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ABSTRACT Complementary DNA clones for complement
receptor type 2 (CR2), the B-lymphocyte membrane protein
that serves as the receptor for Epstein-Barr virus and the C3d
complement fragment, were obtained by screening a Agtll
library generated from Raji B lymphoblastoid cell mRNA. A
4.2-kilobase (kb) clone, representing the entire coding sequence
of the protein plus untranslated 5’ and 3' nucleotide sequences
was obtained and sequenced. The 4.2-kb clone, which contains
all but about 500 base pairs (bp) of the 5’ untranslated region
of the full-length CR2 mRNA, consists of 63 bp of 5’ untrans-
lated nucleotide sequence followed successively by a start
codon, a 20-amino acid hydrophobic signal peptide, 1005
amino acids having a repeating motif, a 28-amino acid probable
transmembrane domain, and a 34-amino acid cytoplasmic tail.
The deduced amino acid sequence of the protein indicates that
the extracellular domain consists entirely of 16 tandemly
arranged repeating elements, each 60-75 amino acids in length,
which are identified by multiple conserved residues. This
repeating motif also occurs in the C3b/C4b receptor, several
complement proteins, and a number of noncomplement pro-
teins. In CR2, the 16 repeats occur in four clusters of four
repeats each. Approximately 10% of the deduced amino acid
sequence, including the amino and carboxyl termini, was
confirmed by amino acid sequencing of tryptic peptides derived
from purified CR2. The nucleotide and derived amino acid
sequence of CR2 and related studies are presented here.

A M, 145,000 B-lymphocyte membrane glycoprotein, desig-
nated complement receptor type 2 (CR2), serves as the
receptor for Epstein—Barr virus (EBV) and the C3d and C3dg
fragments of the third component of complement (1-5). An
EBYV viral envelope protein termed gp350/220 mediates the
binding of EBV to CR2 (6, 7). Gp350/220 and C3d, the natural
ligands, exhibit two regions of primary sequence similarity,
a finding that suggests that common domains in these two
proteins mediates binding to CR2. In addition to its role in
permitting EBV infection, CR2 has been implicated in trig-
gering B-cell activation (7-11); consistent with this finding,
CR?2 has been found to be phosphorylated upon treatment of
B cells with phorbol myristate or anti-Ig (12).

Previous studies have shown that the mature M, 145,000
CR2 molecule consists of a M, 111,000 polypeptide chain and
multiple N-linked oligosaccharides (13). A previous study
(14) reported the isolation of a partial CR2 cDNA clone and
indicated that CR2 is highly similar to CR1, the C3b/C4b
receptor; however, relatively limited nucleotide and protein
sequence information was presented in'that publication. The
genes encoding both CR1 and CR2 have'been mapped to
human chromosome 1, band q32 (15). - '
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To further define the structural and functional properties of
CR2, cDNA clones encoding CR2 were isolated, and the
complete amino acid sequence of the protein* was deduced.
Sequence analysis of tryptic peptides derived from purified
CR2 allowed verification of the amino and carboxyl termini
of the receptor.

MATERIALS AND METHODS

CR2 Purification and Analysis. CR2 was isolated from
detergent lysates of Raji B lymphoblastoid cells (provided by
A. Theofilopoulos, Scripps Clinic, La Jolla, CA) by im-
munoaffinity chromatography as earlier published (3). Ra-
diolabeled CR2 was subjected to complete trypsin digestion,
and the resulting peptides were purified by reverse-phase
HPLC as previously described (16). Amino acid sequence
analysis was done on an Applied Biosystems (model 470A)
gas-phase sequencer, or on a Beckman spinning-cup se-
quencer (model 890 M).

Construction and Screening of the cDNA Library. A cDNA
library was constructed in Agtl11 (Stratagene, San Diego, CA)
as previously described (17) using mRNA isolated from Raji
B lymphoblastoid cells. Complementary DNA was synthe-
sized with a commercially available synthesis kit (cDNA
synthesis system, Amersham). Packaging of recombinant
cDNA clones with phage coat proteins was done as recom-
mended by the manufacturer (Gigapack, Stratagene). The
library consisted of 2.5 x 10° recombinants.

