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NOVEL MODIFIED MSP-1 NUCLEIC ACID SEQUENCES
AND METHODS FOR INCREASING MRNA LEVELS AND PROTEIN
EXPRESSION IN CELL SYSTEMS

BACKGROUND OF THE INVENTION

iel e inventi
The invention relates to heterologous gene expression. More particularly, the

invention relates to the expression of malaria genes in higher eukaryote cell

systems.

Summary of the related art

Recombinant production of certain heterologous gene products is often
difficult in in vitro cell culture systems or in vivo recombinant production systems.
For example, many researchers have found it difficult to express proteins derived
from bacteria, parasites and virus in cell culture systems different from the cell from
which the protein was originally derived, and particularly in mammalian cell
culture systems. One example of a therapeutically important protein which has

been difficult to produce by mammalian cells is the malaria merozoite surface
protein (MSP-1).

~ Malaria is a serious heath problem in tropical countries. Resistance to
existing drugs is fast developing and a vaccine is urgently needed. Of the number of
antigens that get expressed during the life cycle of P. falciparum, MSP-1 is the most
extensively studied and promises to be the most successful candidate for
vaccination. Individuals exposed to P. falciparum develop antibodies against
MSP-1, and studies have shown that there is a correlation between a naturally
acquired immune response to MSP-1 and reduced malaria morbidity. In a number
of studies, immunization with purified native MSP-1 or recombinant fragments of
the protein has induced at least partial protection from the parasite (Diggs et al,

(1993) Parusitol. Today 9:300-302). Thus MSP-1 is an important target for the
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development of a vaccine against P. falciparum.

MSP-1is a 190-220 kDA glycoprotein. The C-terminal region has been the
focus of recombinant production for use as a vaccine. However, a major problem in
developing MSP-1 as a vaccine is the difficulty in obtaining recombinant proteins in
bacterial or yeast expression systems that are equivalent in immunological potency
to the affinity purified native protein (Chang et al., (1992) /. Imniunol. 148:548-555.)

and in large enough quantities to make vaccine production feasible.

Improved procedures for enhancing expression of sufficient quantities of

MSP-1 would be advantageous.
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BRIEF SUMMARY OF THE INVENTI

The present invention provides improved recombinant DNA compositions
and procedures for increasing the mRNA levels and protein expression of the
malarial surface antigen MSP-1 in cell culture systems, mammalian cell culture
systems, or in transgenic mammals. The preferred protein candidate for expression
in an expression system in accordance with the invention is a C-terminal derivative
of MSP-1 having a DNA coding sequence with reduced AT content, and eliminated
mRNA instability motifs and rare codons relative to the recombinant expression
systems. Thus, in a first aspect, the invention provides a DNA sequence derived
from the sequence shown in SEQ [D NO 2. This derivative sequence is shown in
SEQID NO 1.

In a second aspect, the invention provides a process for preparing a modified
nucleic acid of the invention comprising the steps of lowering the overall AT
content of the natural gene encoding MSP-1, eliminating all mRNA instability
motifs and replacing all rare codons with a preferred codon of the mammary gland
tissue, all by replacing specific codons in the natural gene with codons recognizable
to, and preferably preferred by mammary gland tissue and which code for the same
amino acids as the replaced codon. This aspect of the invention further includes
modified nucleic acids prepared ac&ording to the process of the invention.

In a third aspect, the invention also provides vectors comprising modified
MSP-1 nucleic acids of the invention and a goat beta casein promoter and signal
sequence, and host cells transformed with nucleic acids of the invention.

In a fourth aspect, the invention provides transgenic non-human mammals
whose germlines comprise a nucleic acid of the invention.

In a fifth aspect, the invention provides a DNA vaccine comprising a

modified MSP-1 gene according to the invention.
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DESCRIPTION OF THE DRAWINGS

Fig. 1 depicts the cDNA sequence of MSP-1,; modified in accordance with the
invention [SEQ ID NO 1] in which 306 nucleotide positions have been replaced to
lower AT content and eliminate mRNA instability motifs while maintaining the
same protein amino acid sequence of MSP-1;,. The large letters indicate nucleotide

substitutions.

Fig. 2 depicts the nucleotide sequef\ce coding sequence of the “wild type” or native
MSP- 14, [SEQ ID NO 2].

Fig 3 is a codon usage table for wild type MSP-1,, (designated “"MSP wt” in the table)
and the new modified MSP-1,, gene (designated “edited MSP” in the table) and
several milk protein genes (casein genes derived from goats and mouse). The
numbers in each column indicate the actual number of times a specific codon
appears in each of the listed genes. The new MSP-1,, synthetic gene was derived
from the mammary specific codon usage by first choosing GC rich codons for a given

amino acid combined with selecting the amino acids used most frequently in the

milk proteins.

Fig. 4a-c depict MSP-1,, constructs GTC 479, GTC 564, and GTC 627, respectively as

are described in the examples.

Fig. 5 panel A is a Northern analysis wherein construct GTC627 comprises the new
MSP-1,; gene modified in accordance with the invention, GTC479 is the construct
comprising the native MSP-1,; gene, and construct GTC469 is a negative control
DNA## -

Fig 5 p;_hel B is a Western analysis wherein the eluted fractions after affinity

purifications numbers are collected fractions. The results show that fractions from
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GTCé679 the modified MSP-1,; synthetic gene construct reacted with polyclonal
antibodies to MSP-1 and the negative control GTC479 did not.

