCACTGCCAAGAAACCGTCCCAGATC-39,
59-CTCTGGTCCCTCCCTGTTCCTGCACCAGGGACTGCCCAAAATTTC
GCAAC-39, 59-ATCGCATCGAGCGAGCACGTACTCGGA-39, and 59-AGCT
CTTCAGCAATATCACGGGTAGCC-39. Serum used in the analysis of C3
deposition was prepared fresh each time. The mice were bled, and the blood was
allowed to clot at room temperature for 20 min and then centrifuged at 12,000 3
g for 5 min. Ten microliters of the serum was then used per reaction as described
above.

RESULTS

The gHV68 gene 4 is homologous to other viral and murine
members of the RCA gene family. The predicted protein prod-
uct of gHV68 gene 4 shows significant homology to members
of the RCA family of proteins (Fig. 1) (65). The predicted
388-amino-acid gHV68 RCA protein consists of an N-terminal
21-amino-acid putative signal peptide and a 245-amino-acid
region containing the four SCRs. This is followed by an 86-
amino-acid region which is 32.5% serine and threonine (S/T-
rich region) and a 23-amino-acid hydrophobic region (Fig. 2).

The overall structure of the gHV68 RCA protein is strikingly
homologous to the structure of human decay-accelerating fac-
tor (DAF) (39). The gHV68 RCA protein contains four SCRs
(Fig. 1 and 2) and shows conservation of the key cysteines,
tryptophans, and glycines within each SCR, similar to that seen
in the viral and mammalian RCA family members (Fig. 1B).
The first 275 amino acids of the predicted gHV68 RCA protein
sequence were aligned with RCA family members from HVS,
KSHV, and vaccinia virus, as well as with murine DAF and
human membrane cofactor protein (MCP) (Fig. 1). The pre-
dicted gHV68 RCA protein shows 36 and 33% sequence
similarity to the HVS CCPH and human DAF proteins,
respectively. Both DAF and MCP are posttranslationally gly-
cosylated. Human MCP contains an extensively O-glycosylated
alternatively spliced S/T-rich region (39) which is homologous
to the predicted gHV68 RCA protein S/T-rich region (Fig. 2).
Analysis of the predicted gHV68 RCA protein was performed
with an algorithm for predicting O-glycosylation sites (23a,
23b). Nineteen residues within the S/T-rich region and three
residues in SCR1 scored as likely sites for O-linked glycosyl-
ation (Fig. 2). In addition to containing an S/T-rich region
(9), human DAF has one N-linked complex-type oligosaccha-
ride unit attached at asparagine residue 61 between the first
and second SCRs. The predicted gHV68 RCA protein con-
tains one potentially N-glycosylated residue at position 102
within the second SCR (Fig. 2).

Northern and 3* RACE analyses demonstrate that gene 4 is
transcribed as a late bicistronic transcript in infected NIH

FIG. 2. Putative gHV68 RCA amino acid sequence. The 388-amino-acid sequence is shown in single-letter code above the DNA sequence. The four SCR regions
are shown by the brackets above the amino acid sequence and designated SCR 1 to 4. The S/T-rich region is boxed and is followed by the C-terminal hydrophobic
domain (underlined). Circled amino acids are potential sites for O-linked oligosaccharides. The box at amino acid 102 is a potential site for N-linked glycosylation. Since
no O-glycosylation consensus sequence exists, the potential sites were determined by neural networks and weight matrix algorithms, based on sites already known to
be O-glycosylated (Center for Biological Sequence Analysis).

VOL. 73, 1999 MURINE gHV68 REGULATOR OF COMPLEMENT ACTIVATION 7661



3T12 murine fibroblasts. To determine whether gHV68 gene 4
was transcribed during infection, we performed Northern blot
analysis on total RNA isolated from mock- or gHV68-infected
murine NIH 3T12 fibroblasts. Cells were cultured in the pres-
ence or absence of viral DNA or protein synthesis inhibitors,
and RNA was harvested at 7 and 12 h postinfection. Blots were
probed with glycoprotein B (gB)- and gene 25 (major capsid
protein)-specific probes to provide a positive control for PAA
treatment. PAA inhibited expression of both gB and the major
capsid protein (data not shown). Blots were probed for the
cellular cyclophilin gene transcript as a loading control (Fig. 3B
to D, lower panels). Using a gene 4-specific probe, we detected
a transcript of approximately 5.2 kb (Fig. 3C). A second band
running below the 5.2-kb band may represent an additional
transcript or may be an artifact caused by the 28S rRNA band
at this position. Gene 4 was transcribed as a late gene as shown
by its sensitivity to both DNA and protein synthesis inhibitors
(Fig. 3C). The presence of different amounts of RNA in the
different lanes did not confound assignment of kinetic class
(see the cyclophilin results in Fig. 3C). The gene 4 mRNA was

significantly larger than the gene 4 ORF, demonstrating that
the gene 4 mRNA included sequences either 59 or 39 to gene 4.

