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PRODUCTION OF HUMAN APOLIPOPROTEIN Al
IN A BACTERIAL EXPRESSION SYSTEM

This is a continuation-in-part of U.S. Serial No. 08/215,749, filed March 21,
1994, now pending.

Field of the Invention

This invention relates to the production of pure, stable, mature and biologically
active human apolipoprotein Al (apoAl) in high yield and large quantities using a bacterial
expression system. ApoAl plays a role in various circulatory processes, including the
stimulation of reverse cholesterol transport and the prevention of various conditions involving

circulatory disturbances, including atherosclerosis, restenosis, and septic shock.

Background of the Invention
Epidemiological and genetic studies have implicated decreased plasma levels

of high density lipoproteins (HDL) in the pathogenesis of atherosclerosis, while increased
HDL levels have been correlated with protection against coronary heart disease and have been
associated with longevity (Karathanasis, S., Monogr. Hum.Gen. 14:140, 1992 ). HDL has
been demonstrated to stimulate cholesterol efflux from cells, and it has been hypothesized that
HDL acts as a carrier for reverse cholesterol transport, i.e., the delivery of cholesterol from
the peripheral tissues to the liver for disposal (Karathanasis, supra). This hypothetical

mechanism is consistent with the inverse correlation observed between the size of total body
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cholesterol pools and plasma HDL level and between HDL levels and coronary heart disease.
HDL may alternatively be a marker of a certain pattern of lipid transport and metabolism that
protects against the development of atherosclerosis. Thus, HDL levels can be used to assess
the risk that an individual will develop atherosclerosis.

Apolipoprotein Al (apoAl) is the major protein constituent of HDL. It is a
relatively abundant plasma protein (~1 to 1.5 mg/ml) (see Karathanasis, et al., Proc. Natl.
Acad. Sci. USA, 80:6147-6151, 1983; Cheung, P., and Chan, L., Nucl. Acids Res., 11:3703-
3715, 1983, and the references cited therein). ApoAl has been shown to be necessary for
the extraction of cholesterol from ascite cell membranes, and the protein is a potent
activator/cofactor of lecithin:cholesterol acyltransferase, a plasma enzyme that catalyzes the
conversion of cholesterol and phosphatidylcholine to cholesterol esters and
lysophosphatidylcholine (Cheung, supra).

ApoAl is synthesized predominantly in the liver and the small intestine in
mammals, but has been found in a variety of other tissues in the rooster (Cheung, supra). The
cDNA for human hepatic apoAl has been cloned by different laboratories (Karathanasis, et
al., supra; Cheung and Chan, supra). The predicted primary translation product of apoAl
mRNA is a preproprotein that undergoes intra- and extracellular proteolytic processing to
produce the major apoAl isoprotein form observed in plasma. Deficiencies in apoAl are
associated with abnormalities in lipoprotein metabolism that result in low plasma HDL levels
and may contribute to the development of premature atherosclerosis. Indeed, genetic
deficiencies in apoAl and HDL are associated with intracellular cholesterol accumulation and
premature atherosclerosis.

Furthermore, apoAl may be be useful in the treatment or the prevention of
other disease processes such as, for example, to inhibit progression of aortic atherosclerosis
in rabbits (Akira et al., American Heart Assoc. abstracts, 1992, page 76); to protect
erythrocytes against the generation of procoagulant activity (Epand et al., Abstract # 493,
American Society for Biochemistry and Molecular Biology, 1994); and to reverse the
inhibit.ory effect of oxidized LDL on endothelium-dependent arterial relaxation (Matsuda et
al., Circ.Res. 72:1103, 1993). See also, Tytler et al., American Heart Assoc. abstracts,
1992, page 76 and Burkey et al., American Heart Assoc. abstracts, 1992, page 38.

N
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In addition to playing some role in cholesterol transport and atherosclerosis,
apoAl appears to play a role in restenosis and septic shock. Restenosis is the narrowing or
stricture of blood vessels, typically after angioplasty or surgical correction of the condition.
Septic shock, associated with both gram-negative and gram-positive infections, is
characterized by inadequate vasomotor tone resulting in profound hemodynamic disturbances
involving a marked decrease in peripheral vascular resistance. Recently, purified apoAl has
been shown to prevent endotoxin-induced monokine release by human low and high-density
lipoproteins (Flegel, W.A., et al., Infection and Immuniry, 61:5140-5146, 1993).
Furthermore, transgenic rats expressing high levels of apoAl exhibited a decrease in aortic
smooth muscle cell proliferation following balloon angioplasty (Burkey et al., Circul.
86:1876, 1992).

It is believed that, because of their involvement in chplestcrol metabolism,
apoAl and HDL are important in protection against coronary artery disease. However, it has
not been possible to obtain sufficiently large quantities of biologically active apoAl,
particularly for assessing the mode of action of apoAl including its role in lipid metabolism,
and for the elucidation of its crystal structure. Isolation of apoAl from plasma is arduous
and risky. The protein has been expressed in Chinese hamster ovary cells, but only relatively
low levels of 30% of secreted protein have been achieved (Mallory, J.B., et al., J. Biol.
Chem., 262:4241-4247, 1987). Previous attempts to express the apoAl sequence in E. coli
were unsuccessful due to the instability of the recombinant protein product. Attempts to
express the protein as a (-galactosidase fusion protein also produced an unstable product
(ibid).