Fig 6 depicts the ucleic acid sequences of OT1 [SEQ ID NO 3}, OT2 [SEQ ID NO 4],

MSP-8 [SEQ [D ON 5}, MSP-2 [SEQ ID NO 6] and MSP1 [SEQ ID NO 7] described in the
Examples.

Fig 7 is a schematic representation of plasmid BC574.

Fig 8 is a schematic representation of BC620.

Fig 9 is a schematic representation of BC670.

Fig 10 is a representation of a Western blot of MSP transgenic milk.

Fig 11 is a schematic representation of the nucleotide sequence of MSP42-2 [SEQ ID
NO 8].

Fig 12 is a schematic representation of the BC-718.

Fig 13 is a representation of a Western blot of BC-718 expression in transgenic milk.
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D ILED DESCRI F ED EMBQD

The patent and scientific literature referred to herein establishes the
knowledge that is available to those with skill in the art. The issued US patents,
allowed applications, published foreign applications, and references cited herein are
hereby incorporated by reference. Any conflicts between these references and the

present disclosure shall be resolved in favor of the present disclosure.

The present invention provides improved recombinant DNA compositions
and procedures for increasing the mRNA levels and protein expression of the
malarial surface antigen MSP-1 in cell culture systems, mammalian cell culture
systems, or in transgenic mammals. The preferred protein candidate for expression
in an expression system in accordance with the invention is a C-terminal derivative
of MSP-1 having a DNA coding sequence with reduced AT content, and eliminated
mRNA instability motifs and rare codons relative to the recombinant expression
systems. Thus, in a first aspect, the invention provides a DNA sequence derived
from the sequence shown in SEQ ID NO 2. This derivative sequence is shown in
SEQIDNO1.

In preferred embodiments, the nucleic acid of the invention is capable of
expressing MSP-1 in mammalian cell culture systems, or in transgenic mammals at
a level which is at least 25%, and preferably 50% and even more preferably at least
100% or more of that expressed by the natural gene in mammalian cell culture
systems, or in transgenic mammals under identical conditions.

As used herein, the term “expression” is meant mRINA transcription
resulting in protein expression. Expression may be measured by a number of
techniques known in the art including using an antibody specific for the protein of
interest. By “natural gene” or “native gene” is meant the gene sequence, or
fragments thereof (including naturally occurring allelic variations), which encode
the wild tvpe form of MSP-1 and from which the modified nucleic acid is derived.

A “preferred codon “means a codon which is used more prevalently by the cell or




10

15

20

25

! 011520
tissue type in which the modified MSP-1 gene is to be expressed, for example, in
mammary tissue. Not all codon changes described herein are changes to a preferred
codon, so long as the codon replacement is a codon which is at least recognized by
the mouse mammary tissue. The term “reduced AT content” as used herein means
having a lower overall percentage of nucleotides having A (adenine) or T (thymine)
bases relative to the natural MSP-1 gene due to replacement of the A or T containing
nucleotide positions or A and/or T containing codons with nucleotides or codons

recognized by mouse mammary tissue and which do not change the amino acid

sequence of the target protein.

In a second aspect, the invention provides a process for preparing a modified
nucleic acid of the invention comprising the steps of lowering the overall AT
content of the natural gene encoding MSP-1, eliminating all mRNA instability
motifs and replacing all rare codons with a preferred codon of mammary gland
tissue, all by replacing specific codons in the natural gene with codons recognizable
to, and prferably preferred by mammary gland tissue and which code for the same
amino acids as the replaced codon. Standard reference works describing the general
principals of recombinant DNA technology include Watson, ].D. et al, Molecular
Biology of the Gene, Volumes I and II the Benjamin/Cummings Publishing‘
Company, Inc. publisher, Menlo Park, CA (1987) Darnell, J.E. et al., Molecular Cell
Biology, Scientific American Books, Inc., Publisher, New York, NY (1986); Old, R.W.,
et al., Principles of Gene Manipulation: An [ntroduction to Genetic Engineering, 2d
edition, University of California Press, publisher, Berkeley CA (1981); Maniatis, T,
et al., Molecular Cloning: A Laboratory Manual, 274 ed. Cold Spring Harbor
Laboratory, publisher, Cold Spring Harbor, NY (1989) and Current Protocols in
Molecular Biology, Ausubel et al., Wiley Press, New York, NY (1992). This aspect of
the invention further in‘cludes modified nucleic acids prepared according to the
process of the invention.

Without being limited to any theory, previous research has indicated that a
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conserved AU sequence (AUUUA) from the 3’ untranslated region of GM-CSF
mRNA mediates selective mRNA degradation (Shaw, G. and Kamen, R. Cell
46:659-667). The focus in the past has been on the presence of these instability motifs
in the untranslated region of a gene. The instant invention is the first to recognize

an advantage to eliminating the instability sequences in the coding region of the
MSP-1 gene.

In a third aspect, the invention also provides vectors comprising modified
MSP-1 nucleic acids of the invention and a goat beta casein promoter and signal

sequence, and host cells transformed with nucleic acids of the invention.