gHV68 gene 4 is flanked by two ORFs (Fig. 3A, gene M4
and gene 6). Gene M4 is predicted to encode a protein without
clear homologs in the database, while gene 6 is predicted to
encode the gHV68 single-stranded DNA binding protein (65).
The absence of a polyadenylation sequence immediately down-
stream of gene 4 and the presence of polyadenylation signals
downstream of gene 6 and gene M4 suggested that gene 4
might be part of a bicistronic transcript with gene 6 (Fig. 3A).
We tested this hypothesis by using both further Northern anal-
ysis and 39 RACE.

A gene 6 probe hybridized to a 5.2-kb transcript, consistent
with gene 4 and gene 6 being part of a bicistronic mRNA
(compare Fig. 3C and D). In addition, the gene 6 probe hy-
bridized to a 3.4- to 3.7-kb transcript which was PAA insensi-
tive and thus of the early class. To determine if sequences 59 to
gene 4 were contained in the mRNA, a gene M4-specific probe
was used (Fig. 3B). The gene M4 probe hybridized to an abun-
dant early transcript, as shown by its resistance to PAA but not

FIG. 3. Northern blot analysis of gene 4 transcription. (A) Schematic of the genome region surrounding gene 4 (G4), with the known poly(A) sequences on the r
strand labeled (AATAAA). Numbers correspond to the genomic sequence coordinates (65). The 59 and 39 RACE products are shown as arrows. (B, C, and D) Northern
blots were probed with gene M4 (B)-, gene 4 (C)-, and gene 6 (D)-specific probes. Total RNA was harvested at 7 and 12 h postinfection from NIH 3T12 cells either
mock (M) or gHV68 (V) infected at an MOI of 5 in the presence or absence of either a viral DNA synthesis inhibitor (PAA) or the protein synthesis inhibitors
cycloheximide and anisomycin (C/A). Molecular size markers (in kilobase pairs) are shown to the left and right of Northern blot panels. p, transcripts referred to in
the text. A probe to rat cyclophilin was used as a loading control. The data are representative of two independent experiments.
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cycloheximide (Fig. 3B). However, the gene M4 probe did not
hybridize with the 5.2-kb mRNA detected with gene 4 and
gene 6 probes (compare 3B, C, and D). This argues that the
gene 4 transcript initiates downstream of gene M4 (see below).

To directly determine whether the gene 4 mRNA extends
into the gene 6 ORF, 39 RACE was performed (Fig. 3A). 39
RACE generated multiple amplified products. We cloned and
sequenced the most abundant product, which was approxi-
mately 800 bp in length. This 39 RACE product extended from
283 bp upstream of the translation stop codon of gene 4 and
across the 176 bp between the end of the gene 4 ORF and the
beginning of the gene 6 ORF and ended 280 bp downstream of
the putative gene 6 translation initiation codon. Since this
product contained neither the RACE adapter sequence nor a
poly(A) tail, it does not extend to the 39 end of the gene 4
transcript. This is consistent with the large size of the mRNA,
making it difficult to extend through the 39 end of the mRNA
using RACE. Further 39 RACE analysis with downstream
primers would be confounded by the presence of gene 6 tran-
scripts, since primers would be complementary to both the
bicistronic transcript containing gene 4 and gene 6 sequences
and monocistronic gene 6 transcripts. However, the sequence
of this RACE product confirms the prediction from Northern
analysis (see above) that gene 4 mRNAs extend into gene 6,
indicating that the gHV68 RCA protein (see below) is encoded
on a bicistronic mRNA (Fig. 4, transcript 2).