Expression of other proteins in E. coli has resulted in variable yields.
Citovsky, et al., reported a yield of only 100 to 200 pg Agrobacterium VitE2 protein/10°
cells (Citovsky, V., et al., Proc.Nat.Acad.Sci. USA 86:1193-1197, 1989). Breyer, et al.
achieved an level of expression of the , adrenergic receptor of only 0.01% of the total
protein (Breyer, R.M., et al., EMBO J. 9:2679-2684. 1990). In a preparation of recombinant
cytochrome C reductase, Campbell obtained 0.172 mg/ml protein in the crude extract
(Campbell, W.H., Plant Physiol. 99:693-699. 1992)
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Thus, there is a need in the art for methods and compositions that provide large

quantities of pure, stable, and mature apoAl at a reasonable cost.

Brief Description of the Drawing
Figure 1 is a graphic illustration of the concentration of recombinant apoAl

in plasma samples from mice administered recombinant apoAl intraperitoneally (x),

subcutaneously (circles), or intravenously (triangles).

Summary of the Invention
A method is provided for producing biologically active apolipoprotein Al

(apoAl) in a bacterial expression system at high levels.

The method comprises:

(a) subcloning apoAl cDNA into a recombinant Escherichia coli plasmid to
obtain a recombinant apoAl fusion protein-encoding plasmid, wherein the cDNA is
operatively linked to a bacteriophage T7 RNA polymerase promoter and is operatively linked
to a DNA sequence encoding an additional amino acid sequence that facilitates purification
of proteins;

(b) transferring the recombinant apoA1l fusion protein-encoding plasmid to E.
coli cells of a strain containing inducible bacteriophage T7 RNA polymerase, to yield
transformed E. coli cells;

(c) inducing the T7 RNA polymerase and growing the transformed cells in a
culture for a sufficient time and under appropriate conditions to produce a biologically active
recombinant apoAl fusion protein;

(d) harvesting and lysing the cells to produce a soluble fraction containing the
recombinant apoAl fusion protein; and

(e) isolating recombinant apoAl fusion protein from the soluble fraction.

In a preferred embodiment, the additional sequence comprises a cluster of
positively charged amino acid residues, i.e., arginine, histidine, lysine and mixtures thereof.
Most preferably, the added sequence comprises histidine residues, and particularly 6 to 10

histidine residues. The use of this sequence allows one-step purification using a metal affinity
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or chelating column such as a nickel (II)-nitrilotriacetic acid agarose or a metal chelating
Sepharose® column charged with nickel (II). Following purification, the additional sequence
may be proteolytically removed from the recombinant fusion protein. The final product may
also be extracted with organic solvents and subjected to an additional chromatographic step
to reduce the amount of any bound lipid.

In another aspect, the present invention provides methods for preventing or
treating atherosclerosis and cardiovascular restenosis in animals, preferably mammals and
most preferably humans. The subject is administered a treatment effective amount of
biologically active recombinant apoAl protein that has been prepared according to the present
invention. The treatment effective amount can be provided over a sustained period of time
to yield at least a 10% increase in the total plasma level of apoAl in the subject. In the case
of restenosis, the treatment effective amount of recombinant apoAl is administered before,
during, after, or any combination thereof, surgical intervention procedures such as, for

example, angioplasty.

Detailed Description of the Invention

The present invention encompasses methods and compositions that allow the
production of human apolipoprotein Al (apoAl), which also includes the apoAl fusion
proteins described herein, in high yields in Escherichia coli using a T7 polymerase-promoter
expression system. An apoAl gene is introduced into a plasmid vector, the vector is
introduced into living E. coli cells, and large amounts of apoAl are produced and isolated
from the culture.

In accordance with the invention, a gene for apoAl is cloned into a vector so
that it is operatively linked to a promoter recognized by bacteriophage T7 RNA polymerase.
Enhanced expression of the apoAl gene is achieved by introducing the plasmid into an E. coli
strain that contains one or more copies of the gene encoding T7 RNA polymerase, using a
modification of the method described by Studier, F.W., and Moffatt, B.A., J. Mol. Biol.
189:113-130, 1986. The DNA encoding the viral polymerase either permanently resides
within the E. coli or is introduced into cells transiently by infection with a specialized phage.

DNA encoding apoAl for introduction into the bacterial vector may be directly
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isolated from mammalian tissue using procedures well known in the art such as, for example,
mechanical shearing, enzymatic shearing, or phenol extraction, followed by gel
electrophoresis. Alternatively, the DNA may comprise recombinant cDNA prepared from
cloned genomic libraries. (See, for example, Karathanasis et al., Proc. Natl. Acad. Sci. USA,
80:6147-6151, 1983; Cheung et al., cited above). Any clone or subclone containing the
complete sequence of mature apoAl, including a polymerase chain reaction (PCR) product
synthesized from a clone, may be introduced into an E. coli vector for the purpose of
bacterial expression of biologically active apoAl.