In a fourth aspect, the invention provides transgenic non-human mammals
whose germlines comprise a nucleic acid of the invention. General principals for
producing transgenic animals are known in the art. See for example Hogan et al.,
Manipulating the Mouse Enbryo: A Laboratory Manual, Cold Spring Harbor
Laboratory, (1986); Simons et al, Bio/Technology 6:179-183, (1988); Wall et al., Biol.
Reprod. 32:645-651, (1985); Buhler et al., Bio/Technology, 8:140-143 (1990); Ebert et al,,
Bio/Technology 9:835-838 (1991); Krimenfort et al., Bio/Technology 9:844-847 (1991);
Wall et al., [.Cell. Biochem. 49:113-120 (1992). Techniques for introducing foreign
DNA sequences into mammals and their germ cells were originally developedﬂin
the mouse. See e.g., Gordon et al., Proc. Natl. Acad. Sci. USA 77:7380-7384, (1980);
Gordon and Ruddle, Science 214: 1244-1246 (1981); Palmiter and Brinster, Cell 41:
343-345, 1985; Brinster et al., Proc Natl. Acad Sci., USA 82:4438-4442 (1985) and Hogan
et al. (ibid.). These techniques were subsequently adapted for use with larger
animals including cows and goats. Up until very recently, the most widely used
procedure for the generatién of transgenic mice or livestock, several hundred linear
moleculés of the DNA of interest in the form of a transgenic expression construct

are injecte‘db into one of the pro- nuclei of a fertilized egg. Injection of DNA into the

cytoplasm of a zygote is also widely used. Most recently cloning of an entire
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transgenic cell line capable of injection into an unfertilized egg has been achieved
(KHS Campbell et al., Nature 380 64-66, (1996)).

The mammary gland expression system has the advantages of high
expression levels, low cost, correct processing and accessibility. Known proteins,
such as bovine and human alpha- lactalbumin have been produced in lactating
transgenic animals by several researchers. (Wright et al, Bio/Technology 9:830-834
(1991); Vilotte et al, Eur. J. Biochen1.,186:43-48 (1989); Hochi et al., Aol Reprod. And
Devel. 33:160-164 (1992); Soulier et al., FEBS Letters 297(1,2):13-18 (1992)) and the’

system has been shown to produce high levels of protein.

In a fifth aspect, the invention provides a DNA vaccine comprising a
modified MSP-1 gene according to the invention. Such DNA vaccines may be
delivered without encapsulation, or they may be delivered as part of a liposome, ot
as part of a viral genome. Generally, such vaccines are delivered in an amount
sufficient to allow expression of the modified MSP-1 gene and to elicit an antibody
response in an animal, including a2 human, which receives the DNA vaccine.
Subsequent deliveries, at least one week after the first delivery, may be- used to
enhance the antibody response. Preferred delivery routes include introduction via

mucosal membranes, as well as parenteral administration.

Examples

Creation of novel modified MSP-14; gene

A novel modified nucleic acid encoding the C-terminal fragment of MSP-1 is
provided. The novel, modified nucleic acid of the invention encoding a 42 kD
C-terminal part of MSP-1 (MSP-1,, ) capable of expression in mammalian cells of
the invention is shown in Fig. 1. The natural MSP-1,; gene (Fig 2) was not capable
of beingfé";iﬁ'ressed in mammalian cell culture or in transgenic mice Analysis of the

natural MSP- 1 12 gene suggested several characteristics that distinguish it from
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mammalian genes. First, it has a very high overall AT content of 76%. Second, the
mRNA instability motif, AUUUA, occurred 10 times in this 1100 bp DNA segment
(Fig 2). To address these differences a new MSP-1,; gene was designed. Silent

nucleotide substitution was introduced into the native MSP-1,, gene at 306

positions to reduce the overall AT content to 49.7%. Each of the 10 AUUUA mRNA
instability motifs in the natural gene were eliminated by changes in codon usage as
well. To change the codon usage, a mammary tissue specific codon usage table, Fig.
3a, was created by using several mouse and goat mammary specific proteins.' The
table was used to guide the choice of codon usage for the modified MSP-1,, gene as
described above. For example as shown in the Table in Fig. 3a, in the natural gene,
65% (25/38) of the Leu was encoded by TTA, a rare codon in the mammary gland. In
the modified MSP-1,; gene, 100% of the Leu was encoded by CTG, a preferred codon

for Leu in the mammary gland.

An expression vector was created using the modified MSP-1;, gene by fusing the
first 26 amino acids of goat beta-casein to the N-terminal of the modified MSP-1,;
gene and a Sall-Xho I fragment which carries the fusion gene was subcloned into the
Xhol site of the expression vector pPCDNA3. A His6 tag was fused to the 3° end of the

MSP-1,, gene to allow the gene product to be affinity purified. This resulted in_
plasmid GTC627 (Fig.4c).