Defining the 5* end of the gene 4 transcript. To further
analyze the structure of the gene 4 transcript, we performed 59
RACE and S1 nuclease protection assays. 59 RACE, using a
primer 382 bp 39 of the first ATG in the gene 4 ORF (corre-
sponding to bp 10223 of the gHV68 genome), gave rise to one
predominant product. This product was sequenced, and it ex-
tended to a point 4 bp 39 of the first ATG in the gene 4 ORF
(Fig. 5A). While the failure to extend 59 of the first ATG in the
gene 4 ORF could be attributed to incomplete elongation or
degradation, it was also possible that the gene 4 transcript
initiated within the gene 4 ORF. For example, there is another
potential translation start site 22 residues within the gene 4
ORF, located at the start of SCR 1 (Fig. 2). To further map the
59 end of the gene 4 mRNA, we performed S1 nuclease pro-

tection analysis with an oligonucleotide probe complementary
to the region of the transcript spanning the first ATG of the
gene 4 ORF. Total RNA was isolated from either mock- or
gHV68-infected NIH 3T12 cells at 22 h postinfection. The S1
probe did not hybridize to mock-infected RNA, demonstrating
specificity of the signal detected from virus-infected cells (Fig.
5B). Analysis of the bands derived from the S1 protection
assays showed that the gene 4 mRNA initiates ;10 nucleotides
59 of the first ATG in the gene 4 ORF (Fig. 5A). The smaller
protected fragments observed upon digestion with high con-
centrations of S1 nuclease most likely reflect “nibbling” of the
protected 39 end of the probe (Fig. 5). This analysis demon-
strates that the first ATG codon of the gene 4 ORF is present
in the gene 4 transcript and is likely used to generate the
gHV68 RCA protein containing the putative signal sequence
(Fig. 2).

Multiple isoforms of the gHV68 RCA protein in infected
fibroblast cell cultures. To detect expression of the gHV68
RCA protein, we performed Western blot analyses with rabbit
polyclonal antiserum raised against bacterially expressed His-
tagged gHV68 RCA fusion protein. The truncated gHV68
RCA protein used as an immunogen lacked the 21 N-terminal
amino acids and the 33 C-terminal residues of the predicted
gHV68 RCA protein but contained all four of the SCRs and
the S/T-rich region. Three prominent bands of approximately
60 to 65, 50 to 55, and 40 to 45 kDa were detected in gHV68-
infected, but not mock-infected, NIH 3T12 fibroblast cell ly-
sates using the rabbit polyclonal antiserum (Fig. 6A). The
absence of any detectable RCA protein in virally infected cells
treated with either cycloheximide or PAA was consistent with
Northern blot data demonstrating that the gene 4 transcript is
of the late kinetic class (Fig. 6A and 3). No RCA protein was
detected in cells infected with UV-inactivated virus or in virus-
infected cell lysates probed with preimmune rabbit serum
(data not shown). Since other viral RCA proteins have at least
two isoforms (see Discussion), one soluble (released or se-
creted) and the other cell or membrane associated, we deter-
mined whether there were soluble forms of the gHV68 RCA
protein in supernatants from gHV68-infected cells. A 40- to
45-kDa band was detected in supernatants of virally infected

FIG. 4. Transcripts in the region surrounding gene 4. Calculated mRNA sizes (in kilobase pairs) were based on the actual sequence between potential TATA box
sequences and poly(A) recognition sequences (AATAAA) in the gHV68 genome as analyzed with the Vector NTI version 4.0 Deluxe program (Informax Inc.). RNA
molecular size markers, in logarithmic scale, were plotted as a function of distance (in centimeters) from the Northern blots, and measured mRNA sizes were
extrapolated from those graphs. For gene 4 and gene 6 transcript sizes, the sizes from the independently probed blots were averaged. The data are from a single
experiment.
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cells after high-speed centrifugation, while a prominent 60- to
65-kDa band was detected in pellets derived from high-speed
centrifugation of infected-cell supernatants (Fig. 6B). No pro-
tein was detected in mock-infected supernatants or pellets
(Fig. 6B) or when preimmune serum was used (data not
shown). These data show that there are three predominant
forms of the gHV68 RCA protein, one of which is either
secreted or released from infected cells.