A "vector" is any self-replicating DNA molecule that can transfer a DNA
segment between host cells and includes plasmid cloning vectors. Any vector containing a
bacteriophage T7 RNA polymerase promoter and adjacent cloning sites may be employed
such as, for example, pT or pET plasmid cloning vectors described by Ausubel, F.M., et al.,
eds., Short Protocols in Molecular Biology, 2nd ed., John Wiley & Sons, New York, 1992,
Figure 16.2.1, page 16-7; plasmids derived by inserting bacteriophage T7 DNA or T7 DNA
plus lac, trp, or tac DNA, or other DNA used as a marker or to promote transcription, into
restriction sites such as BamHI on E. coli plasmids, including, but not limited to, pBR322
as described by Studier and Moffatt, cited above; or vectors commercially available from
Novagen (Madison, WI 53711). pET vectors such as pET3, pETS, pET9, pET11, pET12,
PET14, pET15, pET16, pET17, and pET19 to pET25 plasmids are preferred, especially the
PET-11 series (pETlla-d), pET-15b, pET16b, pET-19b, the pET21 series, pET22b(+), the
PET24 series, and pET25b(+). The pET11 series is particularly preferred, including, but
not limited to, plasmid pET11d.

Preferably, apoAl is expressed as a fusion protein containing additional amino
acid sequences that facilitate purification of the polypeptide, particularly by cation or anion
exchange, affinity, or immunoaffinity chromatography. This is achieved by cloning apoAl-
encoding DNA so that DNA sequences encoding the desired additional amino acids are fused
in frame to the 5’ or 3’ terminus of the apoAl protein coding sequence. Examples of such
additional sequences include without limitation clusters of charged amino acids from 3 to 15
residues in length; sequences derived from glutathione-S-transferase that bind glutathione;

maltose binding protein; and protein A. Preferably, the additional sequence comprises a
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cluster of positively charged amino acids i.e., arginine, histidine, lysine and mixtures thereof,
which facilitates rapid and inexpensive purification by, for example, metal chelation
chromatography; most preferably, the sequence comprises 6 to 10 histidine residues. The
vectors may be designed so that the additional sequences may optionally be proteolytically
removed after purification.

The expression vector described above contains the gene for apoAl and is
introduced into E. coli cells of a strain containing an inducible copy of the T7 RNA
polymerase gene, such as a strain having a chromosomal copy of the enzyme under lac
control. Transcription of the gene is induced, for example, by the addition of a chemical to,
or physical manipulation of, the bacterial media. Typical hosts are lysogens of bacteriophage
ADE3. These strains contain the polymerase gene under the control of an inducible lacUV5
promoter. In this system, the addition of isopropylthiogalactose (IPTG) to the culture induces
the polymerase, which in turn transcribes the target DNA in the plasmid. A number of E.
coli strains are commercially available for this purpose, including lysogenic BL21(DE3) and
HMS174(DE3) strains. BL21(DE3) strains are particularly preferred when pET plasmids are
used. Special mention is made of BL21(DE3)pLysS.

After induction of T7 RNA polymerase, the E. coli strain is grown for a
sufficient time and under conditions suitable to produce mg/liter amounts of apoAl in the
culture. The time sufficient for apoAl expression may be, for example, from about 2 to
about 5 hours; suitable cohditions include the optical density at which induction is initiated,
which may range, for example, from about 0.3 to about 1.0 in small-scale production and
from about 10 to about 25 in large-scale fermentor production, and aeration, which is
achieved by agitating the cultures at speeds ranging, for example, from about 100 to about
350 rpm, and preferably from about 200 to about 300 rpm, using conventional
microbiological shakers.

Any type of solidified or liquid medium that will support growth and
reproduction of E. coli is useful in cultures for practicing the method of the invention, but
liquid medium is preferred to facilitate isolation of expressed proteins produced therein.
Numerous suitable bacterial media are known to those skilled in the art. Typical media

include both minimal and rich media. Minimal media include mixtures of magnesium sulfate
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and a carbon source, typically sugar or glycerol, with M9 medium containing disodium
phosphate, monobasic potassium phosphate, ammonium chloride, sodium chloride and,
optionally, calcium chloride, M63 medium containing ammonium sulfate, monobasic
potassium phosphate, and ferrous sulfate; or a medium containing ammonium sulfate,
monobasic potassium phosphate, dipotassium phosphate, and sodium citrate. Thiamine,
Casamino acids (Difco, Detroit, MI 48232-7038), L amino acids, and antibiotics may be
added, if required. Rich media include H medium containing tryptone and sodium chloride;
L-broth containing tryptone and sodium chloride; I.B medium containing tryptone, yeast
extract, sodium chloride, and sodium hydroxide, NZC broth containing NZ amine A (Hunko
Sheffield), sodium chloride, magnesium chloride and Casamino acids (Difco); Superbroth
containing tryptone, yeast extract, sodium chloride, and sodium hydroxide; tryptone broth
containing tryptone and sodium chloride; TY medium containing tryptone, yeast extract, and
sodium chloride; and TYGPN medium containing tryptone, yeast extrzict, glycerol disodium
phosphate and potassium nitrate.