To compare the natural MSP-1,, gene construct to the modified MSP-1,; nucleic
acid of the invention, an expression vector was also created for the natural MSP-1,;

gene and the gene was added to mammalian cell culture and injected into mice to

form transgenic mice as follows:

Construction of the native MSP-1,, Expression Vector
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To secrete the truncated merozoite surface protein-1 (MSP-1) of Plasmodium
falciparum, the wild type gene encoding the 42KD C-terminal part of MSP-1
(MSP-1,;) was fused to either the DNA sequence that encodes the first 15 or the first
26 amino acids of the goat beta-casein. This is achieved by first PCR amplify the
MSP-1 plasmid (received from Dr. David Kaslow, NTH) with primers MSP1 and
MSP2 (Fig. 6), then cloned the PCR product into the TA vector (Invitrogen). The
Bg1II-Xhol fragments of the PCR product was ligated with oligos OT1 and OT2 (Fig.
6) into the expression vector pCDNA3. This yielded plasmid GTC564 (Fig.4b), which
encodes the 15 amino acid beta- casein signal peptide and the first 11 amino acids of
the mature goat beta-casein followed by the native MSP-1,; gene. Oligos MSP-8 and
MSP-2 (Fig. 6) were used to amplify MSP-1 plasmid by PCR, the product was then
cloned into TA vector. The Xhol fragment was exercised and cloned into the Xhol
site of the expression vector pCDNA3 to yield plasmid GTC479 (Fig.4a), which
encoded 15 amino acid goat beta-casein signal peptide fused to the wild-type MSP-1;,
gene. A His6 tag was added to the 3’ end of MSP-1,, gene in GTC 564 and GTC 479.

Native MSP-1;, Gene Is Not Expressed [n COS-7 Cells

Expression of the native MSP gene in cultured COS-7 cells was assayed by transient
transfection assays. GTC479 and GTC564 plasmids DNA were introduced into COS-7
cells by lipofectamine (Gibco-BRL) according to manufacturer’s protocols. Total
cellular RNA was isolated from the COS cells two days post-transfection. The newly
synthesizéd proteins were metabolically labeled for 10 hours by adding 35S

methionine added to the culture media two days-post transfection.

To determine the MSP mRNA expression in the COS cells, a Northern blot was
probed W_ith a 3P labeled DNA fragment from GTC479. No MSP RNA was detected
in GTC479 or GTC564 transfectants (data not shown). Prolonged exposure revealed
residual levels of degraded MSP mRNA. The S labeled culture supernatants and
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the lysates were immunoprecipitated with a polyclonal antibody raised against MSP.
Immunoprecipitation experiments showed that no expression from either the
lysates or the supernatants of the GTC479 or GTC564 transfected cells (data not

shown). These results showed that the native MSP-1 gene was not expressed in COS
cells.

Native MSP-1y, Gene is Not Expressed in the Manunary Gland of Transgenic Mice

The Sall-Xhol fragment of GTC479, which encoded the 15 amino acids of goat beta-
casein signal peptide, the first 11 amino acids of goat beta-casein, and the native
MSP-1,; gene, was cloned into the Xhol site of the beta-casein expressed in vector
BC350. This yielded plasmid BC574 (Fig.7). A Sall-NotI fragment of BC574 was
injected into the mouse embryo to generate transgenic mice. Fifteen lines of
transgenic mice were established. Milk from the female founder mice was collected
and subjected to Western analysis with polycolonal antibodies against MSP. None
of the seven mice analyzed were found to expréss MSP-1,, protein in their milk. To
further determine if the mRNA of MSP-1,, was expressed in the mammary gland,
total RNA was extracted from day 11 lactating transgenic mice and analyzed by
Northern blotting. No MSP-1,; mRNA was detected by any of the BC 574 lines
analyzed. Therefore, the MSP-1,, transgene was not expressed in the mammary
gland of transgenic mice. Taken together, these experiments suggest that native
parasitic MSP-1,; gene could not be expressed in mammalian cells, and the block is

as the level of mRNA abundance.
Expressibg; of MSP in the Mammalian Cells

Transient transfection experiments were performed to evaluate the expression of
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the modified MSP-1,, gene of the invention in COS cells. GTC627 and GTC479
DNA were introduced into the COS-7 cells. Total RNA was isolated 48 hours
post-transfection for Northern analysis. The immobilized RNA was probed with
32p labeled Sall-Xhol fragment of GTC627. A dramatic difference was observed
between GTC479 and GTC627. While no MSP-1,; mRNA was detected in the
GTC479 transfected cells as shown previously, abundant MSP-14; mRNA was
expressed by GTC627 (Fig. 5, Panel A). GTC 469 was used as a negative control and
comprises the insert of GTC564 cloned into cloning vector PU19, a commercially
available cloning vector. A metabolic labeling experiment with 355 methionine
followed by immunoprecipitation with polyclonal antibody (provided by D. Kaslow
NIAID, NIH) against MSP showed that MSP-1; protein was synthesized by the
transfected COS cells (Fig.5, Panel B). Furthermore, MSP-1,, was detected in the
transfected COS supernatant, indicating the MSP-1,, protein was also secreted.
Additionally, using Ni-NTA column, MSP-1;; was affinity purified from the
GTC627 transfected COS supernatant.

These results demonstrated that the modification of the pafasitic MSP-1,, gene lead

to the expression of MSP mRNA in the COS cells. Consequently, the MSP-1,, _

product was synthesized and secreted by mammalian cells.

Polyclonal antibodies used in this experiment may also be prepared by means well
known in the art (Antibodies: A Laboratory Manual, Ed Harlow and David Lane,
eds. Cold Spring Harbor Laboratory, publishers (1988)). Production of MSP serum
antibodies is also described in Chang et al., Infection and Imniunity (1996) 64:253-261
and Chang et al., (1992) Proc Natl. Acad. Sci. USA 86:6343-6347.

