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ABSTRACT

The Plasmodium falciparum malaria parasite is the
causative agent of malaria tropica. Merozoites, one of
the extracellular developmental stages of this parasite,
expose at their surface the merozoite surface protein-1
complex (MSP-1), which results from the proteolytic
processing of a 190-200 kDa precursor. MSP-1 is
highly immunogenic in humans and numerous studies
suggest that this protein is an effective target for a
protective immune response. Although its function is
unknown, there are indications that it may play a role
during invasion of erythrocytes by merozoites. The
parasite-derived msp-1 gene, which is 5000 bp long,
contains 74% AT. This high AT content has prevented
stable cloning of the full-size gene in  Escherichia coli
and consequently its expression in heterologous
systems. Here, we describe the synthesis of a 4917 bp
gene encoding MSP-1 from the FCB-1 strain of
Pfalciparum adjusted for human codon preferences.
The synthetic msp-1 gene (55% AT) was cloned,
maintained and expressed in its entirety in E.coli as
well as in CHO and Hela cells. The purified protein is
soluble and appears to possess nhative conformation
because it reacts with a panel of mAbs specific for
conformational epitopes. The strategy we used for
synthesizing the full-length msp-1 gene was to
assemble it from DNA fragments encoding all of the
major proteolytic fragments normally generated at the
parasite’s surface. Thus, after subcloning we also
obtained each of these MSP-1 processing products as
hexabhistidine fusion proteins in E.coli and isolated
them by affinity chromatography on Ni  2* agarose. The
availability of defined preparations of MSP-1 and its
major processing products open up new possibilities

for in-depth studies at the structural and functional level

of this important protein, including the exploration of
MSP-1-based experimental vaccines.

DDBJ/EMBL/GenBank accession no. AJ131294

INTRODUCTION

Malaria caused bfplasmodium falciparunnfections continues

to be a serious health problem in major parts of the world. The
identification of targets for immunologic interventions against
this infectious disease remains, therefore, an important goal.
Merozoites, which are the extracellular developmental form of
the parasite that invade erythrocytes, expose on their surface a
protein complex, which is the processing product of a 190-200 kDa
precursor known as merozoite surface protein-1 (MSR),

Upon deposition in the merozoite membrane via a glycosyl-
phosphatidylinositol (GPI) anchor, this precursor is proteolytically
cleaved during late schizogony into fragments which remain
associated with the parasite surface. Sequence analysispef
genes of differenP.falciparum strains has revealed that major
regions of the protein are dimorphic belonging to either the K1 or
the MAD20 prototype (FiglA) while other parts are highly
conserved3). Two small regions near the N-terminus show higher
variability. These features, as well as the presence of point mutations
scattered throughout the molecule and evidence for intragenic
recombination and/or gene conversion, confer a surprisingly limited
polymorphism to these abundant surface prot&ias. (

A number of experimental findings suggest that MSP-1 of
P.falciparum may elicit a protective immune response against
infections by the parasite. For example, in the rodent model,
immunization of mice with the analogous proteirPtdsmodium
yoelii yielded protection §), as did the transfer of monoclonal
antibodies and immune serum against this proté#9)( Sero-
epidemiologic datal(0,11) and results from several vaccination
trials conducted with variouB.falciparumderived MSP-1 prep-
arations in non-human primates also support the candidacy of this
protein or parts thereof as promising components of a subunit
vaccine against malaria tropica. In these tri@smiri or Aotus
monkeys were immunized either with MSP-1 isolated from
parasitesi2-15) or with synthetic peptides or recombinant MSP-1
fragments {5-21). The recombinant fragments assessed most
recently were primarily from the C-terminal region of MSP-1.
Although the data from these trials support MSP-1 as a vaccine
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candidate, the MSP-1 protective effects measured in these trillesign and synthesis of oligonucleotides

barely satisfy requirements for statistical significance because group

sizes were generally too small and since collected data were mite oligonucleotide primers used for the PCR-based synthesis of

confirmed in strictly comparable, subsequent trials. The two maifigh molecular weight, double-stranded DNA were restricted in

reasons for this situation are the scarceness of suitable experimesizé to maximally 120 ntin order to ensure that at least 50% of the

animals and the difficulties associated with preparing sufficierCR products were error free. The primers were designed using

amounts of well-defined MSP-1 from parasites. On the other hanhe Oligo 4.0 program and the following parameters were con-

expression of full-length recombinant MSP-1 in heterologousidered. The overlapping region between two oligonucleotides used

systems has turned out to be most difficult if not impossitl@®).  in one PCR reaction was on average 18 nt long. The internal

This appeared primarily due to the high AT conteftfalciparum  stability of each overlapping oligo pair wa&G-= 9 kcal/mol.

DNA which prevents the cloning and stable maintenance of larg&tential hairpin and duplex structures withG-=> 8 kcal/mol

genes irEscherichia colithereby precluding crucial studies at thewere eliminated as were false priming sites. The oligonucleotides

genetic and biochemical level which may have led to the elucidatiovere synthesized on a 1000 A pore size glass support using an

of its function. Applied Biosystems 394 synthesizer following standard protocols.
Thus, we decided to synthesize a 4917 bp polynucleotidthey were purified by electrophoresis in 10% polyacrylamide

encoding MSP-1 of the Colombia FCB-1 str&in,25) and change  (PAA) containing 7 M urea. Upon electroelution from gels, they

the AT content such that it could be maintained and expressed ivare precipitated with ethanol.

variety of hosts. Herein, we describe the design and synthesis of this

gene based on human codon frequencies. We also report the cloning

of this synthetic gene and its controlled expressidhanli and in  Asymmetric PCR-based synthesis of double-stranded DNA

mammalian cells. Purification of full-length protein from bothgaments

expression systems yielded material that is recognized by several

monoclonal antibodies known to interact with conformationalr

epitopes. Moreover, the strategy employed for the synthesis of {]

gene allowed for subcloning, production and purification of alyjjooncleotide pair used in each reaction was 5:1 in order to yield

major processing products of MSP-1. The availability of large,s appropriate as ; e

; s ymmetrically amplified prod@&)( Products
amounts of MSP-1 and its fragments opens up new possibilities fR"g " ang D, respectively, resulted from four PCR assays that
the thorough investigation of this prominent malaria antigen.

