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(57) ABSTRACT

The present invention is generally related to compositions
and methods for the reverse transcription of nucleic acid
molecules, especially messenger RNA molecules. Specifi-
cally, the invention relates to compositions comprising mix-
tures of polypeptides having reverse transcriptase (RT) activ-
ity, and to methods of producing, amplifying or sequencing
nucleic acid molecules (particularly cDNA molecules) using
these compositions or polypeptides, particularly at tempera-
tures above about 55° C. The invention also relates to nucleic
acid molecules produced by these methods, to vectors and
host cells comprising these nucleic acid molecules, and to the
use of such nucleic acid molecules to produce desired
polypeptides. The invention also relates to methods for pro-
ducing Rous Sarcoma Virus (RSV) and Avian Myeloblastosis
Virus (AMV) RTs or other Avian Sarcoma-Leukosis Virus
(ASLV) RTs (o and/or f§ subunits thereof), to isolated nucleic
acid molecules encoding such RSV RT, AMV RT or other
ASLV RT subunits, to vectors and host cells comprising these
isolated nucleic acid molecules and to RSV RT, AMV RT and
other ASLV RT subunits produced by these methods. The
invention further relates to nucleic acid molecules encoding
recombinant heterodimeric RT holoenzymes, particularly
heterodimeric RSV RTs, AMV RTs or other ASLV RTs
(which may be aff RTs, B RTs, or o RTs), vectors (particu-
larly baculovirus vectors) and host cells (particularly insect
and yeast cells) comprising these nucleic acid molecules,
methods for producing these heterodimeric RTs and het-
erodimeric RTs produced by these methods. The invention
also relates to kits comprising the compositions, polypep-
tides, or RSV RTs, AMV RTs or other ASLV RTs of the
invention.
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COMPOSITIONS AND METHODS FOR
REVERSE TRANSCRIPTION OF NUCLEIC
ACID MOLECULES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation of U.S.
patent application Ser. No. 11/690,715, filed Mar. 23, 2007
(pending); which is a continuation of U.S. patent application
Ser. No. 10/292,662, filed Nov. 13, 2002 (abandoned); which
is a continuation of Ser. No. 09/245,026, filed Feb. 5, 1999
(now U.S. Pat. No. 6,518,019); which is a divisional of
09/064,057, filed Apr. 22, 1998 (now U.S. Pat. No. 6,989,
259); which claims the benefit of U.S. Provisional Applica-
tion Nos. 60/044,589, filed Apr. 22, 1997, and 60/049,874,
filed Jun. 17, 1997, the disclosures of which are entirely
incorporated by reference herein.

FIELD OF THE INVENTION

[0002] The present invention is in the fields of molecular
and cellular biology. The invention is generally related to
reverse transcriptase enzymes and methods for the reverse
transcription of nucleic acid molecules, especially messenger
RNA molecules. Specifically, the invention relates to compo-
sitions comprising mixtures of reverse transcriptase enzymes,
and to methods of producing, amplifying or sequencing
nucleic acid molecules (particularly cDNA molecules) using
these reverse transcriptase enzymes or compositions. The
invention also relates to nucleic acid molecules produced by
these methods and to the use of such nucleic acid molecules to
produce desired polypeptides. The invention also concerns
kits comprising such compositions.

BACKGROUND OF THE INVENTION
¢DNA and ¢cDNA Libraries

[0003] In examining the structure and physiology of an
organism, tissue or cell, it is often desirable to determine its
genetic content. The genetic framework of an organism is
encoded in the double-stranded sequence of nucleotide bases
in the deoxyribonucleic acid (DNA) which is contained in the
somatic and germ cells of the organism. The genetic content
of a particular segment of DNA, or gene, is only manifested
upon production of the protein which the gene encodes. In
order to produce a protein, a complementary copy of one
strand of the DNA double helix (the “coding” strand) is
produced by polymerase enzymes, resulting in a specific
sequence of ribonucleic acid (RNA). This particular type of
RNA, since it contains the genetic message from the DNA for
production of a protein, is called messenger RNA (mRNA).

[0004] Within a given cell, tissue or organism, there exist
myriad mRNA species, each encoding a separate and specific
protein. This fact provides a powerful tool to investigators
interested in studying genetic expression in a tissue or cell-
mRNA molecules may be isolated and further manipulated by
various molecular biological techniques, thereby allowing
the elucidation of the full functional genetic content of a cell,
tissue or organism.