Cell surface expression of the gHV68 RCA protein. To de-
termine whether the gHV68 RCA protein is expressed on the
surfaces of infected cells, we performed FACS analysis on
infected and mock-infected cells with polyclonal anti-gHV68
RCA protein antibody. RCA protein was detected on gHV68-
infected cell surfaces (Fig. 7). Preimmune serum did not bind
significantly to virus-infected cells (Fig. 7A). In contrast, sig-
nificant binding of polyclonal anti-gHV68 RCA protein anti-
body was detected on gHV68-infected but not mock-infected
cells (Fig. 7B). The specificity of the staining for gHV68 RCA
protein was confirmed by adding recombinant gHV68 RCA
protein to the FACS staining reaction to compete for specific
antibody binding to the infected-cell surface. Addition of 70 mg
of recombinant gHV68 RCA protein resulted in a loss of

FACS staining of infected cells (Fig. 7C). Addition of 70 mg of
recombinant His-tagged gHV68 v-cyclin protein did not alter
the FACS signal, providing a negative control (not shown).
The recombinant gHV68 RCA protein was prepared under
denaturing conditions, making it likely that only a small frac-
tion of the total protein added was in a conformation capable
of competing for binding of the immune serum to the native
gHV68 RCA protein. No RCA protein expression was de-
tected with UV-inactivated virus (not shown), suggesting that
productive viral infection of NIH 3T12 cells was necessary for
RCA protein expression on the surfaces of infected cells.

The gHV68 RCA protein inhibits murine and human com-
plement activation. We next determined whether the gHV68
RCA protein regulates complement activation, using a zymo-
san-based assay as previously described (19) and mouse serum
as a source of complement. Zymosan is a yeast cell wall poly-
saccharide component known to activate complement. In this
assay, activated zymosan is incubated with serum, and the
deposition of C3 on the zymosan particle is determined by
FACS analysis with anti-C3 antibody (Fig. 8). To provide a
negative control, we took advantage of the fact that both the
classical and alternative pathways require divalent cations
(Ca21 and Mg21, respectively) and that addition of a Ca21 and
Mg21 chelator, such as EDTA at a final concentration of 10
mM, abrogates both pathways.

We first analyzed supernatants harvested from either mock-
or gHV68-infected 3T12 cells (Fig. 8A). In the presence of
EDTA, no C3 deposition on the zymosan particles was de-
tected (Fig. 8A). In contrast, in the presence of either medium
alone or concentrated supernatant from mock-infected cells,
significant C3 was deposited on the zymosan particles, as
shown by the .100-fold shift in fluorescence intensity (Fig.
8A). Notably, concentrated cell supernatants from gHV68-
infected cells inhibited C3 deposition significantly (ca. 50-fold)
(Fig. 8A). To determine whether purified gHV68 RCA protein
can inhibit complement activation and consequent C3 deposi-
tion, we added 70 mg of either purified recombinant gHV68
RCA protein or gHV68 v-cyclin protein to the zymosan
assay. gHV68 v-cyclin protein served as a negative control
protein purified by using the same protocol used to purify
recombinant gHV68 RCA protein. Recombinant gHV68 RCA
protein inhibited C3 deposition, as shown by a .100-fold de-
crease in fluorescence (Fig. 8B), while recombinant gHV68
v-cyclin had no effect (Fig. 8B). To determine whether the
zymosan assay was dependent on the presence of C3 in serum,
we repeated the assay with serum derived from C3-deficient
mice. As expected, no C3 deposition was detected (Fig. 8C).
Similar experiments using fresh human serum demonstrated
that recombinant gHV68 RCA protein also inhibited deposi-
tion of human C3 on activated zymosan (Fig. 8D).

Recombinant gHV68 RCA protein inhibits C3 deposition
via both classical and alternative pathways. To determine
whether the soluble gHV68 RCA protein regulated C3 depo-
sition by the classical pathway, the zymosan assay was per-
formed with serum from factor B-deficient mice (45). Factor B
is required for the activity of the alternative pathway of com-
plement activation. As expected, C3 deposition on activated
zymosan was decreased in factor B-deficient serum compared
to serum from normal mice (compare Fig. 8A and E). Recom-
binant RCA protein inhibited C3 deposition from factor B-
deficient serum (Fig. 8E), consistent with the gHV68 RCA
protein inhibiting the classical pathway of complement activa-
tion. As a negative control, recombinant gHV68 v-cyclin pro-
tein had no effect on C3 deposition from factor B-deficient
serum (Fig. 8E).