After induction of T7 RNA polymerase and further growth of the cultures, E.
coli cells are typically harvested by centrifugation, lysed, and separated into soluble and
particulate fractions. Suitable lysis methods include without limitation sonication, osmotic
shock, enzymatic digestion, mechanical fragmentation, and combinations thereof. Recovery
of the soluble fraction may be achieved by, for example, centrifugation or by decantation of
the aqueous layer from the cell debris. The recombinant apoAl is isolated from the soluble
fraction.

Purification of apoAl may be achieved using any method known in the art.
Such methods include without limitation as dialysis, gel filtration, ion exchange
chromatography, affinity chromatography, electrophoresis, or combinations thereof. When
additional sequences are fused to the expressed apoAl sequence, purification from the soluble
fraction may be achieved in a single step using, for example, metal chelation
chromatography, affinity chromatography, immunoaffinity chromatography, and anion- and
cation-exchange chromatography. It will be understood that the purification method used will
depend upon the additional sequence that is added. For example, when 6-10 histidine
residues are fused to the apoAl sequence. metal chelaton chromatography, and preferably
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Ni(Initrilotriacetic acid agarose chromatography, may be used to purify the recombinant
apoAl. Alternatively, when the added fused sequence comprises glutathione-S-transferase,
affinity chromatography on a glutathione resin may be used to purify the recombinant apoAl
fusion protein.

Following purification of the recombinant apoAl as described above, the
additional sequence may be proteolytically removed from the polypeptide. In general,
proteases useful in removing additional sequences include without limitation thrombin and
factor X. When the additional sequences comprise aminoterminal histidine residues, removal
may be achieved by incubation of the purified product with thrombin (Sigma Chemical Co.,
St. Louis, MO). Typically, 1 mg of purified recombinant apoAl is incubated with 200 units
of thrombin in cleavage buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 2.5 mM CaCl,
0.1% (v/v) B-mercaptoethanol). ApoAl from which the additional sequence has been cleaved
is then further purified using a second round of chromatography, such as, for example, metal
chelation chromatography.

Further purification may also be performed, with or without proteolytic
removal of additional sequences, by extracting with organic solvents to remove bound lipid
partially or totally, including lipopolysaccharide. Suitable solvents include without limitation
ethanol, chloroform, methanol, and mixtures of any of the foregoing. Extraction can be
performed directly on lyophilized material or on apoAl that has been precipitated at 4°C in
90% ethanol at pH 6. This puﬁﬁcation step may be optionally combined with
chromatography on a MonoQ column using the FPLC system (Pharmacia).

The methods of the present invention provide extraordinarily high yields of
stable, bioactive recombinant apoAl. T7 RNA polymerase synthesizes RNA at a rate several
times that of E. coli RNA polymerase and terminates transcription less frequently. T7 RNA
polymerase is also highly selective for transcription initiation using its own promoter
sequences and does not initiate transcription from E. coli DNA sequences. Furthermore, T7
RNA polymerase is resistant to many antibiotics, such as, for example, rifampicin, that
inhibit E. coli RNA polymerase.

According to the present invention, apoAl accumulates to greater than 25 %,

and preferably about 30% to about 40%, of the total bacterial protein in the culture. Yields
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of at least 1 mg apoAl per liter of culture, preferably about 2 to 3 mg apoAl per liter, and
most preferably greater than about 5 mg apoAl per liter and about 5 to about 8 mg protein
per liter of culture can be achieved. In comparison to expression of other proteins using
similar T7 RNA polymerase/promoter systems, these yields are high in both small-scale
benchtop cultures and in large, commercial fermentors. Economical production of apoAl
may thus be achieved on a large scale.

The methods and compositions of the present invention can be used for the
treatment of cardiovascular conditions in animals, and preferably in mammals, such as, for
example, humans. For example, to prevent or treat atherosclerosis, and particularly aortic
atherosclerosis, recombinant apoAl can be administered in an amount effective to increase
the total level of plasma apoAl in the subject, i.e., the sum of endogenous and recombinant
apoAl, by at least about 10%, and most preferably, by at least about 20%, over a sustained
period of time such as, for example, from about one month or to less than about ten years
or more. Dosing may be at any suitable interval ranging from multi dosing daily to daily,
weekly, monthly, or semi-annual dosing. This amount will depend upon the age, weight,
sex, sensitivity, medical history, and the like of the individual. This amount can be
determined experimentally by methods well known in the art, such as, for example, by
establishing a matrix of dosages and frequencies and assigning a group of experimental
subjects to each point in the matrix.

ApoAl can be administered by any route, such as, for example, subcutaneous,
intramuscular, intravenous, enteral, by-inhalation, transmuscosal, and the like. The
recombinant apoAl can be formulated in any suitable solution or dosage form, such as, for
example, sterile saline or sterile phosphate-buffered saline. Typical formulations include
from 0.1 to 50 mg apoAl. Excipients, preservatives, and other additives known in the art
may also be included in the formulations. Other cardiovascular drugs can be co-administered
with apoAl. Vehicles and devices for controlled-release of apoAl may also be used,
including subdermal pellets, pumps, and the like. Oral formulations that protect the protein
as it traverses the gastrointestinal tract may also be prepared.