The cDNA library was initially probed with a 32P-kinase
labeled 39-mer oligonucleotide probe (14). High-density
screening was done by hybridization on replicative nitrocel-
lulose filters as described (18, 19). Positive phage plaques
were replated and screened at plaque densities decreasing by
a factor of 10 until uniformly positive hybridization signals
were obtained.

Candidate CR2 cDNA clones were isolated from 85-mm
plate lysates using affinity chromatography with anti-A phage
antibody (LambdaSorb, Promega Biotec, Madison, WI).
Insert sizes were determined by digestion with EcoRI fol-
lowed by agarose gel electrophoresis. Large-scale prepara-
tion of A phage was done as described (20). The purified phage
were digested with EcoRI, and the cDNA inserts were
isolated by preparative gel electrophoresis.

Characterization and Sequencing of cDNA Clones. Nick-
translated (nick-translation kit, Bethesda Research Labora-

Abbreviations: CR2, complement receptor type 2 (C3d receptor);

CR1, complement receptor type 1 (C3b/C4b receptor); EBV, Ep-

stein-Barr virus.

*The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (Bolt, Beranek, and Newman Labora-
tories, Cambridge, MA, and Eur. Mol. Biol. Lab., Heidelberg)
(accession no. J03565).
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tories) 32P-labeled cDNA inserts were used to probe RNA
(21) or Southern blots as described (22).

The isolated CR2 inserts were ligated into the EcoRlI site of
plasmid Bluescript (Stratagene) (23). Sequencing was done
by the Sanger dideoxy chain-termination method (24) mod-
ified for double-stranded DNA as described by the manufac-
turer. Sequencing of the longer inserts was performed by the
exonuclease III and mung bean nuclease method (25) mod-
ified for plasmid Bluescript.

DIAGON software analysis (ref. 26; release 2.1) was done on
the completed amino acid and nucleotide sequence of CR2.

RESULTS AND DISCUSSION

Isolation and Characterization of ACR2 c¢DNA Clones.
Approximately 5 X 10° recombinant A phage were screened
with a CR2 oligonucleotide probe, and two clones, designated
AAll and AF11, were identified. Both clones contained
1.2-kb inserts as indicated by digestion with EcoRI (Fig. 14).
The insert from AA11 was isolated, nick-translated with 32P,
and used to probe RNA blots derived from either T or B cells.
As shown in Fig. 1A, the AA11 insert hybridized to a single
4.7-kb mRNA species from the Raji B cell line but did not
recognize mRNA from the human T-cell-derived HSB-2 cell
line. These results are in agreement with the reported size of
CR2 mRNA (5 kb) derived from tonsil B cells and with the
absence of detectable CR2 RNA in the HSB-2 cell line (14).

The CR2 cDNA insert from clone AA11 was nick-translated
and used to reprobe the Raji library. Two additional clones,
designated AE41 and AL11, were isolated by hybridization
screening. As shown in Fig. 1B, the L11 clone contained a
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1.2-kb insert, whereas the E41 clone contained three EcoRI-
derived fragments of 1.8, 1.6, and 0.8 kb, respectively. The
1.8-kb fragment of E41 and the 1.2-kb insert of L11 hybrid-
ized to the A1l insert on Southern blot analysis (Fig. 1B).
Further analysis of the AE41 clone by EcoRI digestion and
32p_end-labeling followed by polyacrylamide gel electropho-
resis failed to detect additional small (<500 bp) insert
fragments. A summary of the alignment and restriction
mapping of the ACR2 clones is shown in Fig. 1C.

Nucleotide and Deduced Amino Acid Sequence of CR2. The
nucleotide sequence of CR2 cDNA was obtained by sequenc-
ing a series of nested deletions of the three EcoRI fragments
of the AE41 clone, as well as by sequencing subclones
generated by endonuclease restriction digestion (Fig. 1C).
The entire sequence of both the AA11l and AE41 cDNA clones
was determined; =90% of the coding region of the AE41 CR2
clone was sequenced on both strands.