We interpreted C3 deposition in the presence of factor B-

FIG. 5. Identification of the gHV68 gene 4 transcriptional start site by S1
nuclease analysis. (A) Schematic representation of the genomic region surround-
ing the first ATG in the gene 4 ORF (shown as the black box with white letters).
Arrows below the bases denote transcriptional start sites as deduced through S1
nuclease protection assay and 59 RACE analysis. (B) The S1 oligonucleotide
probe was incubated with total RNA isolated from mock- and gHV68-infected
NIH 3T12 cells and various concentrations of S1 nuclease enzyme (100 to 500
U/ml). The G1A ladder for the probe is shown at the right. Arrowheads denote
the major protected fragments (also indicated in panel A). The data are repre-
sentative of three independent experiments.
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deficient serum to reflect activity of the classical pathway of
complement activation. However, for the classical pathway to
play a role in deposition of complement on zymosan particles,
antibody in factor B-deficient serum must bind to zymosan
particles. We tested this prediction by incubating zymosan par-
ticles with normal serum, factor B-deficient serum, or serum
from B-cell-deficient (and therefore antibody-deficient) mice

and detected antibody binding to zymosan particles by FACS
staining with a secondary antibody specific for mouse IgM (Fig.
8F). This analysis demonstrated that serum derived from both
factor B-deficient and normal 129 mice contained zymosan-
binding natural antibodies (Fig. 8F). The binding we detected
was specific for mouse antibody, since serum from B-cell-de-
ficient mice did not show significant binding to zymosan par-

FIG. 6. Identification of isoforms of the gHV68 RCA protein by Western blotting. (A) Western blot analysis of NIH 3T12 fibroblasts mock infected or infected with
gHV68 in the presence or absence of cycloheximide or PAA. Total cell lysates were harvested at 24 h postinfection and run on sodium dodecyl sulfate–10%
polyacrylamide gels. Western analysis was performed with rabbit polyclonal antiserum to bacterially expressed recombinant gHV68 RCA, followed by donkey
anti-rabbit secondary antibody conjugated to horseradish peroxidase. (B) Western analysis of proteins present in supernatants or pellets derived from high-speed
centrifugation of gHV68-infected or mock-infected 3T12 fibroblasts. Supernatants from cells either mock infected or gHV68 infected were collected at 34 h
postinfection, filtered, concentrated 50-fold, spun at 100,000 3 g for 3.5 h at 4°C, and loaded onto a 10% polyacrylamide gel. Soluble and pellet fractions from the spin
are designated Sup and Pellet, respectively. Molecular mass markers (in kilodaltons) are shown to the right of each gel. In each case, no bands were detected when
preimmune serum or UV-inactivated gHV68 was used. The data are representative of those from four independent experiments.

FIG. 7. Surface expression of the gHV68 RCA protein on infected NIH 3T12 cells. (A) Flow cytometric analysis to detect gHV68 RCA protein by using preimmune
rabbit polyclonal serum. Mock-infected (M) or gHV68-infected (1V) cells were harvested at 24 h postinfection, and FACS analysis was performed with rabbit
polyclonal antiserum followed by donkey anti-rabbit secondary antibody conjugated to DTAF fluorophore. No surface expression was detected when preimmune serum
was used. (B) FACS analysis to detect gHV68 RCA protein with immune antiserum. gHV68 RCA protein was detected on virus-infected but not mock-infected cells
with immune antiserum. (C) Specificity of FACS signal for gHV68 RCA protein expression. Seventy micrograms of recombinant gHV68 RCA protein was added during
incubation of virus-infected cells with immune antiserum prior to FACS analysis (V 1 gHV68 RCA). The data are representative of two independent experiments.
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FIG. 8. Inhibition of alternative and classical pathway-dependent C3 deposition on zymosan particles by infected cell supernatants or the recombinant gHV68 RCA
protein. In all FACS analyses, EDTA addition was used as a negative control. Abbreviations: M, medium; RCA, recombinant gHV68 RCA protein; cyclin, recombinant
gHV68 v-cyclin; WT, wild type. The data are representative of those from at least two independent experiments. (A) Inhibition of C3 on zymosan by virus-infected
cell supernatant prepared as described in Materials and Methods. gHV68, supernatant from cells infected with gHV68; Mock, supernatant from mock-infected cells.
(B) Inhibition of C3 deposition on zymosan by recombinant gHV68 RCA protein but not recombinant v-cyclin. (C) FACS staining for C3 after incubation of zymosan
with serum from C3-deficient mice. (D) Inhibition of human complement activation by recombinant gHV68 RCA protein. (E) Analysis of inhibition of the classical
pathway of complement activation by the gHV68 RCA protein by using serum lacking factor B as a source of complement. (F) Presence of zymosan-binding IgM in
both 129 wild-type and factor B-deficient mice as detected by flow cytometric analysis with an anti-mouse IgM antibody. (G) Analysis of inhibition of the alternative
pathway of complement activation by the gHV68 RCA with serum from B-cell-deficient mice as a source of complement.
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ticles (Fig. 8F, compare B cell2/2 and no-serum controls).
These data show that C3 deposition on zymosan particles in
the presence of factor B-deficient serum can reasonably be
attributed to the activity of the classical pathway, and they
support the conclusion that the gHV68 RCA protein can in-
hibit the activity of the classical pathway of complement acti-
vation (Fig. 8E).