contained the oligonucleotide pairs 01/02 and O5/06 in ratios of
25:5, 03/04 and O7/08 in ratios of 5:25 pmol, respectively. Five
MATERIALS AND METHODS PCR cycles were performed inj@®df 10 mM Tris—HCI, 1.5 mM
; MgCly, pH 8.3, containing 2.5 U Taq polymerase (Boehringer,

Sequence design Mannheim) and the four deoxynucleotide triphosphates|(RDO
The amino acid sequence of MSP-1 of the Colombia FCB-1 stragach). The optimized cycling conditions (Omnigene TR3 CM220
(25) was translated into a DNA sequence with an average codtmermocycler) were 10 s at 9@ (denaturation), 30 s at 56
composition similar to that found in human coding sequeés ( (annealing) and 60 s at 72 (polymerization). Product E was

This was achieved by using a random number generator poepared by combining the products from assays A and B, and F
make each codon assignment, a process that proved to be tfubm assays C and D. After amplifying for five cycles, we added
random, because each run of the program yielded a differe25 pmol of O1 and O8 to 5 pmol of E and F, respectively, to
synthetic allele of MSP-1. One sequence was chosen as the masterstablish asymmetric oligonucleotide compositions and amplified
sequence and modified in a number of ways to eliminatfor an additional eight cycles. Product G was prepared by
sequences that might be detrimental to efficient transcription amdmbining these latter assays and amplifying for another
translation of the synthetic gene. All analysis programs mentiond@ cycles. PAGE was used to follow the various synthetic steps.
below were from the Genetics Computer Group progranthe final product G was separated from other reaction products
collection Q7). Positions where the introduction of additionalby electrophoresis in 1% agarose gels, eluted from the gel slice
endonuclease cleavage sites appeared feasible without changinggiteording to the Qiaex Il procedure (Qiagen, Disseldorf),
amino acid sequence were identified with the ‘Map’ program usindigested wittBanHI andClal and ligated into an appropriately
the option ‘silent’. ‘Find Patterns’ was used to search for consensceaved pBSK* plasmid. This plasmid is identical with pBSK
sequences that are indicative of prokaryotic promoters, poly(ABtratagene, Heidelberg) except that e and Spe sites
signals and exon—intron boundaries. Prokaryotic factor-independenithin the multiple cloning site were replaced withd, Mlul,
RNA polymerase terminator structures were identified with th&lcd and Sty sites. The resulting vectors were transferred into
‘Terminator’ program. Inverted repeats which might lead to thé&.coli strain SG13009. DNA fragments of the expected size
formation of undesirable secondary structures were identified witiberated from plasmids of bacterial clones aemHI/Clal
the ‘Stemloop’ program. All these structures, when encounteredeavage were further analysed. Usually, 10-20 clones containing
were eliminated by using alternative codons. Moreover, long runs sfich inserts were sufficient to identify either error-free
purines (>7 nt) that may cause transcriptional termination in son@0—800 bp DNA fragments or fragments containing small
viral systems were disrupted. Finally, the stability of the resultingumbers of errors that could be eliminated by combining the
RNA molecule was assessed with ‘Fold RNA. This analysis wasrror-free portions of two fragments via an internal cleavage site.
performed on overlapping fragments because the software restrict&tifragments were finally combined via their compatible unique
the length of the input sequence to 1200 bases. Any structures mcleavage sites positioned at either end (Eg). After assembly
stable than the mRNA of the human glyceraldehyde-3-phosphateas complete, thasp-Blgene was sequenced in its entirety with
dehydrogenase were eliminated. a standard set of sequencing primers.

he overall strategy of fragment synthesis is outlined in F@ure
general, four assays were performed in parallel. The ratio of the
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Synthesis of full size MSP-1 and of MSP-1 fragments B.coli MSP-1 as well as tHac gene. The MSP-1-expressing CHO cell

The DNA encoding MSPSR p83 (without signal pepide, Fitg), line CtTA-27/29 was generated in an analogous way.
p30, p38, p42 and pl9 (the latter without GPI anchor signq},
Fig. 1B), respectively, were transferred from pBSK* vectors to.
the expression vector pDS589 via their BanH| and Clal
cleavage sites. By utilizing tianH| insertion site of this vector, HtTA-93/9 cells were grown to confluency in 10 cm dishes
six histidines were attached to the N-terminus of the respectiv®ntaining EMEM medium supplemented with 10% FCS. Cells
protein. This allows the purification of the resulting protein viafrom 20 such cultures were washed twice with PBS and
Ni2* chelate chromatographg9). suspended in 4 ml TNET lysis buffer (150 mM NaCl, 5 mM
The various vector constructs were transferred into the L&€DTA, 50 mM Tris—HCI, 1% Triton X-100, pH 7.4) containing
repressor providinge.coli SG13009. Cultures derived from a cocktail of protease inhibitors (PMSF, aprotinin, antipain,
individual clones containing the proper plasmids were grown tbestatin, pepstatin and leupeptin, eachag/ml, and 5qug/ml
early log phase (Of30.2) and induced with IPTG (1 mM) for TLCK). The suspension was kept in ice for 30 min before it was
3 h. With the exception of p38, all fragments as well as theentrifuged at 300 0Gfand £ C for 30 min. The supernatant was
full-size p190 were produced in high yields (between 2 and 10%leared’ by passing it through a 1.5 ml column packed with
of the total protein), but even p38 was readily purified in sufficienprotein A—Sepharose 4 fast flow (Pharmacia Biotech) and the
guantity to allow characterization. For isolation of the variouglow-through was collected. For immunoaffinity chromatography
expression products, cell pellets were dissolved in 6 M guanidiniuthe flow-through was then applied to a 1.5 ml mAb 5.2 (ATCC,
hydrochloride and applied directly to ANichelate columns. HB9148)/protein A-Sepharose 4 fast flow colu®®) equilibrated
Before the adsorbed material was eluted, the column wagth TNET buffer. The column was washed with 5 bed vol of
developed with a reverse gradient running from 6 to 1 M urea iIRNET, pH 7.4, followed by 5 bed vol of TNET, 0.65 M NacCl,
0.5 M NacCl, 0.05 M Tris—HCI, 20% glycerol, pH 7.4. Elution pH 8.0, and by 2 bed vol of 150 mM NaCl, 5 mM EDTA, 50 mM
with an imidazole gradient (0—500 mM imidazole hydrochloridelris—HCI, pH 6.8. Adsorbed protein was eluted with 0.1 M
in 0.05 M Tris—HCI, 10% glycerol, pH 7) yielded MSP%ls glycine buffer, pH 2.5, and fractions were collected into a
well as all the fragments in highly purified and soluble form. previously titrated volume of 1 M Tris—HCI, pH 8.0. The protein
was stored in 20% glycerol at —<Z0.