The complete nucleotide and derived amino acid sequence
of the E41 CR2 clone is shown in Fig. 2. The protein-coding
sequence is preceded by 63 bp of untranslated nucleotide
sequence followed by a start codon and a 20-amino acid
hydrophobic signal peptide. The sequence surrounding the
start codon is consistent with Kozak’s rules for initiation (27).
The predicted amino terminus of the native protein is iso-
leucine, as determined by Von Heijne’s rules for signal-
peptide cleavage (28). A tryptic peptide derived from the
amino terminus of purified CR2, corresponding’to residues
1-12 of the deduced sequence (Fig. 2) was identified. The
mature protein contains 1067 amino acids, the extracellular
domain of which is made up of 16 tandem repeat elements of
60-75 amino acids (see below). A putative 28-amino acid
transmembrane anchor (residues 1005-1033), ascertained by
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Fig. 1. Characterization of ACR2
cDNA clones. Partial A\CR2 clones AA11
and AF11 cDNA were digested with Eco-
RI and electrophoresed on a 1.0% aga-
rose gel that was stained with ethidium
bromide (A Left). The nick-translated
1.2-kb insert from AAll was used to
probe RNA blots of total (20 ug) or
poly(A)*-selected (2 ug) Raji or HSB-2
cell RNA (A Right). Hybridization was
done at 65°C in 6x SSC (1x SSC = 0.15
M NaCl/0.015 M sodium citrate) for 18
hr. Filters were washed with 0.1x SSC at
65°C. A\CR2 cDNA clones E41 and L11

CR2 mRNA
Probe
AA11, AF1T, ALY

AE41

CR2 Protein

were digested with EcoRI and electro-
phoresed on a 1.5% gel (B Left). A
Southern blot of this gel (B Right) was
probed with 3?P-nick translated insert
from AA1l. Hybridization was done at
65°C and 6x SSC. Blots were washed
with 0.1x SSC at 65°C. An alignment of
the restriction map of the probe and CR2
cDNA clones, as well as the deduced
protein, are indicated in relation to the
predicted CR2 mRNA (C).



9196 Immunology: Moore et al.

Proc. Natl. Acad. Sci. USA 84 (1987)