The lack of antibody that bound zymosan in serum from
B-cell-deficient mice allowed us to determine the effect of the
gHV68 RCA protein on the alternative pathway independent
of the classical pathway (Fig. 8G). Recombinant gHV68 RCA
protein inhibited C3 deposition from serum derived from B-
cell-deficient mice (Fig. 8G, compare RCA to cyclin). To-
gether, these data show that the gHV68 RCA protein inhibited
complement activation in both human and mouse sera and that
both the mouse alternative and classical pathways of comple-
ment activation were targets for the inhibitory activity of this
protein.

DISCUSSION

Murine gHV68 gene 4 is a bone fide gene encoding a com-
plement-regulatory protein of the RCA protein family. Gene 4
is expressed as a bicistronic late mRNA, and there are multiple
isoforms of the gHV68 RCA protein, including a membrane-
bound form and a soluble form. The gHV68 RCA protein
inhibits the activation of murine complement via both the
classical and alternative pathways. Thus, the gHV68 RCA pro-
tein joins the HVS CCPH as a gammaherpesvirus RCA pro-
tein that inhibits complement activation (3, 4, 18).

Transcriptional programs used by gammaherpesviruses to
express RCA proteins. Transcript analysis revealed that gene 4
is transcribed as a 5.2-kb bicistronic mRNA, which also con-
tains sequences from the downstream gene 6 (Fig. 4, transcript
2), as predicted by the lack of a poly(A) signal downstream of
gene 4 (65). Northern blot analysis with a gene 6-specific probe
also revealed the presence of a smaller, 3.7-kb transcript which
was PAA resistant and thus of the early kinetic class (Fig. 4,
transcript 3). This early mRNA is most likely the transcript
that encodes the single-stranded DNA binding protein. Tran-
scription of the HVS CCPH gene is quite different, despite the
homology of the encoded proteins. HVS gene 4 encodes both
a 1.7-kb transcript and a 1.5-kb transcript, the shorter of which
arises due to alternative splicing of the gene, giving rise to a
secreted form as well as a membrane-bound form of the pro-
tein (3). One important difference between the gHV68 and
HVS genomes is the presence of an ORF (ORF 5) in HVS
between gene 4 and gene 6 (4). This ORF is lacking in gHV68
(65), bringing gene 4 and gene 6 into close proximity. Inter-
estingly, although the transcriptions of the gHV68 gene and
the HVS gene differ significantly, in both cases multiple iso-
forms of the RCA protein are expressed, one of which is
soluble and one of which is membrane bound. This suggests
that both forms have important functions and raises the pos-
sibility that the KSHV gene 4 also encodes at least two iso-
forms of the RCA protein.

Isoforms of the gHV68 RCA protein. Western blot analysis
revealed multiple isoforms of gHV68 RCA antibody-reactive
proteins in infected NIH 3T12 fibroblasts. Although the calcu-
lated molecular mass of the full-length, 388-amino-acid gHV68
RCA protein is ca. 43 kDa, Western blot analysis revealed one
isoform of 60 to 65 kDa. This is consistent with the structure of
murine DAF, which is initially synthesized as a precursor of 46
kDa, but gives rise to a membrane-associated form of 70 to 80
kDa (39). The increase in size of the mature DAF protein has
been shown to be due to the presence of N- and O-linked

glycosylation, corresponding to an addition of 4 and 26 kDa
respectively (9, 42). The S/T-rich region in human DAF is
extensively O glycosylated, has been shown to be critical for
stable surface expression of DAF, and also acts as a nonspecific
spacer to project the SCRs above the cell surface (39). Human
MCP also contains an extensively O-glycosylated S/T-rich re-
gion (39). The presence of high-molecular-weight forms of the
gHV68 RCA protein, combined with the presence of an S/T-
rich region in the gHV68 RCA protein sequence that contains
many potential sites for O-linked glycosylation, strongly sug-
gests that the processing of the gHV68 RCA protein involves
glycosylation. Thus, it seems likely that the multiple species of
the gHV68 RCA protein detected on Western blots of cell
lysates (Fig. 6A) reflect, at least in part, different glycosylated
forms of the protein. The 50- to 55-kDa band was detected
only in infected cells, raising the possibility that it is a precursor
of the 60- to 65-kDa protein. Further analyses of precursor-
product relationships are needed to clarify the relationships
between the observed gHV68 RCA protein species.