[0005] One common approach to the study of gene expres-
sion is the production of complementary DNA (cDNA)
clones. In this technique, the mRNA molecules from an
organism are isolated from an extract of the cells or tissues of
the organism. This isolation often employs solid chromatog-
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raphy matrices, such as cellulose or agarose, to which oligo-
mers of thymidine (T) have been complexed. Since the 3'
termini on most eukaryotic mRNA molecules contain a string
of adenosine (A) bases, and since A binds to T, the mRNA
molecules can be rapidly purified from other molecules and
substances in the tissue or cell extract. From these purified
mRNA molecules, cDNA copies may be made using the
enzyme reverse transcriptase (RT), which results in the pro-
duction of single-stranded ¢cDNA molecules. The single-
stranded ¢cDNAs may then be converted into a complete
double-stranded DNA copy (i.e., a double-stranded cDNA) of
the original mRNA (and thus of the original double-stranded
DNA sequence, encoding this mRNA, contained in the
genome of the organism) by the action of a DNA polymerase.
The protein-specific double-stranded ¢cDNAs can then be
inserted into a plasmid or viral vector, which is then intro-
duced into a host bacterial, yeast, animal or plant cell. The
host cells are then grown in culture media, resulting in a
population of host cells containing (or in many cases,
expressing) the gene of interest.

[0006] This entire process, from isolation of mRNA to
insertion of the cDNA into a plasmid or vector to growth of
host cell populations containing the isolated gene, is termed
“cDNA cloning.” If cDNAs are prepared from a number of
different mRNAs, the resulting set of cDNAs is called a
“cDNA library,” an appropriate term since the set of cDNAs
represents a “population” of genes comprising the functional
genetic information present in the source cell, tissue or organ-
ism. Genotypic analysis of these cDNA libraries can yield
much information on the structure and function of the organ-
isms from which they were derived.

[0007]

[0008] Three prototypical forms of retroviral RT have been
studied thoroughly. Moloney Murine Leukemia Virus
(M-MLV)RT contains a single subunit of 78 kDa with RNA-
dependent DNA polymerase and RNase H activity. This
enzyme has been cloned and expressed in a fully active form
in E. coli (reviewed in Prasad, V. R., Reverse Transcriptase,
Cold Spring Harbor, N.Y.: Cold Spring Harbor Laboratory
Press, p. 135 (1993)). Human Immunodeficiency Virus (HIV)
RT is a heterodimer of p66 and p51 subunits in which the
smaller subunit is derived from the larger by proteolytic
cleavage. The p66 subunit has both a RNA-dependent DNA
polymerase and an RNase H domain, while the p51 subunit
has only a DNA polymerase domain. Active HIV p66/p51 RT
has been cloned and expressed successfully in a number of
expression hosts, including E. coli (reviewed in Le Grice, S.
F. J., Reverse Transcriptase, Cold Spring Harbor, N.Y.: Cold
Spring Harbor Laboratory press, p. 163 (1993)). Within the
HIV p66/p51 heterodimer, the 51-kD subunit is catalytically
inactive, and the 66-kD subunit has both DNA polymerase
and RNase H activity (Le Grice, S. F. J., et al., EMBO Journal
10:3905 (1991); Hostomsky, Z., et al., J. Virol. 66:3179
(1992)). Avian Sarcoma-Leukosis Virus (ASLV) RT, which
includes but is not limited to Rous Sarcoma Virus (RSV) RT,
Avian Myeloblastosis Virus (AMV) RT, Avian Erythroblas-
tosis Virus (AEV) Helper Virus MCAV RT, Avian Myelocy-
tomatosis Virus MC29 Helper Virus MCAV RT, Avian
Reticuloendotheliosis Virus (REV-T) Helper Virus REV-A
RT, Avian Sarcoma Virus UR2 Helper Virus UR2AV RT,
Avian Sarcoma Virus Y73 Helper Virus YAV RT, Rous Asso-
ciated Virus (RAV) RT, and Myeloblastosis Associated Virus
(MAV) RT, is also a heterodimer of two subunits, o (approxi-
mately 62 kDa) and p (approximately 94 kDa), in which o is

Retroviral Reverse Transcriptase Enzymes
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derived from p by proteolytic cleavage (reviewed in Prasad, V.
R., Reverse Transcriptase, Cold Spring Harbor, N.Y.: Cold
Spring Harbor Laboratory Press (1993), p. 135). ASLV RT
can exist in two additional catalytically active structural
forms, B and a (Hizi, A. and Joklik, W. K., J. Biol. Chem.
252: 2281 (1977)). Sedimentation analysis suggests off and
PP are dimers and that the o form exists in an equilibrium
between monomeric and dimeric forms (Grandgenett, D. P.,
etal., Proc. Nat. Acad. Sci. USA 70: 230 (1973); Hizi, A. and
Joklik, W. K., J. Biol. Chem. 252: 2281 (1977); and Soltis, D.
A. and Skalka, A. M., Proc. Nat. Acad. Sci. USA 85: 3372
(1988)). The ASLV aff and PP RTs are the only known
examples of retroviral RT that include three different activi-
ties in the same protein complex: DNA polymerase, RNase H,
and DNA endonuclease (integrase) activities (reviewed in
Skalka, A. M., Reverse Transcriptase, Cold Spring Harbor,
N.Y.: Cold Spring Harbor Laboratory Press (1993), p. 193).
The o form lacks the integrase domain and activity.