urification of MSP-151 from Hela cells by immunoaffinity
hromatography

Expression of MSP-1-encoding DNA in mammalian cells _ ) )
) ) Analysis of MSP-1 isolated fromE.coli and CHO cells by
The msp-Blgene was inserted asMiul-Clal fragment into  estern blot

plasmid pBi-5 80) where it is co-regulated with the luciferase S oy
gene by the bidirectional promoteg . The activity of Biq is MSP-I purllf!ed fromE.coli via Ni¢* chelate ch(omatogra_phy
entirely dependent on tTA, the tetracycline controlled transcription@"d MSP-£! isolated from CHTA-27/29 cells by immunoaffinity -
activator 81). The resulting plasmid pBi-5/MSFliwas used to  chromatography was subjected to electrophoresis in 8% PAA in
transiently express the gene in HelLa and CHO cells thi#€ Presence of SDS (2%) but under non-reducing conditions.
constitutively produce tTA. Thus, HtTA-B{) and CtTA-1 cells Transfer _of the protein onto ImmobilonP membranes (Mlll|por§)
were co-transfected with pBi-5/MSP4and pUHD16-1 following Was carried out in transfer buffer (0.01% SDS, 25 mM Tris,
amodified 80) calcium phosphate method. The latter plasmid gives92 MM glycine, 20% methanol) for 90 min at 350 mA.

rise top-galactosidase which serves as a standard for determining\PProximately 0.1ug of protein was applied per lane. The
transfection efficiencies. MSFS1 expression was induced by Membrane-bound proteins were exposed to the various monoclonal
removal of doxycycline (Dox) from the culture and cells weredntibodies and visualized via anti-mouse I9G AP-conjugate
harvested after 30 h to determine luciferase activities in cell extrad@!gma, A2179) following standard procedur@8)(

as described previousiy31). The production of MSP-1 was

visualized by western blot analysis using monoclonal antibody mARESULTS

5.2 32) and compared with lysates prepared from uninduced Ce"&esign of a polydeoxyribonucleotide encoding an MSP-1

sequence

HtTA-1 and CtTA-1 cell lines that control the synthesis of . Lo
MSP-151 4 The MSP-1 coding sequence chosen for redesign is from

P.falciparumstrain FCB-1. Tabl& shows the bias towards A and T
To integrate thensp-Blgene controlled bygp; into the genome in the codons of the parasite gene in comparison with codon
of HtTA-1 cells, the cells were grown in 35 mm dishes to 40-50%equencies found in human coding sequences. By back-translating
confluency and co-transfected with 2§ of linearized plasmid the amino acid sequence of thep-1gene into DNA with human
pBi-5/MSP-B1and 0.1ug of linearized plasmid pHMR272(),  codon frequencies, the AT content was reduced from 74 to 55%. The
which confers resistance to hygromycin B. After 24 h, the celleedesigned gene was further modified to exclude sequences that may
were transferred to 10 cm dishes and maintained in mediube problematic during synthesis or cloning and expression of the
containing 300ug/ml hygromycin B. Resistant clones were polynucleotide in various heterologous systems (Materials and
isolated, expanded separately and analysed for luciferase activitiethods). These included a perfatoli promoter sequence lying
(31 in the absence and presence of Dox (100 ng/ml). Severgbstream of a consensus-type translational start signal which gave
clones which exhibited efficient regulation of luciferase activityrise to efficient expression from an internal start site. By making use
in a Dox-restricted manner were then analysed for tTA-dependeoft the degeneracy of the genetic code, we eliminated all the
production of MSP-1 by western blot analysis. Further subcloningotentially problematic sequences by changing individual base pairs
produced the cell line HtTA-9319 which efficiently expressedwithout affecting the encoded amino acid sequence.
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Table 1.Comparing the codon frequencies of thep-1gene ofP.falciparumwith human coding
frequencies reveals an extreme bias towards A/T-containing codons in the parasite DNA

Codon frequencies (%)
Amino Codon MSP-1 MSP-1 human Amino Codon MSP-1 MSP-1 human
acid native synthetic  coding seq. acid native synthetic  coding seq.
Ala GCA 53 22 23 Leu CTA 2 2 7
GCC 8 49 40 CTC 3 30 20
GCG 2 0 10 CTG 0 51 41
GCT 37 29 27 CTT 17 8 13
TTA 69 1 7
Arg AGA 62 30 20 TTG 9 8 13
AGG 10 17 20
CGA 10 9 11 Lys AAA 86 35 42
CGC 0 26 19 AAG 14 65 58
CGG 0 9 21
CGT 19 9 9 Met ATG 100 100 100
Asn AAC 22 58 54 Phe TTC 33 79 55
AAT 78 42 46 TTT 67 21 45
Asp GAC 13 64 53 Pro CCA 60 33 28
GAT 87 36 47 CccC 10 27 32
CCG 2 6 11
Cys TGC 10 60 55 CCT 29 35 28
TGT 90 40 45
Ser AGC 5 27 24
Gln CAA 94 36 26 AGT 24 7 15
CAG 6 64 74 TCA 42 7 15
TCC 6 24 22
Glu GAA 94 38 42 TCG 2 2 6
GAG 6 62 58 TCT 21 33 18
Gly GGA 48 25 25 Thr ACA 57 28 28
GGC 7 43 34 ACC 6 41 36
GGG 0 15 24 ACG 2 8 12
GGT 46 18 17 ACT 35 22 24
His CAC 26 57 59 Trp TGG 0 0 100
CAT 74 43 41
Tyr TAC 19 54 56
Ile ATA 41 12 15 TAT 81 46 44
ATC 6 55 49
ATT 53 34 36 Val GTA 45 [3 12
GTC 5 33 24
GTG 4 48 46
GTT 46 13 18

The synthetic MSP-1 sequence was adjusted to the human codon frequencies using a random number generator.
Multiple additional adjustments, e.g. for generating unique cleavage sites, eliminating splice donor and acceptor
signals, etc., were made thereafter. The codon frequencies shown for the synthetic gene represent the final sequence
synthesized which, when compared with the native gene, contains base pair changes at 1317 positions.