How the soluble and membrane-bound isoforms of the
gHV68 RCA protein are generated is not clear. The two forms
of the HVS CCPH are generated by alternative splicing in the
39 portion of the gene 4 transcript (3). It is possible that there
are alternatively spliced forms of the gHV68 gene 4 transcript
that were not differentiated on Northern blots due to the large
size (5.2 kb) of the gHV68 gene 4 mRNA. Further analysis of
the structure of the gHV68 gene 4 mRNA in the region cor-
responding to the 39 end of the gHV68 RCA protein ORF will
be required to address this possibility. An alternative possibil-
ity is that the gHV68 RCA soluble form is generated by pro-
teolysis of the membrane-bound form. A precedent for release
of a soluble viral RCA protein from a membrane-bound form
is provided by the poxvirus B5R (or ps/hr) protein, which
contains four SCRs as well as transmembrane and cytoplasmic
domains (15, 62). One product of the B5R gene is a 42-kDa
protein found in the extracellular enveloped form of poxvi-
ruses but not in the intracellular mature form (15, 25, 44, 62).
A 38-kDa soluble form is detected in the supernatant of in-
fected cells (43, 44). This soluble form is likely generated by
cleavage between SCR 4 and the membrane, and the efficiency
of this cleavage is regulated by SCRs 3 and 4 (43, 44). It is
possible, therefore, that the soluble form of the gHV68 RCA
protein is generated by cleavage of the membrane-bound form.

Mechanism of complement regulation by the gHV68 RCA
protein. The gHV68 RCA protein inhibited complement acti-
vation as shown by the capacity of the recombinant gHV68
RCA protein to inhibit C3 deposition from either mouse or
human serum on zymosan particles. Supernatant from infected
cells, but not mock-infected cells, was also able to inhibit mu-
rine complement activation. Whether the cell surface-associ-
ated gHV68 RCA protein, as detected by flow cytometric
analysis (Fig. 7), regulates C3 deposition is still unknown and
is currently being addressed. The structure of the gHV68 RCA
protein is consistent with its role as a complement regulator.
As a general rule, SCRs in RCA proteins exhibit a consensus
amino acid sequence with the following approximate positions:
Cys2, Pro5, Tyr/Phe29, Cys31, Gly34, Cys45, Trp51, Ala/Pro56,
and Cys58 (26, 39, 52). Alignment of the four SCRs present in
the gHV68 RCA protein showed conservation of all cysteines
in each SCR, as well as most of the other SCR consensus
residues (Fig. 1B). The conservation of SCR structure, to-
gether with data demonstrating that the gHV68 RCA protein
inhibits both classical and alternative pathways, argues that the
gHV68 RCA protein will inhibit complement activation via the
same mechanisms used by other host and viral RCA proteins.

The fact that the gHV68 RCA protein inhibits activation of
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both mouse and human complement suggests that a highly
conserved component of the complement system is targeted by
this protein. Since both the classical and alternative pathways
of complement activation are inhibited by the gHV68 RCA
protein, the protein likely targets a component common to the
two pathways. Activity against both pathways is a common
property of viral regulators of complement activation. For ex-
ample, the vaccinia virus RCA protein VCP inhibits both al-
ternative and classical pathways of complement activation (27,
35, 36, 46, 55), as does the herpes simplex virus (HSV) gC
protein (20, 21, 24, 41, 47). This likely indicates that both the
classical and alternative pathways of complement activation
have important effects on virus infection, although this has not
been directly tested in vivo.