[0009] Various forms of the individual subunits of ASLV
RT have been cloned and expressed. These include a 98-kDa
precursor polypeptide that is normally processed proteolyti-
cally to p and a 4-kDa polypeptide removed from the
carboxy end (Alexander, F., et. al., J. Virol. 61: 534 (1987) and
Anderson, D. et al., Focus 17:53 (1995)), and the mature
subunit (Weis, J. H. and Salstrom, J. S., U.S. Pat. No. 4,663,
290 (1987); and Soltis, D. A. and Skalka, A. M., Proc. Nat.
Acad. Sci. USA 85:3372 (1988)). Heterodimeric RSV af RT
has also been purified from E. coli cells expressing a cloned
RSV B gene (Chemov, A. P., et al., Biomed Sci. 2:49 (1991)).
However, there have been no reports heretofore of the simul-
taneous expression of cloned ASLV RT a and 5 genes result-
ing in the formation of heterodimeric aff RT.

[0010] Reverse Transcription Efficiency

[0011] As noted above, the conversion of mRNA into
c¢DNA by RT-mediated reverse transcription is an essential
step in the study of proteins expressed from cloned genes.
However, the use of unmodified RT to catalyze reverse tran-
scription is inefficient for at least two reasons. First, RT some-
times destroys an RNA template before reverse transcription
is initiated, primarily due to the activity of intrinsic RNase H
activity present in RT. Second, RT often fails to complete
reverse transcription after the process has been initiated
(Berger, S. L., et al., Biochemistry 22:2365-2372 (1983),
Krug, M. S., and Berger, S. L., Meth. Enzymol. 152:316
(1987)). Removal of the RNase H activity of RT can eliminate
the first problem and improve the efficiency of reverse tran-
scription (Gerard, G. F., etal., Focus 11(4):60 (1989); Gerard,
G.F,etal, Focus 14(3):91 (1992)). However RTs, including
those forms lacking RNase H activity (“RNase H™ forms),
still tend to terminate DNA synthesis prematurely at certain
secondary structural (Gerard, G. F., et al., Focus 11(4):60
(1989); Myers, T. W, and Gelfand, D. H., Biochemistry
30:7661 (1991)) and sequence (Messer, L. L., et al., Virol.
146:146 (1985)); Abbotts, I., etal., J. Biol. Chem. 268:10312-
10323 (1993)) barriers in nucleic acid templates.

[0012] Even in the most efficient reverse transcription sys-
tems available today, which use RNaseld"M-MLV RT, yields
of'total cDNA product generally do not exceed 50% of input
mRNA and the fraction of the product that is full-length does
not exceed 50%. The secondary structural and sequence bar-
riers in the mRNA template, which as described above can
give rise to these limitations, occur frequently at homopoly-
mer stretches (Messer, L. 1., et al., Virol. 146:146 (1985);
Huber, H. E., et al., J. Biol. Chem. 264:4669-4678 (1989);
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Myers, T. W., and Gelfand, D. H., Biochemistry 30:7661
(1991)), are more often sequence rather than secondary struc-
tural barriers (Abbotts, I., et al., J. Biol. Chem. 268:10312-
10323 (1993)), and are often distinct for different RTs (Ab-
botts, I., et al., J. Biol. Chem. 268:10312-10323 (1993)). If
these barriers could be overcome, yield of total and full-
length ¢cDNA product in reverse transcription reactions could
be increased.

SUMMARY OF THE INVENTION

[0013] The present invention provides reverse transcriptase
enzymes, compositions comprising such enzymes and meth-
ods useful in overcoming the above-described cDNA length
limitations. In general, the invention provides compositions
for use in reverse transcription of a nucleic acid molecule
comprising two or more different polypeptides having
reverse transcriptase activity. Such compositions may further
comprise one or more nucleotides, a suitable buffer, and/or
one or more DNA polymerases. The compositions of the
invention may also comprise one or more oligonucleotide
primers. Each reverse transcriptase used in the compositions
of the invention may have a different transcription pause site
on a given mRNA molecule. The reverse transcriptases in
these compositions preferably are reduced or substantially
reduced in RNase H activity, and most preferably are
enzymes selected from the group consisting of Moloney
Murine Leukemia Virus (M-MLV) H™ reverse transcriptase,
Rous Sarcoma Virus (RSV) H™ reverse transcriptase, Avian
Myeloblastosis Virus (AMV) H™ reverse transcriptase, Rous
Associated Virus (RAV) H™ reverse transcriptase, Myeloblas-
tosis Associated Virus (MAV) H™ reverse transcriptase and
Human Immunodeficiency Virus (HIV) H~ reverse tran-
scriptase or other ASLV H™ reverse transcriptases. In pre-
ferred compositions, the reverse transcriptases are present at
working concentrations.