Searching for hidden recognition sequences for restriction Because MSP=E (Fig.1B and C) lacks the signal peptide and the
endonucleases permitted us, again by incorporating single bas®horing signal, it should be synthesized and remain in the
pair exchanges, to position unique cleavage sites at or near tiygoplasm. We, therefore, prepared two further genes with modifi-
major processing sites where the MSP-1 precursor of FCB-1 gstions to the'5and 3-ends. In onenisp-B, the original signal
proteolytically cleaved during schizogony (Figh). Thus, the peptide at the'send and the GPI anchor signal at therfl flank
endonucleaseSph, BsEll and EcaA71ll cleave the synthetic the coding sequence for the mature protein. In the ottsge£9,
MSP-1 coding sequence within one, four and one amino acithe signal sequence, but not the anchor sequence, which should
respectively, of the processing sites which separate p19 from pp@ymit secretion of the protein but not membrane retention, flank the
p29 from p38 and p38 from p30 (FIA). Moreover, theXmn coding sequence for the mature protein. While modifications at the
site at position 2025 is within 28 amino acids of the putativé'-end of the gene are facilitated by a unigjirill site at position
processing site that separates p83 from B3P Finally, unique 116, those at the'-8nd are best achieved by synthesizing variants
cleavage sites were placed at either end of the full-size geneofgp19 which can be introduced via the uniG site.

Mlul site at the 5end and &lotl as well as &lal site at the 3end The polynucleotide encoding MSP-1, complete with a signal
of the gene (FiglB). peptide and GPI anchor signal, comprises 4917 bp whereas the
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. 1 1639
Amn_no ; MSP-1 {
acids
S
A
I
Xmnl Ecod7ll BstEIll Sphl
1 2025 2724 3788 4575 4917
Base- ; 2025 ¢ 699 } 1064 —787 —342—
pairs
B
Scal
42 *s;;m
Ecod7lll
Hindill msp-1s2
©
C Sequences at the Termini
N-terminus C-terminus
MSP-1S
DNA GCACGCGTATGAAAATC -----—-—-—-m- AGCTTCATCTAATAGATCGATGGC
Protein Miul  Met Lys lle --—-——-w -— Ser Phe lle stop stop Clal
1 2 3 e -~ 1637 1638 1639
MSP-1S1
DNA GCACGCGTATGAAAATC ----—--eeemmeem- AGCTCTAATTAATAGGCGGCCGCATCGATGGC
Protein Miul Met Lys lle ---- Ser Ser Asnstop stop Notl Clal
1 2 3 -=—eeeeeee- 1619 1620 1621
MSP-152
DNA GGGATCCTATGGTGACC -------=-------- AGCTCTAATTAATAGGCGGCCGCATCGATGGC
Protein BamHlI Met Val Thr -- Ser Ser Asn stop stop Not | Clal
20 21 sememmemeemeeee- 1619 1620 1621

Figure 1.Schematic outline of the primary structure of MSP-R.faficiparum(FCB-1) and strategy for the synthesis of its coding sequex)cEhé protein comprises

1639 amino acids including the signal peptide (SP) and the signal for GPI anchoring (GA). Conserved regions are depietelihiorghic regions in grey. The

two blocks showing the highest variability are hatched. Upper arrows delineate the major processing products corresgrgit® &s pvell as, according to the
nomenclature of Stafforet al (34), SP and GA. The lower arrows indicate unique cleavage sites in the synthetic gene. They permit subdivision aftthe gene i
segments encoding the individual processing products. The processing site between p83 and p30 has not been definedyeXherisimagalf the sequences in

bp encoding the various processing products of MSP-1 are depicted below. They allow calculation of molecular weightvavioals feasons can significantly
deviate from those derived previously by electrophoretic mobility of the respective proteiB3 Ew( chart of the gene synthesis. Five DNA fragments (83—19)
were synthesized which encode the major processing products. They overlap their adjacent fragment by an average of afidvys thieidhision of neighbouring
fragments via common unigue endonuclease cleavage sites as indicated. Fragment 83 encoding the signal peptide coetairaritlitt @eavage site (>). The
5'-end of all other fragments containBanH| site (). The 3-end of p19 not encoding GA is followed bilatl (O) and &Clal (e ) site whereas the version of p19
encoding GA contains only @lal site. The fragments were fused stepwise as indicated torggeS The GA signal of the parasite was introduced by an
appropriately modified fragment 19 to yieftsp-B, whereas the SP sequence was eliminatedrfispB1by inserting the appropriate oligonucleotide between the
Mlul and a uniquédindlll site at position 116. The resultimgsp-B2gene can be inserted into expression vectors via its uBad! andClal (or Not) cleavage

sites. C) N- and C-terminal sequences of MSRMSP-51 and MSP-$2 at the nucleotide and amino acid levels. The numbering of the amino acid positions is
according to Heidriclet al (24).
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0-1 03 0-5 07 cleavage. An exception to this is the DNA fragment encoding
02 04 06 0-8 p83, which contained the N-terminal signal peptide. In this case,
A the B-end of O1 containsMlul site immediately upstream of the
ssay 1 Assay 2 Assay 3 Assay 4 R . .
25 pmol 5 pmol_ps ot 25 pmol 5 PmOl_ 25 pmol start codon of the full-size gene. Théul site allows us to

== spmol g 5 pmol = transfer the assembled MSP-1-encoding DNA into any vector via
D the uniqueMlul/Clal or Mlul/Notl sites. The synthesis of the

STEP! A 5 i-" PCR °Vc°'°s 5 DNA fragment encoding p83 and the N-terminal signal sequence
=3 required another modification of the scheme due to the size of
E = % 2025 bp of the oligonucleotide. The more N-terminal fragment |
STEP I i 5 PCR cycles was synthesized from a total of 12 oligonucleotides of 106—126 bp.
E F Eight of these produced thé portion (778 bp) of fragment |
according to Figur@. The 445 bp ‘3portion was synthesized
°"§ é from four oligonucleotides according to steps | and Il in Figure
STEP N i 8 PCR cycles The complete fragment | was then generated by joining these two

fragments by PCR as outlined for steps Ill and IV in Figufidne
 ; & p83 DNA fragment Il (954 bp) was generated from 10
oligonucleotides in an analogous procedure. Both p83 DNA
STEP IV i 12 PCR cycles fragments | and Il were, after sequence verification, combined via
¢ a uniqueScd site at position 1145.