The present invention also encompasses methods for the prevention of

cardiovascular restenosis, which often follows surgical intervention such as, for example,

10
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angioplasty. A restenosis prevention effective amount of recombinant apoAl may be
administered to an animal, preferably a mammal, and most preferably a human, in
conjunction with the surgical procedure, i.e., before, during, after, or any combination
thereof, in an amount effective to prevent restenosis. Typically, dosing will be accomplished
in a single unit, but multiple dosing as described above may be necessary. This amount will
depend upon the age, weight, sex, sensitivity, medical history, and the like of the individual.
This amount can be determined experimentally by methods well known in the art, such as,
for example, by establishing a matrix of dosages and frequencies and assigning a group of
experimental subjects to each point in the matrix.

The invention also encompasses the use of recombinant apoAl in the
prevention and the treatment of septic shock. An anti-septic shock effective amount of
recombinant apoAl may be administered to a subject at risk of developing septic shock, or
to a subject exhibiting symptoms of septic shock. This amount will depend upon the age,
weight, sex, sensitivity, medical history, and the like of the individual. This amount can be
determined experimentally by methods well known in the art, such as, for example, by
establishing a matrix of dosages and frequencies and assigning a group of experimental
subjects to each point in the matrix.

The recombinant apoAl of the present invention may also be used in the
protection of erythrocytes against the generation of procoagulant activity and in the treatment
or prevention of thrombosis by administration of anti-procoagulant or anti-thrombosis
effective amounts which can be determined and dosed as described above.

The recombinant apoAl of the present invention can also be used to reverse
the inhibitory effect of oxidized LDL on endothelium-dependent arterial relaxation by
administration of reversal effective amounts which can be determined and dosed as described

above.

11
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Description of the Preferred Embodiments
The following examples illustrate the invention without limitation:

Example 1: Cloning of ApoAl ¢cDNA
ApoAl cDNA was subcloned in a T7 expression vector.

A segment of apoAl CDNA encoding mature apoAl was subcloned into
pETIld-6His (Hoffman, A., and Roeder, R.G., Nucl. Acids Res. 19:6337-6338, 1991. In
this vector, proteins are expressed under T7 control as fusion products comprising an
additional sequence of six histidine residues at the amino terminus. The histidine residues
facilitate subsequent purification by adsorption of the fusion protein to nickel chelating resins.
Briefly, tags containing 6 histidines are inserted between the Ncol and BamHI sites of the
bacterial expression vector pET11d obtained from Novagen (Madison, WI).

To introduce apoAl cDNA into this vector, a polymerase chain reaction (PCR)
product encompassing the mature segment of apoAl was synthesized using the following
synthetic primers:

5’-AGCCGAGGAT CCTCACTGGG TGTTGAGCTT-3* SEQIDNO 1

5’-CTTTCGCATA TGGATGAACC CCCCCAGAGC-3’ SEQID NO 2
These primers introduce BamHI and Ndel restriction sites at the 3’ and 5’ ends, respectively,
of the PCR product.

The template for the PCR amplification was pAl-101 (Karathanasis, et al.,
supra), a plasmid vector bearing an apoAl ¢cDNA which includes the entire coding sequence
for mature apoAl (Cheung and Chan, supra). This plasmid was isolated by screening an
adult human liver cDNA library cloned into bacteriophage A\ and transformed into E. coli
strain LE392. Large scale growth of clones was carried out in 250 ml a broth containing 1%
NZ-amine (an enzymatic digest of casein)/0.5% yeast extract/0.01% casamino acid/10 mM
MgSO,. Recombinant phage was recovered and precipitated with polyethylene glycol and
was purified on CsCl step gradients. Mapping using conventional digestion with restriction
enzymes followed by electrophoresis showed that the insert of clone pAI-101 contains the
entire untranslated region and part of the poly(A) tail of apo A-I mRNA.

12
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Conditions for the PCR were those recommended by the manufacturer, Perkin
Elmer, (Norwalk, CT). The following amplification steps were repeated 30 times: 94°C,
1 minute; 55°C, 2 minutes; 72°C, 2 minutes. The PCR product was verified by its size (ca.
950 base pairs) as determined by electrophoresis in 1% agarose gel and by the presence of
predicted Sacl and Stul restriction sites.

The Ndel- and BamHI-cleaved PCR product was ligated into PETlld-6His
vector restricted at the same sites. The resulting recombinant plasmid, designated pET-
His.Al, was transformed into transformation-competent E. coli DH5a (GIBCO-BRL, Grand
Island, NY), a strain that yields antibiotic-resistant transformants at high efficiency when
exposed to plasmids carrying antibiotic resistant genes. The resulting recombinant clones
were screened for the presence of the apoAl-specific PCR product by colony hybridization
employing **P-end-labelled primer as a probe. Isolated plasmid DNA from positive clones
was analyzed by restriction digestion with Ndel and BamHI, and the reading frame was
verified by direct DNA sequencing. A plasmid including the 950-base pair PCR product was
selected for transformation of BL21(DE3)pLysS E. coli (Novagen, Madison, WI) for final
expression of recombinant apoAl. The E. coli strain containing the plasmid was deposited
in the American Type Culture Collection (A.T.C.C.), 12301 Parklawn Drive, Rockville, MD
20852, USA, and bears accession number A.T.C.C. 69581.