[0014] Theinventionis also directed to methods for making
one or more nucleic acid molecules, comprising mixing one
or more nucleic acid templates (preferably one or more RNA
templates and most preferably one or more messenger RNA
templates) with two or more polypeptides having reverse
transcriptase activity and incubating the mixture under con-
ditions sufficient to make a first nucleic acid molecule or
molecules complementary to all or a portion of the one or
more nucleic acid templates. In a preferred embodiment, the
first nucleic acid molecule is a single-stranded cDNA.
Nucleic acid templates suitable for reverse transcription
according to this aspect of the invention include any nucleic
acid molecule or population of nucleic acid molecules (pref-
erably RNA and most preferably mRNA), particularly those
derived from a cell or tissue. In a preferred aspect, a popula-
tion of mRNA molecules (a number of different mRNA mol-
ecules, typically obtained from cells or tissue) are used to
make a cDNA library, in accordance with the invention. Pre-
ferred cellular sources of nucleic acid templates include bac-
terial cells, fungal cells, plant cells and animal cells.

[0015] The invention also concerns methods for making
one or more double-stranded nucleic acid molecules. Such
methods comprise (a) mixing one or more nucleic acid tem-
plates (preferably RNA or mRNA, and more preferably a
population of mRNA templates) with two or more polypep-
tides having reverse transcriptase activity; (b) incubating the
mixture under conditions sufficient to make a first nucleic
acid molecule or molecules complementary to all or a portion
of the one or more templates; and (c¢) incubating the first
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nucleic acid molecule under conditions sufficient to make a
second nucleic acid molecule or molecules complementary to
all or a portion of the first nucleic acid molecule or molecules,
thereby forming one or more double-stranded nucleic acid
molecules comprising the first and second nucleic acid mol-
ecules. Such methods may include the use of one or more
DNA polymerases as part of the process of making the one or
more double-stranded nucleic acid molecules. The invention
also concerns compositions useful for making such double-
stranded nucleic acid molecules. Such compositions com-
prise two or more reverse transcriptases and optionally one or
more DNA polymerases, a suitable buffer and one or more
nucleotides.

[0016] Theinvention also relates to methods for amplifying
a nucleic acid molecule. Such amplification methods com-
prise mixing the double-stranded nucleic acid molecule or
molecules produced as described above with one or more
DNA polymerases and incubating the mixture under condi-
tions sufficient to amplify the double-stranded nucleic acid
molecule. In a first preferred embodiment, the invention con-
cerns a method for amplifying a nucleic acid molecule, the
method comprising (a) mixing one or more nucleic acid tem-
plates (preferably one or more RNA or mRNA templates and
more preferably a population of mRNA templates) with two
or more different polypeptides having reverse transcriptase
activity and with one or more DNA polymerases and (b)
incubating the mixture under conditions sufficient to amplify
nucleic acid molecules complementary to all or a portion of
the one or more templates. Preferably, the reverse tran-
scriptases are reduced or substantially reduced in RNase H
activity and the DNA polymerases comprise a first DNA
polymerase having 3' exonuclease activity and a second DNA
polymerase having substantially reduced 3' exonuclease
activity. The invention also concerns compositions compris-
ing two or more reverse transcriptases and one or more DNA
polymerases for use in amplification reactions. Such compo-
sitions may further comprise one or more nucleotides and a
buffer suitable for amplification. The compositions of the
invention may also comprise one or more oligonucleotide
primers.

[0017] In accordance with the invention, at least two, at
least three, at least four, at least five, at least six, or more,
reverse transcriptases may be used. Preferably, two to six, two
to five, two to four, two to three, and most preferably two,
reverse transcriptases are used in the compositions and meth-
ods of the invention. Such multiple reverse transcriptases may
be added simultaneously or sequentially in any order to the
compositions or in the methods of the invention. Alterna-
tively, multiple different reactions with different enzymes
may be performed separately and the reaction products may
be mixed. Thus, the invention relates to the synthesis of the
nucleic acid molecules by the methods of the invention in
which multiple reverse transcriptases are used simulta-
neously or sequentially or separately. In particular, the inven-
tion relates to a method of making one or more nucleic acid
molecules comprising incubating one or more nucleic acid
templates (preferably one or more RNA templates or mnRNA
templates, and more preferably a population of mRNA tem-
plates) with a first reverse transcriptase under conditions suf-
ficient to make one or more nucleic acid molecules comple-
mentary to all or a portion of the one or more templates. In
accordance with the invention, the one or more nucleic acid
molecules (including mRNA templates and/or synthesized
nucleic acid molecules) may be incubated with a second
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reverse transcriptase under conditions sufficient to make
additional nucleic acid molecules complementary to all or a
portion of the templates or to increase the length of the pre-
viously made nucleic acid molecules. In accordance with the
invention, this procedure may be repeated any number of
times with the same or different reverse transcriptases of the
invention. For example, the first and second reverse tran-
scriptases may be the same or different. Furthermore, the first
and third reverse transcriptases (in aspects of the invention
where the procedure is repeated three limes using a first,
second, and third reverse transcriptase) may be the same
while the second reverse transcriptase may be different from
the first and the third reverse transcriptase. Thus, any combi-
nation of the same and/or different reverse transcriptases may
be used in this aspect of the invention. Preferably, when
multiple reverse transcriptases are used, at least two reverse
transcriptases are different.