The full-size gene encoding the entire MSP-1 was obtained by
successively joining the various DNA fragments corresponding
Figure 2. Flow chart for the synthesis of a polynucleotide of 600-1100 bp in to the processing products as outlined in FiglBe The
length. Eight synthetic oligonucleotides (O01-08) which overlap their I’eSpeCtivepo|ynuc|eotide encoding the entire MSPLivas generated by

neighbouring sequences by an average of 18 nt were mixed pairwise in fo i ; ; ;
assays at the stoichiometry indicated. After five amplification cycles, productgéombmmg the fragmem enCOdmg p83 and p30 with the fusion

A-D are obtained. Fragment A was combined with B and C with D, producingProducts encoding p38 and p42 via EwepA7lll cleavage site.
E and F, respectively, after another five additional amplification cycles. Sequences encoding signals for GPI anchoring were attached by

Asymmetry in DNA strand composition was reintroduced by amplifying E in inserting properly modified polynucleotides via t8ph/Clal
the presence of O1 and F in the presence of O8. The final product G Wagleavage site whereas modifications of the N-terminal signal

prepared by combining the asymmetric mixtures of E and F and amplifying for : P
12 cycles. The product was purified from agarose gels. For fragments where 10 eptlde were generated by exchanglng sequences upstream of the

12 oligonucleotides are required as starting material, as in the synthesis d}miqueHind'” Si.te (data not shown). The Synthetic gene which
oligonucleotides encoding p83, purified amplification products correspondingincludes the coding sequence for the authentic signal peptide and for

to G and D or F were subjected to amplification steps lll and IV to yield the final the  GPI-mediated anchoring signai of the parasite is designated
products such as p83 DNA fragments | and . msp-B (Fig. 1C). For expression studies Encoli, the sequence
encoding the signal peptide was removed, yieldisg-$2 This

o sequence yniesied noudng o stop cocons <A SIS B pecn UL e o o
flanking restriction cleavage sites comprised 4940 bp. X P e . 8
g g P P lined in FigurelB and C. The resulting gene starts with an ATG

_ . . _ followed by the codon for amino acid 21 (FIig). All the
Synthesis and cloning of polynucleotides encoding MSP-1  sequences described herein were submitted to the EMBL
or portions thereof database under accession no. AJ131294.

The full-length msp-1 gene sequence, designed above, was

subdivided into five overlapping fragments each correspondingontrolled expression ofmsp-152DNA in E.coli and

to one of the major processing products of MSP-1, namely p8Zolation of the products

p30, p38, p29 and p19 (FIB). They were synthesized using the

PCR-based procedure outlined in FigBrthat allows efficient Themsp-52as well as portions thereof encoding p83, p30, p38, p42
production of double-stranded DNA fragments of up to 1200 bpnd p19 were placed under the control of an IPTG-inducible
long. With the exception of DNA encoding p83, each fragmenpromoter in a vector that fuses six histidines to the N-terminus of the
was prepared from four pairs of overlapping synthetic oligoexpression products. Upon induction, all six proteins were produced
nucleotides that covered the fragment as part of the upper or lovireiE.coli and cell extracts were subjected té"Nihelate chromato-
strand. To facilitate later assembly of adjacent fragments, tlygaphy under denaturing conditions. Renaturation of the adsorbed
terminal O1 oligonucleotides, which encoded the fragmemnaterial via a urea gradient and subsequent elution with imidazole
N-termini, also contained the unigqueclavage sites from the hydrochloride yielded the six proteins in highly purified and soluble
upstream adjacent fragment and the terminal O8 oligonucleerm. The induction of MSP=£ synthesis irE.coli and electro-
tides, encoding the fragment C-termini, contained the unique phoretic characterization of purified p19—p83 is shown in Figfure
cleavage sites from the downstream adjacent fragments. MoreovEhg isolation procedure via an N-terminal histidine tag was chosen
every O1 oligonucleotide containe@arnt| site upstream of its  since several fragments do not contain the epitope recognized by the
unique 5 cleavage site. Similarly, every O8 oligonucleotide5.2 mAb antibody most suitable for immunoaffinity chromato-
contained two tandem stop codons ar@@la site or aNotl and  graphy. Moreover, high expression levels may lead to inclusion of
aClal site downstream of the unique cleavage site (BBgand  bodies from which the respective proteins can be readily recovered
C). These features allow the cloning of each individual fragmeninder denaturing conditions. Adption of such proteins to Rif
encoding a processing product of MSP-1 W#anHI/Clal chelate supports facilitates their renaturation.
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Figure 3. Expression ofmsp-$2andmsp-1fragments irE.coli and in mammalian cellsA] Themsp-£2sequence was inserted into expression vector pDSS6 where

it is under control of an IPTG inducible promoter. Upon transf&rdoli strain SG13009, the synthesis of MS#-dan be induced (IPTG+). The arrow identifies

an induced product with a molecular weight@B0 kDa. M denotes a molecular weight mark®y.Electrophoretic analysis of IPTG-induced MSP-1 fragments
produced irE.coli and purified by Ni* chelate chromatography. The various fragments are indicated above the lane. The designation of the protein fragments (3
is not identical with their molecular mass calculated from the respective sequences (Fig. 1). In addition, some (p38l9Bshamdgpmigration behaviour that

does not allow a strict correlation with the molecular weight standard. M denotes a broad range molecular weight marlgla(deBidiabs). Coomassie stained
4-12% PAA gradient gelQ) Expression of MSP-1 in HeLa and CHO cells. HtTA-93/9 and CtTA27/29 cells were grown to 40% confluency in the presence of Dox
(100 ng/ml) before the antibiotic was removed. After 24 h, cell extracts were prepared and analysed by western blot ugidgam#shi5and 2 show extracts from
induced (—Dox) and uninduced (+Dox) cultures, lane 3 shows extracts from HtTA-1 and CtTAgélsc{rophoresis of purified MSP-1 from HelLa cells and from
E.coli. The left lane shows a MSF-ipreparation obtained from cultures of HtTA-93/9 cells after immunoaffinity purification using the 5.2 mAb and the right lane
shows full-size material fror.coli obtained by Ni* chelate chromatography. Coomassie stained PAA gels.