Example 2: Expression of Recombinant ApgAl
E. coli strain BL21(DE3)pLysS was transformed with pET-6His. A1, which had

been prepared according to the method of Example 1 above, using standard transformation
procedures. The transformed cells were grown in LB media containing 10 g tryptone, 5 g
yeast extract, 5 g NaCl, and 1 ml 1IN NaOH per liter. When the cuiture reached an optical
density (O.D.) at 595 nm of 0.3, the cells were induced with 2 mM isopropylthiogalactose
(IPTG) for 3 hours. Total cell lysates were obtained by resuspending cells in 100 u1 Laemmli
sample buffer (1% sodium dodecyl sulfate, SDS). Q)nicating for 30 seconds at a sonicator
setting of 6, and boiling for 10 minutes, after Which they were analyzed by SDS-PAGE.

Induced cell extracts were found to comtain recombinant apoAl protein at levels
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corresponding to 30% to 40% of the total bacterial protein. The identity of recombinant
apoAl in extracts was established by the appearance of a band with the expected molecular
weight of about 28 kilodaltons only upon IPTG induction; furthermore, this band reacted
specifically with anti-apoAl antibodies (Sigma, St. Louis, MO) upon Western blotting.

To purify recombinant apoAl, a one-liter culture of BL21(DE3)pLysS E. coli
harboring pET6His. Al was grown to an O.D. of 0.3 at 37°C and then was induced with 2
mM IPTG for 3 hours at 30°C. After harvesting by centrifugation, the cells were lysed by
suspension at 4°C in 20 mM Tris-HCl, pH 7.9 buffer containing glycerol, 0.2 mM EDTA,
2 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 0.5 M KC1, and pepstatin and
antipain each at 20 pg/ml. The suspension was made 0.1% with respect to Nonidet P-40,
held on ice for 10 minutes, and sonicated briefly.

Total cell extracts were separated into soluble and membrane fractions by
centrifugation, and the fractions were analyzed by SDS-PAGE. This analysis revealed that
about 40% of the total apoAl was recovered in the soluble fraction. Accordingly, apoAl was
purified from this fraction by one-step affinity chromatography on a Ni**-NTA agarose
column (Qiagen, Studio City, CA). The protein was adsorbed batchwise onto about 2 ml of
Ni?*-NTA agarose by incubation for 1 hour at 4°C. After extensive washing with 20 mM
imidazole in lysis buffer (25 mM Tris, pH 8.0 and 0.5 M NaCl), ApoAl was eluted with 100
mM imidazole in lysis buffer. A near homogeneous preparation of recombinant apoAl was
obtained, with a total yield from the soluble fraction corresponding to 8 mg of pure protein

per liter of bacterial culture.

Example 3: Purification of Large Quantities of ApoAl
E. coli BL21(DE3)pLysS cells harboring pET6His. Al were grown in 10-liter
fermentors at 30°C with agitation at 300 rpm in modified M9 media containing Na,HPO,,

KH,PO,, NH,Cl, NaCl and CaCl, supplemented with casaminoacids, glucose and ampicillin
(0.1 mg/ml).

2mM IPTG was added to induce the cells when the optical density of the
culture reached 20, and the culture was harvested after attaining an optical density of 35.
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ApoAl was then purified by chromatography of bacterial extracts on metal-
chelating Sepharose columns (Pharmacia LKB, Piscataway, NJ) charged with Ni**. Frozen
cells that had been harvested from 9 liters of culture were homogenized in 1 liter of lysis
buffer. The extract was centrifuged to remove the cell debris, and the resulting supernatant
(1.5 L) was adsorbed overnight batchwise onto 400 ml of the nickel-charged resin. The resin
was extensively washed by batchwise incubation with the lysis buffer, followed by 5 mM
imidazole in the same buffer. The resin was then packed into a column and was washed with
several column volumes of 25 mM imidazole in lysis buffer. The bound protein was slowly
eluted with 0.1 M EDTA in lysis buffer. The yield was about 1.5 g of highly purified apoAl

at a concentration of about 5 mg/mi.

Example 4: Comparison of Yields
The experiments described below were performed to compare the protein yields

of apoAl obtained using the T7 RNA polymerase/promoter system described in Examples 2
and 3 above with the yields obtained for different proteins using similar expression systems.

Transcription factor TFIIB, a factor required by eukaryotic RNA polymerase
IT for accurate transcription initiation, was expressed in the bacterial system by introducing
an Ndel restriction site into plasmid pB3 containing TFIIB, subcloning the mutagenized
cDNA into 6His-pET11d to obtain PIIB6His, and transforming the recombinant plasmid into
E. coli BL21(DE3)pLysS as described by Malik, et al., Proc. Natl. Acad. Sci. 88:9553-9557
(1991). Yields of about 100 pg/liter culture were obtained using the bacterial expression
system, representing a significant improvement over isolation from eukaryotic cells, but much
less than the milligram/liter quantities of apoAl obtained in the practice of the present
invention.