The resultS_ of this analysis indicate that the modified MSP-14, nucleic acid of the

invention is expressed at a very high level compared to that of the natural protein
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which was not expressed at all. These results represent the first experimental
evidence that reducing the AT % in a gene leads to expression of the MSP gene in
heterologous systems and also the first evidence that removal of AUUUA mRNA
instability motifs from the MSP coding region leads to the expression of MSP
protein in COS cells. The results shown in Fig. 5, Panel A Northern (i.e. no RNA
with native gene and reasonable levels with a modified DNA sequence in

accordance with the invention), likely explains the increase in protein production.

The following examples describe the expression of MSP1-42 as a native

non-fusion (and non-glycosylated) protein in the milk of transgenic mice.
Construction of MSP Transgene

To fusc MSP1-42 10 the 15 amino acid B-cascin signal peptide, a pair ol oligos. MSP203
and MSP204 (MSP203: ggccgeicgacgccaccatyaaggiceicataatigee
tglerggtggerciggecaugeagecgicactecctecgteat, MSP204: cgatgacggagggagieacggcte

sSeTe

caatggccagagecaccagacaggcaattatyay gacciicatygtegegiceagc). which encode the 15 amino acid -
casein signal and the first 5 amino acid ol the MSP1-42 ending at the Cla I site, was ligated with a
Cla [-Xho [ fragment of BC620 (Fig. 8) which encodes the rest of the MSP1-42 gene. into the
Xho [ site of the expression vector pPCDNA3. A Xho [ fragment of this plasmid (GTC669) was
then cloned into the Xho I site of milk specitic cxpression vector BC350 to generate B670 (Fig.9)

Expression of MSP1-42 in the milk of transgenic mice

A Sal I-Not [ fragment was prepared {rom plasmid BC670 and microinjected into the
mouse embryo (0 generate transgenic mice. Transgenic mice was identitied by extracting mouse
DNA from tail biopsy followed by PCR analysis using oligos GTC17 and MSP101 (sequences of
oligos: GTC17, GATTGACAAGTAATACGCTGTTTCCTC. Oligo MSP101,
GGATTCAATAGATACGG). Milk from the female founder transgenic mice was collected at day
7 and daxt9 of lactation, and subjccted to wester analysis to determine the expression level of
MSP-1-42 using an polyclonal anti-MSP antibody and monoclonal anti MSP antibody 5.2 (Dr.
David Kaslow, NIH). Results indicated that the level of MSP-1-42 cxpression in the milk ol
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transgenic mice was at 1-2 mg/ml (Fig. 10).
Construction of MSP1-42 glvcosylation sites minus mutants

Our analysis ol the milk produced MSP revealed that the transgenic MSP protein was
N-glycosylated. To eliminate the N-glycosylation sites in the MSP1-42 gene, Asn. (N) at
positions 181 and 262 were substituted with Gin.(Q). The substitutions were introduced by
designing DNA uoligos that anneal to the corresponding region ol MSP1 and carry the AAC o
CAG mutations. Thesc oligos were then used as PCR primers to produce DNA (ragments that
encode the N 1o Q substitutions.

To introduce N262-Q mutation, a pair of oligos. MSPGYLYCO-3
(CAGGGAATGCTGCAGATCAGC) AND MSP42-2 (AATTCTCGAGTTAGTG
GTGGTGGTGGTGGTGATCGCAGAAAATACCATG. FIG. 11), were uscd to PCR amplity
plasmid GTC627, which contains the synthetic MSP1-42 gene. The PCR product was cloned into
pCR2.1 veetor (Inviwrogen). This gencrated plasmid GTC716.

To introduce N181-Q mutation, oligos MSPGLYCO-1 (CTCCTTGTTCAGG
AACTTGTAGGG) and MSPGLCO-2 (GTCCTGCAGTACACATATGAG, Fig 4) were uscd 10
amplify plasmid GTC 627. The PCR product was cloned into pCR2.1. This generated plasmid
GTC700. '

The MSP double glycosylation mutant was constructcd by the tollowing three steps: first,
a Xho [-Bsm I fragment of BC670 and the Bsm 1-Xho I tragment of GTC716 is ligated into the
Xho I site of vector pCR2.1. This resulted a plasmid that contain the MSP-1-42 gene with
N262-Q mutation. EcoN [-Nde I fragment of this plasmid was then replaced by the EcoN [-Nde I
fragment from plasmid GTC716 to introduce the second mutation, N181-Q. A Xho I {ragment of
this plasmid was finally cloned into BC350 to gencrate BC718 (Fig. 12).

Transgenic expression of nonglvcosylated MSP-1
BC718 has the following characteristics: it carrics the MSP1-42 gene under the control of

the B-casein promoter so it can he cxpressed in the mammary gland of the transgenic animal during
lactation. Further, it encodes a 15 amino acid B-cascin leader sequence fused dircetly o MSPI-42.
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so that the MSP1-42, without any additional amino acid at its N-terminal, can be secrcted into the
milk. Finally, because the N-Q substitutions, thc MSP produccd in the milk of the transgcnic
animal by this construct will not be N-glycosylated. Taken togcther. the transgenic MSP produced
in the milk by BC71R is thc same as the parasitic MSP.