AAT1
L |
[—|—_='. — '
-—
AE41 -—f
R R
[ 't 4 I\ 4 A
r 2 g T T T '
0 1000 2000 3000 4000
8 . > b [ [ — — | e -—{
r L r e hnd Al 1
— ’._. .__..l. N —_— e |
ll n - | e v —
q._‘ ] . 4 LI | 4 I\ —
-1 1 1T & al T -
-1 41
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CGGACGC T1¢ CTGCTCGGGGTTTTCT e TATC 150
0 L 8 GR ] §$ Y VYST P ] AV GTVIRYSCSGTFRLIGENKS ST LLCI]TKDKVYVDGTWDIKTPA
CTAAA TTAGTTATTATTC TGCTGY TGT T 300
- -
6 P K CE VY F NKYSSCPEPIVPGGYKXKIRGSTPYRMNGDSVTIFACKTNFSMHNNGH NI KS
CCTAAA T Terrer TACACCC TC T 450
10 V ¥ C QA N NMNWGPTRLPTCVSVEFPLETCPALPMNIMNNGMNNTSENVGSIAPGLSYVY
GTTTGGTGT v TTYCCC TTC s 600
10 T Y S C E S G Y LLVGEKTITIMNCLSSGKUWSAVPPTCEEARTECHEK $ L GRF PN GKYKTETFP
ACTTACAGCTGTGAATCTGGTTACTTGCTTGT TAACTGTTTGTCT T T 750
210 P_ I L R ¥V G V T A N F F CDEGVYRLOQGPPSSRCVIAGOQGVYAVTKMWNPVCETETLTFCEPSE©P
CCAATTCTCCGGGT T TC TGCT v T 900
200 P P I L N GR W I GNSLAWNVYVYSYGS I VTITYTCDODPOPETEG GV NFI1LIGESTIULRCTVD S
CCCCCTATTC TCAC TTACACT TCATCCTTAT TCTCCGT TGATAGT 1050
.
310 ¢ K T G T WS GPAPRCELSTSAVQCPNHNPQILRGRMNYVYSGQKDRYTYNDTVIFAC
CAGAAGACTGGGACC TGTGAACTTTCTACTTCTGCGGT TIGCTIGC 1200
30 M F G F T L KGS K Q@I RCNAQGTWEPSAPVCETKET COQAPPNWNTILWMNGO QKTETDTRIBNDMNVR RE
ATGTTTGGCTTCACCT CATC TCCTAAC 1350
410 0D P G T S 1 KY S CWNPGYVLVGETET STIOQCTSEGVWVWTPPVPQ@CKVYVAACEATGROLIL
TC AMCTCTTG 1500
.
40 T K P Q HQFVRPDVNSSCGEGYKLSGSVYQECQGT 1 PWFMNETILIRLCKETILITCPEP
ACAAA TTGTTAGACC TericY AGT T ACAATTCCTTGGTT TCGTCTTTGY 1650
S0 P P V I Y NG A MNT GS SLEDTFPYGTTVTIYTCNPGPERGVYETFS SLIGET STIRCT SN
CCCCCTGTTATCTACAATGGGGCACACACCGGGAGTTCCT LA T TGGGC TCAGCCTCAT ACCATCCGT AAT 1800
.
560 0 @ E R G T W S GPAPLCKLSLLAVQGCSHVHIANGYKISGKTEAPYFYNDTVTYEFEK
GA ACC Teerecee TTTCCCTCCTTGE A TAT TTe TCAAG 1950
610 € Y s G F T L K G S S Q1 RCKRDWNTWDODPETLIUPVCEIKSG GTCOQPPPGLHNMNGRIMNTGGNTUVEF
161 TITACTT AGTAGTCAGAT TCGT TGCAAAC! T TCCTGGGC CGTCAT GGTCTTC 2100
. .
60 F VS GNWNTVDYTCOPGYLLVGNI KTS] HNCMHPSGNUYSPSAPRCETETC COQNWNVRQSLO
TTTGTCTC TACACT TGGCTATTTGCT 14 TICAA 2250
.
70 E L P A G S RV ELV NTSCQ@DGY QLT GHAY QNCOQDAENWNGIWVFKREKT]PLCKVYINCH
GAACTTCCAGCTGGT TCACGTGT! TAGTTAATACGTCC' TTGGTTC) TCCACTT TAT 2400
-
760 P P P V I V N G KN T GMMAENTFLYGNEVSYECDOQGFYLLGEKNCSAEVILKAUW!I
CCTCCACCAGTGATTGT TTICTA Tcr TCTATC T T 2550
. .
810 L E R A F P QCLRSLCPNPEVEKHGYKLNKTHSAYSHNDIVYVDCNPGEFIMNNGS
T TACGATCTCTGTGCC AAC T T TGAC 1 T 2700
.
80 R VI RC H TODNTWMVPGVPTCIKKAFIGCPPPPKTPMNGNMNTIGEGNIARTFSEPGNS
CGCGTGAT AC ACACA CAACTTGTATC CTTCA TCCGeC CTAACGGGAACCATAC ATAGCTCGATTTTCTCC 2850
-
910 1 L Y S CDQ@GYLVVGEPLLULLCTHEGTWSQPAPMNWCKEVNCSSPADMNDGIG@KGL
ATCC TGTGACCAAGGCTACC CACTCCTTCTTTGCACAC TGCCCCTCAT AAACTGTAGCTCACCAGC 3000
90 E P R K M Y QY G AV VT LETCETDGTYMLEGSTP QaSQ@CGQSDHOQWNPPLAVCRSHR
GAACCAAGGAAAATGTATCAGTATGGAGCTGTTGTAACTCTGGAGTGTGAAGATGGGTATATGCTGGAAGGC CAATCGGATCACCAATGGAACCCTCCCCTGGCGGTTTGCAGATCCCGTTCACTTGETCCT 3150
1owofvL c 6 1 A AG L I L L T F L1 VITLYVI!ISKHRERNYYTDTSAaQKEATFHLEAREVYS
GTCCTTTGTGGTATTGCTGCAGGTTTGATACTTCTTACCTTCTTGATTGTCATTACCT TATACGTGATATCAAAACACAGAGAACGCAAT TATTATACAGATACAAGCCAGAAAGAAGCT TTTCATTTAGAAGCACGAGAAGTATATTCT 3300
1060 VO P Y N P A S1067
67 GA CTCATTGCTTGGAATT ATATTGATT, AAACTGCTCTAATAT TCTTTATATGGCCTCAAGATCAATGAAATGATGTCAT 3450
AAGCGATCACTTCCTATATGCACTTATTCY ATCTT TTCACTGCCATATACTCTTCAAGGACTTTCTGAAGCCTCACT TATGAGATGCCTGAAGCCAGGCCATGGCTATAAACATTAC  360C
ATGGCTCTAAAAGTTTTGCCCTTTTT, T C TTCTTTTTGAAATCACATACTCATGTTACTATCTGCTTTTGGTTATAATGTGTTTTTAATTATCTAAAGTATGAAGCATTTT 3750
CTGGGGTTATGATGGCCTTACTTTTAY G TTTATTTTGATAGTAGCTTCCTTCCY TAATCATTTCGTTTTTACCCTTTACCTTCGGATTTGAGTTTCTCTCACATTACTGTATATACTTTGCCTTCCATA 3900
ATCACTCAGTGATTGCAATTTGCACAAGT TTTTTTAAATTATGGGAATCAAGAT TTAATCCTAGAGAT TTGGTGTACAATTCAGGCT TTGGATGT TTCTTTAGCAGT TTTGTGATAAGTTCTAGTTGCTTGTAAMMATTTCACTTAATAAT 4050