Production of MSP-151in mammalian cells Interaction of heterologously produced MSP-1 with
monoclonal antibodies directed against the native protein

It may be difficult to obtain ifE.colithe properly folded form of  To gain a first insight into conformational properties of MSP-1 as
a protein like MSP-1 that is normally secreted and membrarisolated fronE.coli and from mammalian cells, purified antigen
anchored. We therefore also studied the expression of thes reacted with a panel of MSP-1-specific monoclonal antibodies.
synthetic genes encoding MSPlland MSP-%2in HeLa and  Of these antibodies, five are specific for the K1 prototype as
CHO cells. Since preliminary results suggested that MSP-1 magpresented by the FCB-1 sequence, six are known to recognize
interfere with the cellular metabolism (data not shown), itepitopes within the conserved parts of the molecule and two are
synthesis was controlled via the tetracycline regulatory systespecific for MAD20 sequences. Nine of the antibodies react with
(31). Thus, the coding sequences were placed under the contconformational rather than with sequential epitopiﬁa'ﬁ:«}(::gé

of a bidirectional promoter3() that is responsive to the When preparations of MSF*ifrom CHO cells and MSP
tetracycline-controlled transcriptional transactivator (tTA). Infrom E.coli were probed with the various antibodies in western
these constructs, the expression oftise-1gene is co-regulated blots, a rather striking result was obtained. MSPisblated from

with the luciferase reporter gene which is used as a convenidnicoliinteracted with all 11 antibodies that are specific for the K1
screening tool for identifying stably transformed cell lines. HeLgrototype. No interaction was seen with antibody 9.7 specific for
and CHO cell lines for the controlled expression ofrtisp-BS1  the MAD20 prototype or with antibody 12.1, which recognizes an
gene were generated by transfecting HtTA-1 and CtTA-1 cellsligomorphic sequence of block IV which is not presentin MSP-1
which constitutively produce tTA3(), with the appropriate of the FCB-1 strain (Figd and Table?). In contrast, MSP-3*
plasmids. Clones that showed good tetracycline-dependégelated from CHO cells while interacting with most K1-specific
regulation of luciferase were selected and examined for M&P-1antibodies was not recognized by three of the mAbs that bind to
synthesis. Several HeLa and CHO cell lines such as HtTA-93SP-2isolated fromE.coli. Again, as expected, there was no
and CtTA-27/29 were established. They exhibited high regulationteraction between CHO-derived MSPlland monoclonal
factors for luciferase (up to 4@old) and also co-regulate well the antibodies 9.7 and 12.1 (Fgand Table2).

synthesis of MSP3L (Fig.3B). Interestingly, although thasp-1

gene encodes the genuine signal peptide, no protein could §gscuUsSION

recovered from the culture supernatant of both HtTA-93/9 and

CtTA-27/29 cells, suggesting that the protein is not liberateDNA of P.falciparumhas an extraordinaryily high AT content
under these conditions. HtTA-93/9 cells grown at preparativeshich can exceed 90% in intragenic regions and may reach 75%
scale allowed us to isolate full-length MSP-1 from cell extract# coding sequences. The reasons for the strong preference of AT
via immunoaffinity chromatography (Fig3D) on columns over GC, most clearly revealed at the wobble position of codons
prepared with mAb 5.2. (Table 1), are not understood. A consequence of the high AT
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Figure 4. Interaction of MSP-1 fronk.coli and CHO cells with monoclonal antibodies. MSi2-and MSP-$1 isolated fromE.coli and CHTA-27/29 cells,
respectively, were subjected to electrophoresis under non-reducing conditions and analysed by western blot using theamtipodiesaidicated. MSF2ifrom
CHO cells (C) migrates slower than MSP2from E.coli (E) due to glycosylation in the eukaryotic expression sysi)rrtibodies directed towards conserved
portions of MSP-1. Interactions with antibodies specific for dimorphic regions are shad@)n(iKLj and C) (MAD20).

Table 2.MSP-1 purified fronE.coli and CHO cells, respectively, was subjected to gel electrophoresis under non-reducing conditions

MSP-1 specific antibodies I[FA Western blot
Specificity ~ mAb Epitope Type Region of Ref. P.f. FCB-1 E.coli CHO
No. interaction
Conserved 5.2 conformational pl19 32 4+ + +
12.8 p42 35,36 ++ + +
12.10 conformational pl19 35 ++++ + +
7.5 conformational p19 35 ++++ + +
9.8 conformational 35,36 ++++ + -
2.2 conformational p19 35 ++++ + +
K1 13.2 p83 35,36 e+ + +
13.1 p42 35,36 +4+++ + -
7.3 conformational 35 ++++ + -
7.6 conformational 35 ++++ + +
6.1 p42 35,36 +4++ + ND

MAD20 9.7 conformational 36 - - -
121 p83 (block IV) 36 - - -

Immunoblots with a panel of well-characterized monoclonal antibodies (32,35,36) were prepared and visually evaluated (Fig. 4).
Indirect immunofluorescence assays (IFA) were performed as described in Harlow and Lane (33). The number of + reflects the
intensity of immunofluorescence. ND, experiment not done due to limiting amounts of mAb 6.1. The western blots for mAb 2.2 and
6.1 are not shown in Figure 4 since limiting amounts of the antibodies did not allow us to carry out this experiment omae than

content ofP.falciparumDNA is the failure of cloning and stably of the mature schizont which permits separate cloning and
maintaining large geneskncolirendering in-depth studies of the expression of the portions of tlmsp-1gene that encode the
respective gene functions most difficult. In some cases, the biasdifferent processing products (Fid). Although, with the
codon composition was even believed to hamper the expressiexception of the GPI anchor at the C-terminus, native MSP-1 of
of P.falciparumgenes in heterologous systerg,§9). P.falciparum appears not to be glycosylatedd( we have

The synthesis of a 4917 bp long polynucleotide encoding trewnserved potential glycosylation sites as any change in the
190 kDa MSP-1 of the FCB-1 strain in a codon composition thamino acid composition may destroy epitopes important in the
reduces the AT content to 55% has opened up new possibilitieest—parasite interaction. Moreover, choosing proper hosts for
for the study of this intriguing protein since the synthetic gene caiSP-1 synthesis can prevent the modification of such sites and,
now be stably cloned and expressed in its entirdfydolias well  finally, it will not be difficult to eliminate glycosylation sites at a
as in a variety of other heterologous systems. Several parametetsr stage should it become desirable.
were reconciled in the design of the synthetip-1gene. Thus, The uniqueHindlll site near the 'send and thé&ph site near
it appeared sensible to place unique endonuclease cleavage shes3-end of the gene allow for switching signal peptides or
at or near positions where the protein is processed at the surfacembrane anchoring signals. Indeed, besides the sequence