[0018] Inarelated aspect of the invention, the reverse tran-
scriptase used in the reaction may retain all or a portion of its
activity during subsequent reaction steps. Alternatively, the
reverse transcriptase used in the reaction may be inactivated
by any method prior to incubation with additional reverse
transcriptases. Such an inactivation may include but is not
limited to heat inactivation, organic extraction (e.g., with
phenol and/or chloroform), ethanol precipitation and the like.
[0019] The synthesized nucleic acid molecules made by
simultaneous or sequential or separate addition of reverse
transcriptases may then be used to make double stranded
nucleic acid molecules. Such synthesized nucleic acid mol-
ecules serve as a template which when incubated under
appropriate conditions (e.g., preferably in the presence of one
or more DNA polymerases) make nucleic acid molecules
complementary to all or a portion of the synthesized nucleic
acid molecules, thereby forming a number of double stranded
nucleic acid molecules. The double stranded molecules may
then be amplified in accordance with the invention.

[0020] The invention is also directed to nucleic acid mol-
ecules (particularly single- or double-stranded cDNA mol-
ecules) or amplified nucleic acid molecules produced accord-
ing to the above-described methods and to vectors
(particularly expression vectors) comprising these nucleic
acid molecules or amplified nucleic acid molecules.

[0021] The invention is also directed to recombinant host
cells comprising the above-described nucleic acid molecules,
amplified nucleic acid molecules or vectors. Preferred such
host cells include bacterial cells, yeast cells, plant cells and
animal cells (including insect cells and mammalian cells).
[0022] The invention is further directed to methods of pro-
ducing a polypeptide comprising culturing the above-de-
scribed recombinant host cells and isolating the polypeptide,
and to a polypeptide produced by such methods.

[0023] The invention also concerns methods for sequenc-
ing one or more nucleic acid molecules using the composi-
tions or enzymes ofthe invention. Such methods comprise (a)
mixing one or more nucleic acid molecules (e.g., one or more
RNA or DNA molecules) to be sequenced with one or more
primers, one or more polypeptides having reverse tran-
scriptase activity, one or more nucleotides and one or more
terminating agents, such as one or more dideoxynucleoside
triphosphates; (b) incubating the mixture under conditions
sufficient to synthesize a population of nucleic acid molecules
complementary to all or a portion of the one or more nucleic
acid molecules to be sequenced; and (c) separating the popu-
lation of nucleic acid molecules to determine the nucleotide
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sequence of all or a portion of the one or more nucleic acid
molecules to be sequenced. In these sequencing methods of
the invention, the one or more polypeptides having reverse
transcriptase activity may be added simultaneously, sequen-
tially, or separately to the reaction mixtures as described
above.

[0024] The invention is also directed to kits for use in the
methods of the invention. Such kits can be used for making,
sequencing or amplifying nucleic acid molecules (single- or
double-stranded). The kits of the invention comprise a carrier,
such as a box or carton, having in close confinement therein
one or more containers, such as vials, tubes, bottles and the
like. In the kits of the invention, a first container contains one
or more of the reverse transcriptase enzymes (preferably one
or more such enzymes that are reduced or substantially
reduced in RNase H activity) or one or more of the compo-
sitions of the invention. In another aspect, the kit may contain
one or more containers comprising two or more, three or
more, four or more, five or more, six or more, and the like,
reverse transcriptases, preferably one or more containers
comprising two to six, two to five, two to four, two to three, or
more preferably two, reverse transcriptases. The kits of the
invention may also comprise, in the same or different con-
tainers, one or more DNA polymerase (preferably thermo-
stable DNA polymerases), a suitable buffer for nucleic acid
synthesis and one or more nucleotides. Alternatively, the
components of the composition may be divided into separate
containers (e.g., one container for each enzyme). In preferred
kits of the invention, the reverse transcriptases are reduced or
substantially reduced in RNase H activity, and are most pref-
erably selected from the group consisting of M-MLV H~
reverse transcriptase, RSV H™ reverse transcriptase, AMV H~
reverse transcriptase, RAV H™ reverse transcriptase, MAV H~
reverse transcriptase and HIV H™ reverse transcriptase. In
additional preferred kits of the invention, the enzymes (re-
verse transcriptases and/or DNA polymerases) in the contain-
ers are present at working concentrations.

[0025] The invention also relates to methods of producing
RSV reverse transcriptase (and/or subunits thereof). In par-
ticular, the invention relates to methods for producing RSV
reverse transcriptase (and/or subunits thereof) containing
RNase H activity, to methods for producing RSV reverse
transcriptase (and/or subunits thereof) that is reduced or sub-
stantially reduced in RNase H activity, and to RSV reverse
transcriptases (and/or subunits thereof) produced by such
methods.

[0026] The invention further relates to methods for using
such reverse transcriptases and to kits comprising such
reverse transcriptases. In particular, the RSV reverse tran-
scriptases (and/or subunits thereof) of the invention may be
used in methods of sequencing, amplification and production
(via, e.g., reverse transcription) of nucleic acid molecules.
[0027] The invention also relates to methods of producing
AMYV reverse transcriptase (and/or subunits thereof). In par-
ticular, the invention relates to methods for producing AMV
reverse transcriptase (and/or subunits thereof) containing
RNase H activity, to methods for producing AMV reverse
transcriptase (and/or subunits thereof) that is reduced or sub-
stantially reduced in RNase H activity, and to AMV reverse
transcriptases (and/or subunits thereof) produced by such
methods.