Fi16.2. Nucleotide and derived amino acid sequence of CR2. The position and orientation of the subclones of CR2 cDNA that were sequenced
are indicated by arrows at the beginning of the sequence. CR2 nucleotides are numbered at right, whereas the amino acid residues are indicated
by numbers at left. Positions of the signal peptide, transmembrane domain, and polyadenylylation sequence are indicated by the boxed residues.
The locations of tryptic peptides derived from purified CR2, which were sequenced, are indicated by underlining. Potential sites for N-linked

GTGTACATTAGTCATTRATAARI TGTAATTGTA A 413

glycosylation are indicated by *.
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1 SPPPILNGRISYYSTPIAVGT VIRYSESGTFRLI [GeksLLE TkoKvDGTMDKPAPKEEYFNKYSS
2 |ClPEP IVPGEYKIRGSTP YRHGDSVTFACKTNFSMN [GNKSVMClaAN N Prn'l'n VSVEPLE
3 [ClPALPMIHMGMHTSENVGS 1APGLSVTYSEIESElYLLY [GlEK I INElLSS  GKWBAVPPTE[EEAR
4 |clkSLGRFPME KVKEPPILRVGVTANEF zElma PPSSRICV IAGO GVAWTKM PVE[EE I F
5 |clPSPPPILMGIRHIGNSLANVSYGSIVTYT PDPENEFILI EsTLRE{TVDSOKTGTWEGPAPRE|ELSTSAVD
6 IclPHPa 1LRIGRMYSGOKDRYTYNDTVIFALMFGlFTLK felskairichae  GTWEPSAPVE|EKE
7 |claappNiunclokeoRHMYRFDPGTS IKYSENPEIY VLY JoleEs 1akfTsE cvwrPPvPaivaa
8 |cleat OLLTKPQHOFVRPDVNSSEGERIYKLS Jelsvyae GTIPWEME I RLEIKEIT
9 |clPPPPVIYNGAHTGSSLEDFPYGTTVTYT PGPEeﬂrsu ESTIRK|TSNDOERGTWSGPAPLEKLSLLAVD
10 [clsHvH 1AMGlYMISGKEAPYFYNDTVTEKEVSBFTLK [oisSaiRkvT  NTWDPEIPVE[EKS
11 |cloPPPGLHHGRHTGGNTVEFVSGMTVDYTICDPEYLLY  [GNKSTHCMPS  GNWSPSAPRE|EET
12 |clonvRasLaeLpaGsR veLvnTsklolgvac AYOMCQDAEN G IMEKK1PLEKVIH
13 [cuepevivMGkHTGMMAENFLYGNEVSYERPOBFYLL [sEKN fefsAEvit K |f':rpu LRSL
14 [clPnPEvk HlyKLNKTHSAYSHND I VYVORNPGIF IMN  [6lSRVIRKHTD  NTWNPGVPTE|[ KKAFIG
15 [clpPPPKTPNGINHTGGNIARFSPGMS ILYSEDOGYLVY [BlEPLLLETHE GTWSQPAPHEKE
16 |cJsSPADMDGIOKGLEPRKMYQYGAVVTLECEDGYMLE [gsPosoidaso  nawNpPLAvERSR
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FiG. 3. Alignment of the 16 tandem repeating elements of CR2 and similarity with other C3 binding proteins (Upper). Highly conserved
residues are indicated by the boxed amino acids, whereas other conserved residues are indicated by the consensus shown at bottom. CR2
consensus sequence is compared with the consensus of other C3 binding proteins.