S A Sall/Xhol tragment was prepared trom plasmid BC718 and microinjected into mouse
embryos W generate transgenic mice. Transgenic animals were idenulied as described previousty.
Milk trom temale founders was collccted and analyzed by Western blotting with antibody 5.2. The

results, shown in Figure 13, indicatc expression of nonglycosylatcd MSP1 at a concentration of
0.5t0 1 m@ml.

10
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What is claimed is:

1. A modified MSP-1 nucleic acid sequence, as shown in SEQ ID NO 1.

2. A process for preparing a modified MSP-1 nucleic acid comprising the steps of
lowering the overall AT content of the natural gene encoding MSP-1, eliminating

all mRNA instability motifs and replacing all rare codons with a preferred codon of

the mouse mammary gland.

3. A modified MSP-1 nucleic acid prepared by the process according to claim 2.

4. A vector comprising a modified MSP-1 nucleic acid according to claim 1 and a

goat beta casein promoter and signal sequence.

5. A host cell transformed with the vector according to claim 4.
6. A transgenic non-human mammal comprising a vector according to claim 4.
7. A transgenic non-human mammal comprising a modified MSP-1 nucleic

acid according to claim 1.

8. A DNA vaccine comprising a moditied nucleic acid according to claim 1.
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1 &CGerCiereeCrecorCa GATAACATCrOre O GrCoaGanCaa e ~-
1*AlaVal ThrProSerVal i1 eAspAsnileLeuSar Lys!l eGl uAsnGl uTyr G
56 AGeTCE TAM QT TG Gor Gl TGacassGerCm CecGre 1A GA GG
19» tuval LeuTyr LeulysProleuAlaGlyVal Tyr Ar gSer LeulyslysGin
109 CrGaaGaCaaceTGATGACCITChA CorCra CoTCRAGGATATC  TCRA CACT
37* LeuG uAsnAsnVa lMet Thr PheAsnValAsnVallysAsplleLauAsnSer
163 oGrrGaCaaGosGaaGaa Crrean G G TG G aarOrCar Cee
S55PArgPheAsnLlysArgG UAsnPhelysAsnVal LeuG uSerAsplLeullePr

216 CraQaGaarCrGae CAACARC ar Cra GerGeTeanGeatee Cra G Grr
72» oTyrLysAspLeuThr Ser Se rAsnTyrVal ValLysAspProTyrLysPhel

269 TGACAGarGraGacacATAA Grre CrGascasTTACRA O CrarCancant2G
90» euAsnlysGi uLysA rgAsplysPheleuSerSerTyrAsnTyr |l eLysAspSe
32¢ GarTearTacGeaTaTCuA CrrCae Cra Geare TCerGocaATACa A Gar
108 r il eAspThrAspii eAsnPheAl aAsnAspValLeuGlyTyr TyrLyslilele
378 CroccaGaa G O R carCrGaaT TCAATCA Gha Gra CaTeArceA Tha
126P uSerGluLysTyrLys SerAspLouAspSer || elysLysTyr lleAsnAsplLy
432 GAGasPaaGaaCaraar Grac CrCocert@ tGaacar CarCaacace CrGra
144? sG nGl y Gl UAsnGlulys TyrLeuProPhe LeuAsnAsn | | eGluThr LeuTy

486 CAGcCrCACaATAAGATTGATCOrCITCorGarCea CC 1Gar Gae CanGar

162% rLys Thr ValAsnAsplys!leAspLeuPheVal ileHi s LeuG uAl alysVa
Noel

540 CorGaaCraCacataTcacar T arcorGaaGerCAAGATCanGaaGorGan
180? I LeuAsnTyr Thr TyrGl ulys SerAsnvVal GluValLlysllelysGluleuAs
594 TTACCTGAAGAc CaTCeaGaa Tar & racc CaaTrrCArGraGaa Caacaa Crr
198 nTyrLeulysThr ll eGi nAs pLys LeuAl aAspPhelyslysAsnAsnAsnPh
648 coTCoCGaTCoc CaarCrRGET AcCeattaCancca e Orac O tGac Caa
216*eVal Gly 11 eAl aAspleuSer ThrAspTyrAsnHi sAsnAsnlLeuLeuThr Ly

702 eTreeTGAGCac CoaTaTeeTCrr Canana CerGae CaaGroceTCo T2
234 sPhelLeuSer Thr GlyMetVa | Phe Gl uAsnLeuAl alysThrval LeuSerAs

756 L TGeTGarresGanc Croca GacGare CrGaacatCAEC caGeaceaGre Ter
252> nLeuleuAspGl yAsnLeuGl nGl yMetlLeuAsnlleSer GlnHisGI nCysVa

810 AAGAAGACTeTec ConGra AT aoGretrreacacAQC TCeaTaAGacaca
270» 1LysLysGI nCysP¢oGi nAsnSer Gl yCysPheArgHi s LeuAspG! uA rgGl
864 GGAGTeTAA GrorCra TGaa Cracaa GeaGoarGETGATAA GG Te TCaAMAAC
288» uGl uCysLysCysleu LeuAsnTyrLys Gl nGl uGl yAsplLysCysVa i GluAsn
919 ccCaarceTacTreTAACGAGAA CaaTosTocATeTaATGE CanTeceAAGreTACCS
307? ProAsnProThr CysAsnGi uAs nAsnGl yGlyCysAspAl aAspAl alysCysThr G
977 AGeaGeaTTcaccGaceaacocGancaaGatcac CrotaaGrotac CAaGeeTGATT
326» 1 uGl uASPSar Gl y SarAsnGl yLlysLystleThr CysGl uCysThr Ly s ProAspS