Since the gHV68 RCA protein decreased C3 deposition on
zymosan particles, our data are consistent with the gHV68
RCA protein acting at the level of C3 or before C3 in the
complement cascade. Together with the close structural ho-
mology with other RCA proteins, which in general target C3
convertases, the data are most consistent with the gHV68
RCA protein inhibiting the function of both the classical and
alternative pathway C3 convertases. There are two main mech-
anisms by which RCA molecules regulate activation of C3 (1,
39). First, degradation of the activated fragment of C3, C3b, is
mediated by factor I. Factor I is a serine protease that cleaves
C3b efficiently, but only in the presence of protein cofactors.
Factor I also cleaves C4b, the activated fragment of C4, by a
similar mechanism. This C4b inactivation is also an important
mechanism by which the RCA proteins regulate the activation
of the classical pathway of complement. Second, certain com-
plement-regulatory proteins prevent the formation, or acceler-
ate the dissociation, of the classical and alternative C3 con-
vertase enzyme complex by a process known as decay
acceleration. Many host proteins exhibit either decay-acceler-
ating or cofactor activity. A notable exception is the mouse
Crry protein, which exhibits both activities (19, 33). In addi-
tion, the vaccinia virus VCP protein, which like the gHV68
RCA protein has four SCRs (27, 35, 36), also acts by both
decay-accelerating and cofactor activities (35, 46). The precise
mechanism by which VCP acts is better detailed than mecha-
nisms for other poxvirus complement regulators, with VCP
acting by different mechanisms than either factor H or com-
plement receptor 1 (55). While our data are consistent with the
gHV68 RCA protein acting at the level of C3 convertases, the
precise mechanism (decay acceleration activity, cofactor activ-
ity, or both) remains to be determined.

Function of the gHV68 RCA protein. The most attractive
hypothesis is that the gHV68 RCA protein regulates comple-
ment activation by virions or virus-infected cells and thus pre-
vents complement from controlling gHV68 infection. HSV
type 1 and type 2 glycoproteins gC-1 and gC-2 bind C3b and
inhibit complement-mediated neutralization of virus (20, 21,
24, 41, 47). Similar to HSV gC, VCP inhibits complement-
enhanced antibody-dependent neutralization of vaccinia virus
(27). Both the HVS CCPH and HSV gC protect cells from lysis
by antibody plus complement (18, 24). Thus, expression of the
gHV68 RCA protein could alter gHV68 pathogenesis by pro-
tecting virions and/or virus-infected cells from complement-
mediated damage.

While regulation of complement is an attractive hypothesis
for the role of the gHV68 RCA protein, studies of other viral
RCA proteins or complement-regulatory proteins provide pre-
cedents for gHV68 RCA protein having other functions. For
example, the poxvirus B5R protein contains four SCRs and is
essential for virion morphogenesis (12, 16, 25, 28, 43, 44, 62,
72). The SCR-containing portion of B5R is not essential for

virion morphogenesis (25, 32, 44). Interestingly, the B5R pro-
tein is also involved in polymerization of actin on virions in
infected cells (44). In addition to the complement-regulatory
functions of HSV gC, gC may have additional roles in HSV
infection via interactions with molecules such as heparan sul-
fate (37) or attachment to polarized epithelial cells (41, 56),
although the role in binding has not been confirmed for all
strains of HSV (23, 41).

Studies of host RCA proteins provide further precedents for
complement-independent functions of RCA family members.
MCP has alternatively spliced forms with different cytoplasmic
domains (39, 40), suggesting a signaling function. MCP in-
teracts with intracellular kinases in macrophages (73), and
signaling via MCP can down-regulate the immunomodulatory
protein interleukin-12 (31). Similarly, DAF is glycosylphospha-
tidylinositol linked, and DAF (11, 30) and other glycosylphos-
phatidylinositol-linked proteins can generate intracellular
signals when cross-linked (reviewed in references 8 and 54).
These studies raise the possibility that the gHV68 RCA pro-
tein functions via induction of intracellular signals. It has fur-
thermore been argued that DAF and/or MCP plays a role in
regulation of cell sensitivity to killing by NK cells (17, 57).
Since NK cells are important in herpesvirus resistance, it is
possible that the gHV68 RCA protein regulates NK cell activ-
ity in addition to complement.

The specific role that the gHV68 RCA protein plays in
pathogenesis and whether this role is partly or completely
dependent on regulation of complement remain to be deter-
mined. Interesting in this regard is a recent study using HSV
gC mutant viruses which argues for both C3-dependent and
C3-independent effects of gC on HSV pathogenesis (41). We
expect that these issues can be addressed by generating gHV68
RCA protein mutants and analyzing their pathogenesis in nor-
mal mice and mice deficient in C3.
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