1102 Nucleic Acids Research, 1999, Vol. 27, No. 4

modifications shown here (MSFib MSP-$2 Fig.1), we have The availability of ansp-1gene that can be transferred, stably
fused sequences encoding several other specific signal peptidesintained and expressed in various biological systems will
or anchoring signals with the gene (data not shown). Furthadvance the elucidation of its role in the parasite’s life cycle. This
parameters that were considered are discussed in Results anltlinclude structural analysis of the intact protein as well as of
Materials and Methods. its processing products. Of particular interest will be the analysis
For synthesizing an oligonucleotide of the size ofrtisp-1  of the interaction of MSP-1 and its processing products with
gene, we have examined several strategies. The approasigthrocytes.
described here is based on an asymmetric amplification procesSeveral approaches are under way in our laboratory. For
that starts out with eight overlapping oligonucleotides and leadsxample, we have successfully placed full-size MSP-1 as well as
to an end product of 600-800 bp, without the requirement gfortions thereof onto the surface of HelLa cells (P.Burghaus,
isolating intermediates. Following this strategy, it is essential tmanuscript in preparation) afidxoplasma gondiivhere they are
limit the size of the starting oligonucleotides to <120, optimallyanchored by a GPI moiety (I.Tirbachaefaal, manuscript in
to 70-90 nt, since the error rate of the PCR products increases fioeparation). Interaction with our collection of mAbs suggests
longer oligonucleotides, most likely due to incomplete deprotectiatinat the surface-exposed proteins have assumed the natural
or to modifications of nucleotides during chemical synthesis. Theonformation. These systems are opening up a variety of
complete msp-$2 gene and all the synthetic intermediatesexperimental strategies aimed at the analysis of MSP-1 function.
obtained by this procedure were stably clondd.doli confirming  This will include not only the interaction of MSP-1 or any portion
that the parameter responsible for the instability of largéhereof with the surface of erythrocytes but also questions
P.falciparumgenes irkE.coliis the high AT content. concerning the maturation of the MSP-1 precursor. Thus, hetero-
First expression studies with the synthetic sequendesali  logously produced MSP-1 or portions thereof may constitute useful
revealed that MSPS2 was readily produced as an intracellularsubstrates for proteases involved in this procé8s Einally, it
protein. Moreover, N-terminal fusion of a histidine tag allows itswill be possible to study the interaction between purified MSP-1
rapid isolation in soluble form via affinity chromatography.fragments representing the natural processing products which
Encouragingly, the examination of such MS¥-fireparations may allow reassembly of the MSP-1 comptexitro. Together,
with a panel of monoclonal antibodies, of which several arsuch studies may lead to new insights into the early phases of
considered to recognize conformational epitopes, indicates thatmythrocyte invasion and reveal new targets for interfering with
least some portions of the protein are properly folded under thefalciparuminfection at the blood stage.
conditions used. Production and purification of MSP-1 fragments The syntheticmsp-1gene will also facilitate the rigorous
corresponding to the various processing products of the natiegamination of the protective potential of MSP-1 or any portion
protein are even more efficient and all the fragments are obtainedtbereof when used as an experimental vaccine. Most of the recent
soluble proteins, a prerequisite for structural and functional studiddSP-1-based vaccination trials focused on the C-terminal
Despite the promising results Ecoli, proper folding of a portion of the protein, in part for technical reasons. While such
complex protein like MSP-1 that is transported to the surface studies have clearly identified this region of the molecule as
the parasite may be more readily achieved in a eukaryotic syst@momising, the analysis can now be extended throughout the
under conditions of secretion and possibly membrane anchorirentire molecule as there is little reason to exclude any portion of
We have, therefore, begun to study the expression ofghe?  this surface protein from such examination, particularly considering
gene in mammalian cells. After initial studies suggested théte contribution of cellular responses towards malaria immunity
synthesis of MSP-1 may negatively affect the growth of HeLavshere MSP-1 could play a rolé(). The FCB-1-derived amino
cells, we placed the gene under tetracycline control and generageitl sequence encoded in our synthetic gene is highly homologous
stable HeLa and CHO cell lines where MSP-gynthesis is to MSP-1 of the Colombian FVO strain which is well adapted to
stringently controlled and can be induced over several orders Abtus monkeys. Novel experimental vaccines that include the
magnitude. Full-size protein is recovered from cell extracts upcentire protein or any portion thereof can now be tested in this
induction. Since thensp-$1gene encodes the genuine signalanimal model and first monkey trials with vaccines based on
peptide of the parasite, which is quite similar to other eukaryottweterologously expressed proteins as well as a recombinant
signal sequences, one might anticipate the secretion of the protaitenuatedr.gondii are under way. The sequence chosen here
into the culture supernatant. We failed, however, to detect atwglongs to the K1 prototype. It diverges maximally from the
secreted material (data not shown) and are presently analysindViBP-1 sequence of the 3D7 strain, a representative of the
which compartment of the cell the protein accumulates. THAAD20 prototype. The synthesis of the gene encoding the 3D7
isolated protein migrates distinctly slower in an electric field thamMSP-1 is presently being completed in our laboratory. Together,
the protein produced i&.coli and thus it can be assumed that itthe two genes will allow comparative structural and immunologic
enters the endoplasmic reticulum and the Golgi pathway whestudies. In particular, they will permit vaccination studies with
it is glycosylated. Interestingly, full-size MSP-1 can be isolatetieterologous challenge infectionstiotusmonkeys. Moreover, the
from cell extracts by affinity chromatography with mAb 5.2, i.e. byavailability of unlimited amounts of MSP-1 proteins representing
an antibody that recognizes a conformational epitope near tttee processing products or any other portion of the K1- and the
C-terminus. This indicates again that at least this rather criticBAD20-derived MSP-1 will make a detailed analysis of the
domain of the protein may be in a conformation identical to theumoral response in populations whesfalciparumis endemic
native one. This conclusion is supported by the reactivity of thieasible. Such analyses may lead to more reliable correlations
antigen with mAbs 12.10, 7.5 and 2.2, all of which have beebetween patterns of humoral response and susceptibility towards
mapped to conformation-dependent epitopes within pl9 dffection and disease as was suggested in earlier stl@jgs$)(
MSP-1 (Table2). possibly allowing for the development of diagnostic tools with
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in a subunit vaccine. 20 Chang,S.P., Case,S.E., Gosnell,W.L., Hashimoto,A., Kramer,K.J.,
Tam,L.Q., Hashiro,C.Q., Nikaido,C.M., Gibson,H.L., Lee-Ng,C.T.,
Barr,P.J., Yokota,B.T. and Hui,G.S.N. (199&fect. Immun 64, 253—-261.