[0028] The invention further relates to methods for using
such reverse transcriptases and to kits comprising such
reverse transcriptases. In particular, the AMV reverse tran-
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scriptases (and/or subunits thereof) of the invention may be
used in methods of sequencing, amplification and production
(via, e.g., reverse transcription) of nucleic acid molecules.

[0029] The invention also generally relates to methods of
producing ASLV reverse transcriptases (and/or subunits
thereof). In particular, the invention relates to methods for
producing ASLV reverse transcriptases (and/or subunits
thereof) containing RNase H activity, to methods for produc-
ing such ASLV reverse transcriptases that are reduced or
substantially reduced in RNase H activity, and to ASLV
reverse transcriptases produced by such methods.

[0030] The invention further relates to methods for using
such reverse transcriptases and to kits comprising such
reverse transcriptases. In particular, the ASLV reverse tran-
scriptases (and/or subunits thereof) of the invention may be
used in methods of sequencing, amplification and production
(e.g., via reverse transcription) of nucleic acid molecules.

[0031] The invention further relates to methods for
elevated- or high-temperature reverse transcription of a
nucleic acid molecule comprising (a) mixing one or more
nucleic acid templates (preferably one or more RNA mol-
ecules (e.g., one or more mRNA molecules or polyA+ RNA
molecules, and more preferably a population of mRNA mol-
ecules) or one or more DNA molecules) with one or more
polypeptides having reverse transcriptase activity; and (b)
incubating the mixture at a temperature of 50° C. or greater
and under conditions sufficient to make a first nucleic acid
molecule or molecules (such as a full length cDNA molecule)
complementary to all or a portion of the one or more nucleic
acid templates. In a preferred aspect, a population of mRNA
molecules is used to make a cDNA library at elevated or high
temperatures. In another aspect, elevated- or high-tempera-
ture nucleic acid synthesis is conducted with multiple reverse
transcriptases (i.e., two or more, three or more, four or more,
five or more, six or more, and the like, more preferably two to
six, two to five, two to four, two to three, and still more
preferably two, reverse transcriptases), which may be added
to the reaction mixture simultaneously or sequentially or
separately as described above. In preferred such methods, the
mixture is incubated at a temperature of about 51° C. or
greater, about 52° C. or greater, about 53° C. or greater, about
54° C. or greater, about 55° C. or greater, about 56° C. or
greater, about 57° C. or greater, about 58° C. or greater, about
59° C. or greater, about 60° C. or greater, about 61° C. or
greater, about 62° C. or greater, about 63° C. or greater, about
64° C. or greater, about 65° C. or greater, about 66° C. or
greater, about 67° C. or greater, about 68° C. or greater, about
69° C. or greater, about 70° C. or greater, about 71° C. or
greater, about 72° C. or greater, about 73° C. or greater, about
74° C. or greater, about 75° C. or greater, about 76° C. or
greater, about 77° C. or greater, or about 78° C. or greater; or
at a temperature range of from about 50° C. to about 75° C.,
about 51° C. to about 75° C., about 52° C. to about 75° C.,
about 53° C. to about 75° C., about 54° C. to about 75° C.,
about 55° C. to about 75° C., about 50° C. to about 70° C.,
about 51° C. to about 70° C., about 52° C. to about 70° C.,
about 53° C. to about 70° C., about 54° C. to about 70° C.,
about 55° C. to about 70° C., about 55° C. to about 65° C.,
about 56° C. to about 65° C., about 56° C. to about 64° C. or
about 56° C. to about 62° C. The invention is also directed to
such methods which further comprise incubating the first
nucleic acid molecule or molecules under conditions suffi-
cient to make a second nucleic acid molecule or molecules
complementary to all or portion of the first nucleic acid mol-
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ecule or molecules. According to the invention, the first and
second nucleic acid molecules produced by these methods
may be DNA molecules, and may form a double stranded
DNA molecule or molecules which may be a full length
c¢DNA molecule or molecules, such as a cDNA library. The
one or more polypeptides having reverse transcriptase activ-
ity that are used in these methods preferably are reduced or
substantially reduced in RNase H activity, and are preferably
selected from ASLV reverse transcriptases (and/or subunits
thereof) such as one or more subunits of AMV reverse tran-
scriptase and/or one or more subunits of RSV reverse tran-
scriptase and/or one or more subunits of MAV reverse tran-
scriptase, and/or one or more subunits of RAV reverse
transcriptase, particularly wherein the subunits are reduced or
substantially reduced in RNase H activity.

[0032] The invention also relates to kits for elevated- or
high-temperature nucleic acid synthesis, which may com-
prise one or more components selected from the group con-
sisting of one or more reverse transcriptases (preferably one
or more ASLV reverse transcriptases such as AMV or RSV
reverse transcriptases (or one or more subunits thereof), and
more preferably one or more AMV or RSV reverse tran-
scriptases (or one or more subunits thereof) which are
reduced or substantially reduced in RNase H activity), one or
more nucleotides, one or more primers and one or more
suitable buffers.