computer-generated hydropathy analysis, is located just
before the carboxyl terminus of the protein, indicating that
the receptor is oriented in the membrane of B cells in an
amino terminus (out)/carboxyl terminus (in) configuration,
which is similar to many, but not all, eukaryotic membrane
receptors (29). The probable cytoplasmic domain of CR2
consists of 34 residues, which include several potential sites
for serine and threonine phosphorylation by protein kinases
(30). A CR2 tryptic peptide conforming to that pre-
dicted from analysis of the AE41 clone was identified in these
studies. Approximately 10% of the deduced amino acid
sequence was confirmed by amino acid sequencing of tryptic
peptides (Fig. 2).

The deduced 1067 amino acids of CR2 correspond to a
protein of M, 116,974; this size is close to the expected size
of the nonglycosylated molecule (13). The receptor also
contains 13 potential sites for N-linked glycosylation (Fig. 2).

The remaining 3’ 751 nucleotides of AE41 CR2 clone are
untranslated and contain a polyadenylylation signal.

Internal Repeating Structure of CR2 and Similarity to Other
Proteins. As shown in Fig. 3, the extracellular domain of CR2,
excluding the signal, is composed of 16 tandemly arranged
internal repeating units of 60-75 amino acids each. The
presence of consensus repeating elements in other C3 binding
proteins has been previously reported (31). This repeat motif
structure contains four highly conserved cysteine residues,
two conserved glycines, and one tryptophan residue, as well
as other conserved residues as summarized in Fig. 3. Dot
matrix analyses of the amino acid sequence shown in Fig. 4
show that CR2 exhibits an additional leve! of repeating
structure because the 16 repeats occur in clusters of four:
1-4, 5-8, 9-12, and 13-16; of these repeat clusters 5-8 and
9-12 exhibit a higher degree of identity (51%) than the others
(35-40%) (Fig. 4). The CR2 tandem repeating elements show

varying degrees of similarity with other C3 and/or C4 binding
proteins, including the C3b/C4b receptor (complement re-
ceptor type 1) (32), C4 binding protein (C4bp) (33), factor H
(31), and factor B (34, 35). Because a number of other
proteins that presumably lack C3 binding activity, such as the
IL-2 receptor (36) and haptoglobin (37), also contain homol-
ogous repeating structures, the conserved residues within the
repeating element probably do not play a direct role in ligand
binding. More likely is that these residues facilitate the
formation of independent folding domains necessary for the
generation of an extended molecule as has been proposed for
C4bp (31, 38) and CR1 (32).

As noted earlier, CR2 binds C3d and the gp350/220
glycoprotein of EBV. A region of amino acid sequence
similarity in C3d and gp350/220 may well mediate the binding
of these diverse proteins to CR2 (6, 7, 39). It will be of interest
to determine whether CR2 interacts with C3d and gp350/220
via a specific sequence of amino acids and, if so, whether this
sequence is found in a single repeating element. Furthermore,
CR2 mediates internalization of EBV into B cells and signal
transduction leading to B-cell activation. Analyses of the
structural basis for these various functional activities will be
facilitated by the elucidation of the complete sequence and
domain structure of the molecule.

The authors express their gratitude to Dr. Georg Widera for his
help in construction of the library and to Drs. Rick Wetzel and Martin
F. E. Siaw for HPLC peptide purification. The authors also thank
Cam Nguyen and Virginia Keivens-Schwend for excellent technical
assistance and Bonnie Weier for preparation of the manuscript.
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FiG. 4. DIAGON graphics analysis of the nucleotide and deduced
amino acid sequence of CR2. To reveal repetitive sequences within
the molecule, the entire sequence of CR2 was compared with itself
and within itself. A dot was plotted when there was a score of 708 in
an amino acid-score matrix for a span of 59 amino acids (Upper). For
nucleotide analysis (Lower), a dot indicates when there was at least
a 40 bp/91 bp match. The diagonal line bisecting the origin represents
the identity of the sequence with itself. An additional parallel line of
identity indicates similarity between two groups of four repeating
elements, 5-8 and 9-12.
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