ACKNOWLEDGEMENTS 21 Burghaus,PA., Wellde,B.T., Hall,T., Richards,R.L., Egan,A.F., Riley,E.M.,

. . . Ballou,W.R. and Holder,A.A. (1996ifect. Immun 64, 3614—3619.
We would like to thank J. McBride for supplying monoclonal.,, Pye.D., Edwards,S.J., Anders,R.F., O'Brien,C.M., Franchina,P.

antibodies and S. Freundlieb, U. Baron and C. Schirra for help in corcoran,L.N., Monger,G., Peterson,M.G., Vandenberg,K.L., Smythe,J.A.,

expression studies. Helpful suggestions by M. Nassal and support Westley,S.R., Coppel,R.L., Webster,T.L., Kemp,D.J., Hampson,A.W. and

by R. Sprengel in automated DNA sequencing are gratefully Langford,C.J. (1991ipfect. Immun 59, 2403-2411.

acknowledged. We are greatly indebted to J. Lyon and H. del Portigytj Sandhu,J.S. and Kennedy,J.F. (198yine 12, 56-64. .

for suggestions and critical reading of the manuscript. This wo ggggfgy"é?é’cwéf;t'r;?:rii“mann’AlECkerSkom'C' and Lottspeich,F.
L . . ql34, 147-154.

was supported by grants of the Federal Ministry of Research apgl pan,w., Tolle,R. and Bujard,H. (1998pl. Biochem. Parasital 73

Technology (BMFT/BMBF AZ KA 9301) and by the Fonds der  241-244.

Chemischen Industrie Deutschlands. 26 Gribskov,M., Devereux,J. and Burgess,R.R. (198#)eic Acids Resl2,
539-549.
27 Devereux,J., Haeberli,P., Smithies,O. (1984)leic Acids Resl2 387-395.
REFERENCES 28 Sandhu,G.S., Alef,R.A. and Kline,B.C. (198%)techniquesl?, 14-16.
29 Hochuli,E., B h,W., Débeli,H. R. U D. (1
1 Holder,A.A. and Freeman,R.R. (198R)Exp. Med 156 1528-1538. o Big‘%eléﬁnoio&”ﬁa;l_’m’zs ObeliH., Gentz,R. and Stiber,D. (1988)
2 Holder,A.A. (1988pProg. Allergy 41, 72-97. " . ; ia
3 Tanabe,K., Mackay,M.. Goman,M. and Scaife,J.G. (198Wol. Biol, 30 Baron,U., Freundlieb,S., Gossen,M. and Bujard,H. (1986leic Acids Res

23, 3605-3606.

31 Gossen,M. and Bujard,H. (1992pc. Natl Acad. Sci. USR9, 5547-5551.

32 Siddiqui,W.A.L., Tam,S.C., Kan,K.J., Kramer,S.E., Case K.L.
Palmer,K.M., Yamaga,G. and Hui,G. (19&@ect. Immun 52, 314-318.

33 Harlow,E. and Lane,D. (1988ntibodies—A Laboratory ManuaCold

195 273-287.

4 Cooper,J.A. (1993parasitol. Today9, 50-54.

5 Miller,L.H., Roberts,T., Shahabuddin,M. and McCutchan,T.F. (1993)
Mol. Biochem. Parasitql59, 1-14.

6 Holder,A.A. and Freeman,R.R. (198ature 294 361-364.

7 Majarian,W.R., Daly,T.M., Weidanz,W.P. and Long,C.A. (1984) Spring Harbor Laboratory Press, Cold Spring Harbor, NY, Ch. 12 and 13,
J. Immunal, 132 3131-3137. pp. 505-523. _ _ _
8 Lew,A.M., Langford,C.J., Anders,R.F., Kemp,D.J., Saul,A., Fardoulys,C. 34 Stafford,W.H.L., Blackman,M.J., Harris,A., Shafrira,S., Grainger,M. and
Geysen,M. and Sheppard,M. (1988pc. Natl Acad. Sci. US&6, Holder,A.A. (1994)Mol. Biochem. Parasitql66, 157—160.
3768-3772. 35 McBride,J.S. and Heidrich,H.G. (1984pl. Biochem. Parasitql23 71-84.
9 Ling,l.T., Ogun,S.A., Momin,P., Richards,R.L., Garcon,N., Cohen,J., 36 Conway,D.J., Rosario,V., Oduola,A.M., Salako,L.A., Greenwood,B.M. and
Ballou,W.R. and Holder,A.A. (199Rjaccine 15, 1562-1567. McBride,J.S. (1991xp. Parasital 73, 469-480. _ )
10 Tolle,R., Friih,K., Doumbo,O., Koita,O., N'Diaye,M., Fischer,A., Dietz,K. 37 Sugiyama,T., Suzue K., Okamoto,M., Inselburg,J., Tai,K. and Horii,T.
and Bujard,H. (1993)nfect. Immun 61, 40-47. (1996)Vaccine 14, 1069-1076.
11 Egan,A.F., Chappel,J.A., Burghaus,P.A., Morris,J.S., McBride,J.S., 38 Prapunwattana,P., Sirawaraporn,W., Yuthavong,Y. and Santi,D.V. (1996)
Holder,A.A., Kaslow,D.C. and Riley,E.M. (199B)fect. Immun 63, Mol. Biochem. Parasital83, 93-106.
456—466. 39 Berhe,S. (1998) PhD thesis, Universitat Marburg.
12 Perrin,L.H., Merkli,B., Loche,M., Chizzolini,C., Smart,J. and Richle,R. 40 Krzych,U., Lyon,J.A., Jareed,T., Schneider,l., Hollingdale,M.R.,
(1984)J. Exp. Med 160 441-451. Gordon,D.M. and Ballou,W.R. (1998) Immunal, 155 4072—-4077.

13 Hall,R., Hyde,J.E., Goman,M., Simmons,D.L., Hope,l.A., Mackay,M. and 41 Blackman,M.J., Heidrich,H.G., Donachie,S., McBride,J.S. and
Scaife,J.G. (1984)ature 311, 379-382. Holder,A.A. (1990)J. Exp. Med 172 379-382.