Thus, the yields of apoAl obtained using the methods and compositions of
present invention were highly increased over the yields observed with other recombinant
proteins previously expressed. See, for example, Citovsky, V., et al., Proc. Nat. Acad. Sci.
86:1193-1197, 1989; Breyer, R.M. et al., EMBO J. 9:2679-2689, 1990; and Campbell,
W.H., Plant Physiol. 99:693-699, 1992, discussed above.

15



10

15

20

25

30

WO 95/25786 PCT/US95/03826

Example 5: Clinical Delivery of ApoAl

Recombinant apoAl was prepared and was purified according to the method
of Example 3, with two additional purification steps. First, the material eluted from the Ni*2-
charged Sepharose column was extracted with ethanol. The ethanol-extracted material was
then subjected to chromatography on a MonoQ column in 6M urea, using the FPLC system
(Pharmacia).

The purified protein was formulated as a 20 mg/ml solution in sterile water.
A single injection of 100 ul, corresponding to 2 mg apoAl, was administered to individual
mice intraperitoneally, subcutaneously, and intravenously. Plasma samples were obtained
from the mice over a 25-hour period following administration. The concentration of
recombinant human apoAl in the plasma samples was determined by a turbidometric assay,
using a commercially available kit (Cat.# 356-A, Sigma Chemical Co., St. Louis, MO). This
immunoassay discriminates between endogenous murine apoA1 and exogenously administered
recombinant human apoAl.

Results of this experiment are illustrated in Figure 1.  Intraperitoneal or
intravenous administration resulted in an initial high level of plasma apoAl, which declined
with at least biphasic kinetics. Subcutaneous administration, by contrast, resulted in a lower

but more uniform plasma level of apoAl.

Example 6: Comparison of Natural and Recombinant ApoAl

Recombinant apoAl (containing 6 aminoterminal histidine residues) was
prepared and purified according to the methods of Examples 3 and 5. 5 mg of this material
and 5 mg of apoAl purified from human plasma (prepared as described in Brewer et al.,
Meth. Enzymol. 128:223, 1986) were radiolabelled with '*I in the presence of 6M urea, using
the McFarland procedure. Following iodination, the unbound '*I and the free urea were
removed by dialysis against a physiological buffer.

The 'I-labelled apoAl preparations derived from human plasma and
recombinant E. coli were individually reconstituted into HDL particles by overnight
incubation with reconstituted HDL (R-HDL) to form '*I-R-HDL. The ®I-labelled R-HDL
particles, containing either plasma- derived or recombinant apoAl, were individually
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administered to mice by intravenous injection. Plasma samples were obtained at regular
intervals, and '¥I-R-HDL was measured.

Clearance curves were plotted, allowing the derivation of kinetic constants.
For the intervals after 120 minutes, clearance was modelled as a single pool, using the
SAAM? Simulation, Analysis and Modelling Package (University of Washington). The
results are shown in Table 1 below.

TABLE 1
Kinetic Constants

Source of apoAl k(0.1) t,
Pools/hr hrs/pool
Plasma 0.14 7.3+£0.4
Recombinant 0.14 7.14£0.4

Recombinant apoAl and apoAl purified from human plasma were coraparable

with respect to the calculated kinetic parameters.

All patents, applications, articles, publications, and test methods mentioned
above are hereby incorporated by reference.

Many variations of the present invention will suggest themselves to those
skilled in the art in light of the above detailed description. Such obvious variations are within
the full intended scope of the appended claims.

17
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WE CLAIM:

1. A method for the preparation of biologically active apolipoprotein Al
(apoAl), said method comprising:

(a) subcloning apoAl cDNA into a recombinant Escherichia coli plasmid to
obtain a recombinant apoAl fusion protein-encoding plasmid, wherein said cDNA is
operatively linked to a bacteriophage T7 RNA polymerase promoter and is operatively linked
to a DNA sequence encoding an additional amino acid sequence that facilitates purification
of proteins;

(b) transferring said recombinant apoAl fusion protein-encoding plasmid to E.
coli cells of a strain containing inducible bacteriophage T7 RNA polymerase, to yield
transformed E. coli cells;

(c) inducing said T7 RNA polymerase and growing said transformed cells in
a culture for a sufficient time and under appropriate conditions to produce a biologically
active recombinant apoAl fusion protein;

(d) harvesting and lysing said cells to produce a soluble fraction containing said
recombinant apoAl fusion protein; and

(e) isolating said recombinant apoA1 fusion protein from said soluble fraction.

2. A method as defined in claim 1, further éomprising (f) proteolytically
removing at least a portion of said additional amino acid sequence from said recombinant

apoAl fusion protein.

3. A method as defined in claim 1, wherein step (f) comprises removing

all of said additional amino acid sequence to yield recombinant apoAl protein.
4. A method as defined in claim |, wherein said isolated recombinant

apoAl fusion protein is bound to lipid, and said method further comprises (f) extracting said

recombinant apoAl fusion protein to decrease the amount of said bound lipid.

18
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5. A method as defined in claim 3, wherein said isolated apoAl protein
is bound to lipid, and said method further comprises (g) extracting said apoAl protein to

decrease the amount of said bound lipid.