1034 CcTTATCCACTGIToGATGSTATCOrTeTe ThaT
34SP er TyrProLauPheAspGly |1 e PheCys Ser

Fie- |
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1 GCAGTAACTCCTTCCGTAATT -AACATACTTTCTAAAATTGAAAATGAATA"
1>AlaValThrProSerVallile 9Asn|eLoySer LysllaGluAsnGluTy. .
EcoNi 73)
56 mrnmmmmmmmwrrmmmmmmw
199 tuValleuTyrLeulysProLleuAl aGi yVaiTyrArgSerLeulyslysGinlLe
111 mmmmmmmmmmrmmm
37P uGl uAsnAsnValMet Thr PheAsnVa IAsnVailysAspllelasuAsnSerA g
166 mMmmmmmmmmmmmm
56» PheAsnlysArgGl uAsnPhelysAsnValleuGl uSerAspLeulleProTyrt
221 MGAMMCAWAMTAM’IGYCMAMATATAAATTI’CITM’DA
74> ysAspLeuThr Ser SerAsnTyrvalVallysAspfP roTyrlysPheleuAsnly
276 AGAMAAAGAGATMAMAAGQMTMTMI?\TTMGGATICMMT
92P sGluLysArgAsplysPheleuSer Ser TyrAsnTyrilelysAspSeri| 0Asp
331 ACGGATAT{\AMTHGCMMGAWXGGATATTAMTAMNCGAAA
111P ThrAspl i eAsnPheAl aAsnAspValLeuGlyTyrTyrLys!leLeuSer Gl uL
386 MTATmmmmmmrAmmmmmmm
129 ysTyrLysSerAspLeuAspSer | leLyslysTyrileAsnAsplysG nGi yGli
441 mmmmwmmmnmmmmrmm
147%» uAsnGlulysTyrLeuProPheLeuAsnAsnt i eGi uThrLeuTyrLysThr Val
496 MWTMMMAMMMMMMEWWMTA
166 AsnAspLys|leAspleuPheVal 1l gHi sleuGluAlalysValLeuAsnTyrT
551 QTAWWWMWWNAMMC
184 hr TyrGluLysSerAsnVal Gl uVal LysllelysGlulLeuAsnTyrLoulysTh
606 AATICAAGACAAATIGGCAGATTITMAAAMATMCAATITCGTTGGMTI'GC?
202P r 1 teGInAspLysLeuAl aAspPhelysLysAsnAsnAsnPheVal Gt ylleAla
661 GATPTATCAACAGATTATAACCATAATMCPTATTG\WAGTACAG
221»AsplLeuSer ThrAspTyrAsnHI sAsnAsnlsuleuThr LysPhelauSer Thr G
716 WAWMAWMWAMMWAMATGGAM
239P tyMetVal PheG! uAsnieuAl alysThrValLeuSerAsnLeuleuAspGl yAs
771 CPIGCAAGGTATCPPAAACATPI‘CACAACACCMTGCGTAAAAAMCAA’ICTCCA
257* nLeuGinGl yMe tLeuAsni | eSer GI nHi sGI nCysVallyslLysGinCysPro
826 mmmwmm&mmammmmmmmm
276" Gl nAsnSer Gl yCysPheArgHisLeuAspGl uArgGluGl uCysbLysCysleul
881 TAAATTACAAACMGAAGGYGATAAATCTGTIGAAAATCCAMKCPACI‘ICTAA
294F euAsnTyrLysGlnGl uG yAspLysCysVai Gl uAsnProAsnProThr CysAs
936 CGAAAATMTGGKBGAWTGCAGANCCAM’IGYACCGAAGAAGATICAGGT
312" nGl uAsnAsSRGl yGI yCysAspAl aAspAl alysCysThr Gl uGluAspSerGly
891 AGCAACGGAAAGAAAATCACATGTGAATG‘TACTAMCCIGATICTTATCCACITP
331* SerAsnGlyly sLyslleThr CysGluCysThr LysProAspSar TyrProLeuP
Pstl  (1059)
1046 'I‘CGA'!GGTA’I'I'PK?NCAG‘ICACCACCACCACCACCACTMCT
349% heAspGlyll ePhaCysSecr HisHisHisHi sHi sHI se o »

011520
Fl16-2.
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Xho! (6588)
EcoRl (6. 46) coNi (128)

(6561)

Pst!