[0033] The invention is also directed to nucleic acid mol-
ecules produced by the above-described methods which may
be full-length ¢cDNA molecules, to vectors (particularly
expression vectors) comprising these nucleic acid molecules
and to host cells comprising these vectors and nucleic acid
molecules.

[0034] Other preferred embodiments of the present inven-
tion will be apparent to one of ordinary skill in light of the
following drawings and description of the invention, and of
the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] FIGS. 1-6 describe, in schematic form (with details
omitted for clarity), the construction of the expression vector
(pDABH~** which places the RSV RT « and {3 genes under
control of insect viral promoters:

[0036] FIG. 1: pJD100, pAMP18, pAMP18N, pAMP11,
pAMPI1C, pAMP18NM and pAMP18B.

[0037] FIG. 2: MI13, MI13RT, pAMP18BH— and
M13RTH-.

[0038] FIG.3: pAMPIA.

[0039] FIG. 4: pDBH-Kpn, pDABH-, pDBH-KpnHis.
[0040] FIG. 5: pFastBac DUAL, pFastBacDUALNde,
pDBH- and pDA.

[0041] FIG. 6: pDABH-His.

[0042] FIGS. 7-21 are more detailed maps of the plasmids
described in FIGS. 1-6:

[0043] FIG.7: pJD100.

[0044] FIG. 8: pAMP18N.

[0045] FIG.9: pAMPIC.

[0046] FIG.10: pAMP18NM.

[0047] FIG.11: pAMP18B.

[0048] FIG.12: M13RT

[0049] FIG.13: M13RTH-.

[0050] FIG.14: pAMP18BH-.

[0051] FIG.15: pDBH-.

[0052] FIG.16: pAMP1A.

[0053] FIG.17: pDBG-Kpn.
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[0054]
[0055]
[0056]

FIG. 18: pDBH-KpnHis.

FIG. 19: pDA.

FIG. 20: pDABH-.

[0057] FIG.21: pDABH-His

[0058] FIGS. 22-25 describe, in schematic form (with
details omitted for clarity), the construction of the expression
vector (pDAMVAH-BH-) which places the AMV RT c.and
genes under control of insect viral promoters:

[0059] FIG. 22: Cloning of AMV RT gene from RNA;
pSPORTS.

[0060] FIG. 23: Construction of a His-tagged AMV RT
gene; pAMVN, pAMVNM, pAMVNMH-, pAMVC and
pPAMVBH-.

[0061] FIG. 24: Construction of clones for the AMV RT a.
subunit by PCR; pAMVA and pAMVAH-,

[0062] FIG. 25: Construction of vectors comprising the
AMV RT o and p genes; pD, pDAMVAH-, pDAMVA,
pAMVH-BH-, pPDAMVABH- and pJAMVBH-.

[0063] FIGS. 26-38 are more detailed maps of the plasmids
described in FIGS. 22-25:

[0064] FIG.26: pAMVN.

[0065] FIG.27: pAMVC

[0066] FIG.28: pAMVNM

[0067] FIG.29: pAMVNMH-.

[0068] FIG.30: pAMVBH-.

[0069] FIG. 31: pAMVA.

[0070] FIG.32: pAMVAH-.

[0071] FIG. 33: pFastBacDual (pD).

[0072] FIG. 34: pPDAMVA.

[0073] FIG. 35: pPDAMVAH-.

[0074] FIG.36: pPDAMVABH-.

[0075] FIG. 37: pJAMVBH-.

[0076] FIG. 38: pPDAMVAH-BH-.

[0077] FIG. 39 is a semi-logarithmic graph demonstrating
RT activities of various RTs incubated for the times and at the
temperatures indicated.

[0078] FIG. 40 is an autoradiograph of ¢cDNA products
synthesized by various RTs at the temperatures (° C.) indi-
cated from 1.4-,2.4-,4.4- and 7.5-Kb mRNAs over 50-minute
reactions. M: **P-labeled 1 Kb DNA ladder.

[0079] FIG. 41 is an autoradiograph of ¢cDNA products
synthesized by RSVH™ RT and SS II RT at the temperatures
(° C.)indicated from 1.4-,2.4-,4.4-, and 7.5-Kb mRNAs over
30-#minute reactions. M: **P-labeled 1 Kb DNA ladder.
[0080] FIG. 42 is a graph of the amounts of full length
c¢DNA synthesized by SSII and RSV H™ RT in FIG. 41 as a
function of incubation temperature.

[0081] FIG. 43 is a restriction map of plasmid pBP-RT
(PCR).
[0082]
(ATG).
[0083]
(ATG).
[0084]
[0085]
[0086]
His.
[0087] FIG. 49 is a restriction map of plasmid pDAD110E.
[0088] FIG. 50 is a restriction map of plasmid
pFBBD100E-His.