6. A method as defined in claim 1, wherein said E. coli plasmid comprises
a pT or pET plasmid.
7. A method as defined in claim 4, wherein said PET plasmid is selected

from the group consisting of pET3, pETS, pET9, pET11, pET12, pET14, pET15, pETI16,
pET17, pET19, pET20, pET21, pET22, pET23, pET24, pET2S, and derivatives of any of

the foregoing.

8. A method as defined in claim 6, wherein said pET plasmid comprises
pET11d-6His.

9. A method as defined in claim 1, wherein said E. coli strain is selected
from the group consisting of BL21(DE3), HMS174(DE3), and derivatives of any of the
foregoing. ‘

10. A method as deﬁned in claim 9, wherein said strain is BL21(DE)pLysS.

11. A method as defined in claim 1, wherein step (c) produces at least about

2 milligrams of said recombinant apoAl fusion protein per liter of culture.

12. A method as defined in claim 11, wherein step (c) produces from about
2 to about 3 milligrams of said recombinant apoAl fusion protein per liter of culture.

13. A method as defined in claim 11, wherein step (c) produces at least
about 5 milligrams of said recombinant apoA1 fusion protein per liter of culture.

19
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14. A method as defined in claim 13, wherein step (c) produces from about

5 to about 8 milligrams of said recombinant apoA1 fusion protein per liter of culture.

15. A method as defined in claim 1, wherein step (c) includes adding

isopropylthiogalactose to said culture.

16. A method as defined in claim 1, wherein said amino acid sequence that

facilitates purification comprises a cluster of positively charged amino acid residues.

17. A method as defined in claim 16, wherein said cluster comprises from

6 to 10 histidine residues.

18. A method as defined in claim 1, wherein said isolating comprises single-

step chromatography.

19. A method as defined in claim 18, wherein said single-step

chromatography comprises Ni(Il) affinity chromatography.

20. A method as defined in claim 19 wherein said chromatography

comprises Ni(I)-nitrilotriacetic acid agarose chromatography.

21. A method for the preparation of biologically active apoAl, said method
comprising:

(a) subcloning apoAl cDNA into a recombinant Eschericia coli plasmid to
obtain an recombinant apoAl-encoding plasmid, wherein said cDNA is operatively linked to
a bacteriophage T7 RNA polymerase promoter and is operatively linked to a DNA sequence
encoding 6 histidine residues fused in frame to the 5’ terminus of the apoAl protein-coding

sequence;
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(b) transferring said recombinant apoAl fusion protein-encoding plasmid to E.
coli cells of strain BL21(DE)pLysS containing an inducible bacteriophage T7 RNA
polymerase, to yield transformed E. coli cells;

(¢) inducing said T7 RNA polymerase and growing said transformed cells in
a culture for a sufficient time and under appropriate conditions to produce a biologically
active recombinant apoAl fusion protein;

(d) harvesting and lysing said cells to obtain a soluble fraction containing
recombinant apoA1 fusion protein;

(e) isolating said recombinant apoA1 fusion protein from said soluble fraction
using Ni(I)-nitrilotriacetic acid agarose chromatography; and

® extraét'mg said isolated recombinant apoA1 fusion protein with ethanol.

22, A method as defined in claim 21, further comprising (g) proteolytically

removing said histidine residues to produce apoAl.

. 23. A method for preventing or treating atherosclerosis in an animal in
need of such treatment, said method comprising administering to said animal a treatment
amount of a recombinant apoA1l protein prepared by a method as defined in claim 1 effective

to increase the total plasma level of apoAl protein in said animal by at least about 10%.

24. A method as defined in claim 23, wherein said administering is

performed over a time interval from about one month to about ten years.

25. A method for preventing cardiovascular restenosis in an animal in need
of such treatment, said method comprising administering to said animal a restenosis
prevention effective amount of a recombinant apoAl prepared by a method as defined in

claim 1.
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26. A method as defined in claim 25, wherein said administering is
performed before, during, after, or any combination thereof, said animal has undergone

surgical angioplasty.

27. A method for preventing septic shock in an animal in need of such
treatment, said method comprising administering to said animal an anti-septic shock effective

amount of a recombinant apoAl prtein prepared by a method as defined in claim 1.

28. A method for treating septic shock in an animal in need of such
treatment, said method comprising administering to said animal an anti-septic shock effective

amount of a recombinant apoAl protein prepared by a method as defined in claim 1.

29. A method for protecting erythrocytes against the generation of
procoagulant activity in an animal in need of such treatment, said method comprising
administering to said animal an anti-procoagulant effective amount of a recombinant apoAl

protein prepared by a method as defined in claim 1.

30. A method for preventing thrombosis in an animal in need of such
treatment, said method comprising administering to said animal an anti-thrombosis effective

amount of a recombinant apoAl protein prepared by a method as defined in claim 1.

31. A method for reversing the inhibitory effect of oxidized LDL on
endothelium-dependent arterial relaxation in an animal in need of such treatment, said method
comprising administering to said animal a reversal effective amount of a recombinant apoA1l

protein prepared by a method as defined in claim 1.
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