(1115)

Pstt

GTC479
(6589 bp)

(2509

Pst!
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Hi 0 (esee) DT (89 T’IGHB

Ndel (6178, EcoNI (186)

Bglll (5707) Ndel (644)

Xhol (1220)

Pvul (5138)

GTC564
(6600 bp)
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EcoRl (938)

Notl (864)

Ndel (483) Clal

BC627
(6622 bp)

Xhol (2147)
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Z1C.
Oligos used: ' P'C Co

oTL:

TCG ACG AGA GCC ATG AAG GTC CTC ATC CTT GCC TGT CTG GTG GCT
CTG GCC ATT GCA AGA GAG CAG GAA GAA CTC AAT GTA GTG GGT A,

oT2:

GAT CTA CCG ACT ACA TTG AGT TCT TCC TGC TCT CTT GCA ATG GCC
AGA GCC ACC AGA CAG GCA AGG ATG AGG ACC TTC ATG GCT CTC G,

MSP1:
AATAGATCTGCAGTAACTCCTTCCGTAATTG,

MSP2:
AATTCTCGAGTTAGTGGTGGTGGTGGTGGTGACT GCAGAAATACCATC

MSP8:

TAACTCGAGCGAACCATGAAGGTCCTCATCCTTGCCTGTCTGGTGGCTCTGG
CCATTGCA
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Ndel (556)
Bglil (24 7)

BCS74
(24487 bp)

Sall Notl.

011520
FIG. 7
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ClaIl (24581)

Xhol (24458) EccNI (24829) Ndel (25113) Bsml (25341)

Xhol (25649)

Diagram of BC620

FIGURE 8
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k.oNI (337) Ndel (621)
Clal (89)

B8sml (848)

Xhol (24426) ho! (1157)

BC670
(24426 bp)

Sall Natt

Pvul (8928)

FIGURE 9
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LI
P Q'T"fxtu

Western Analysis of MSP transgenic milk.

Lane I, Molecular weight marker; lane 2, nontransgenic mice milk; lane 3, milk from
BC628-146 transgenic mouse; lane 4-9, milk from BC670 transgenic mice. The blot was
reacted with monoclonal antibody 5.2 against MSP.

FIGURE 10
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16 ATGAACCTUCTOATAATTOCCTOTE . S TORCTCTOUKCA TTECAGCEG TCACTORC TCOGTCATCGATARS

1M XK VL I I ACLVALAIAAVTPSV I ON
98 ATCCTC T CAAGATCGAGAACGAG TACCAGG TOCTUTACC TGAAGCCE CTRICAG AACTTTACA GGAGCET

s» 1 L 3 XK I ENEYEVLYLKPULAGT VYRS SHUL
169 GAGACCAGCTERAGANMCS TGATUACT TTCAACC TEAACS TGCAACGATATCCTGAACAGCA CGTTCAA

48 K K QL ENNVMTFNVNVKDI! LNSA RATFN
241 CACA GCGAGMCTICAAGAALL TECTGGAGAGCGATC TGATCOCC TACMGGA TCTGACCAGCAGCAASTA

7P KR €ENF KNV LESDLI PYXDODLTSSNY
EcoNl (337)
31 &

A sl o
—
96> vV V X D P Y KF LNKENKRDIKTFLSSYNTY.
385 COWCGATAGCAT TEACACTGA TATCAACT T CAACGATITCC TEIGATACTACAGA TCOTC TTOGAGAA

= TTACAT

1200 X 0 8 1 DT DI NF A NDVLGYYXI L SEHK
457 CTACAAGACCOATCTGGA TAGCATCAAGAAD TACATCAACGATAAGCAGUGAGAGAACGACANGTACCTECS

4 Y K S DL OS I X XY I NDXQQaQENETKTYTLP
529 CTTCCTGAACMEATCGAGACCC TG TACAAGACCG TCAAGATAAGAT TGATC TUTTCG TGATCEACC TGGA

168> F L NNN I E YT LY XTVNDKIDLPFVI HLE

192 A X ¥V L Q YT Y EKSNVYEVXI!I KELNYULK
673  GACCATCCAGGA TAACC TCOCCGATTICAACAAGMCAACAAC TTCOTCY GAATUGCCGATCTGAGCACCGA

26 T | Q0 K LAOFXKNNNEFVGI ADLSTO

245 ’s ™ G AAATGG TCTTOGRAACS TGOCCAAGACCGT

240> Y N H NN LUTKFLSTGMVYFENLAKTUV
. Sami (849)

817 CCTGAGCAACCTGCIGGATS GAAACCTCCAGT GAATGE TGE A GATCAGC CAGCACCAGTG TG TGAAGARGS

-
24> L S NL LDGNLQGMLOI SQHQCVY XK K
288 ACTCTCOOCAGMOAGT G GAT GCTTCAGACACCTUCATGAGA G GGACGAGT GCAMGT GCCTGCTGAACTA

2882Q C P QO NS G C FRHLDEARTETETGCKTCTLLNY
958 CAAGCACCAAQG QAGATAAC TG TGTGGAMACCICAATCCTACT TG TAACGAGAACAATG GAGGA T GCGATG

31> X Q E G DX C VENPNPTGCNENNGG GG CO
1029 CCOATGCCAAGTGTACCGACGAGGATTCAG GAAGCANC 8 GAAAGAAGATCACCT GCOAGTGTACCAAGCCT

BSPA DA XK CT EEOSGSNGXKKITCECGCTHK?©P

Xhat (1157)
1100 GATICTTIAICCACTICTICCGATO GLATTTICT

-

33 0 S Y P L F DQ@I F CSHHHHMHHIBHSSLETSD

FIGURE 11
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EcoNt (337) Ndel (621)
gsmi (848)

Xnol (1157)

Notl

Sall
Pvul (8928)

FIGURE 12
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