FIG. 44 is a restriction map of plasmid pBP-RT
FIG. 45 is a restriction map of plasmid pBK-RT15
FIG. 46 is a restriction map of plasmid pFBBH-His.

FIG. 47 is a restriction map of plasmid pJB-His.
FIG. 48 is a restriction map of plasmid pJBD110E-

[0089] FIG. 51 is a restriction map of plasmid pDABHis.
[0090] FIG. 52 is a restriction map of plasmid
pDABD110EHis.
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[0091] FIG. 53 is a restriction map of plasmid
pDADI110EBHis.
[0092] FIG. 54 is a restriction map of plasmid
pDADI10EB110E.

DETAILED DESCRIPTION OF THE INVENTION
Overview

[0093] The present invention provides compositions and
methods useful in overcoming the length limitations often
observed during reverse transcription of nucleic acid mol-
ecules. Thus, the invention facilitates the production of full-
length cDNA molecules not heretofore possible.

[0094] In general, the invention provides compositions for
use in reverse transcription of a nucleic acid molecule com-
prising two or more, three or more, four or more, five or more,
six or more, and the like, different polypeptides having
reverse transcriptase activity. The compositions of the inven-
tion preferably comprise two to six, two to five, two to four,
two to three, and more preferably comprise two, polypeptides
having reverse transcriptase activity. The enzymes in these
compositions are preferably present in working concentra-
tions and are reduced or substantially reduced in RNase H
activity, although mixtures of enzymes, some having RNase
H activity and some reduced or substantially reduced in
RNase H activity, may be used in the compositions of the
invention. Alternatively, the reverse transcriptases used in the
compositions of the invention may have RNase H activity.
Preferred reverse transcriptases include M-MLV H-reverse
transcriptase, RSV H reverse transcriptase, AMV H~ reverse
transcriptase, RAV H™ reverse transcriptase, MAV H™ reverse
transcriptase and HIV H™ reverse transcriptase or other ASLV
H~ reverse transcriptases.

[0095] The invention is also directed to methods for reverse
transcription of one or more nucleic acid molecules compris-
ing mixing one or more nucleic acid templates, which is
preferably RNA or messenger RNA (mRNA) and more pref-
erably a population of mRNA molecules, with two or more
polypeptides having reverse transcriptase activity (or with the
compositions of the invention) and incubating the mixture
under conditions sufficient to make a nucleic acid molecule or
molecules complementary to all or a portion of the one or
more templates. Such nucleic acid synthesis may be accom-
plished by sequential or simultaneous or separate addition of
multiple reverse transcriptases. Preferably, two or more, three
or more, four or more, five or more, six or more, and the like,
reverse transcriptases are used, or a range of two to six, two to
five, two to four, two to three and more preferably two, reverse
transcriptases are used. To make the nucleic acid molecule or
molecules complementary to the one or more templates, a
primer (e.g., an oligo(dT) primer) and one or more nucle-
otides are used for nucleic acid synthesis in the 3' to 5' direc-
tion. Nucleic acid molecules suitable for reverse transcription
according to this aspect of the invention include any nucleic
acid molecule, particularly those derived from a prokaryotic
or eukaryotic cell. Such cells may include normal cells, dis-
eased cells, transformed cells, established cells, progenitor
cells, precursor cells, fetal cells, embryonic cells, bacterial
cells, yeast cells, animal cells (including human cells), avian
cells, plant cells and the like, or tissue isolated from a plant or
an animal (e.g., human, cow, pig, mouse, sheep, horse, mon-
key, canine, feline, rat, rabbit, bird, fish, insect, etc.). Such
nucleic acid molecules may also be isolated from viruses.
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[0096] The invention further provides methods for ampli-
fying or sequencing a nucleic acid molecule comprising con-
tacting the nucleic acid molecule with two or more polypep-
tides having reverse transcriptase activity (or with the
compositions of the invention). Such reactions may be
accomplished by sequential or simultaneous or separate addi-
tion of the two or more polypeptides having reverse tran-
scriptase activity to the reaction mixtures. Preferred such
methods comprise one or more polymerase chain reactions
(PCRs).

[0097] The invention also provides cDNA molecules or
amplified nucleic acid molecules produced according to the
above-described methods, vectors (particularly expression
vectors) comprising these cDNA molecules or amplified
nucleic acid molecules, and recombinant host cells compris-
ing such cDNA molecules, amplified nucleic acid molecules
or vectors. The invention also provides methods of producing
a polypeptide comprising culturing these recombinant host
cells and isolating the polypeptide, and provides a polypep-
tide produced by such methods.

[0098] The invention also provides kits for use in accor-
dance with the invention. Such kits comprise a carrier means,
such as a box or carton, having in close confinement therein
one or more container means, such as vials, tubes, bottles and
the like, wherein the kit comprises, in the same or different
containers, two or more polypeptides having reverse tran-
scriptase activity. The kits of the invention may also com-
prise, in the same or different containers, one or more DNA
polymerases, a suitable buffer and/or one or more nucleotides
(such as deoxynucleoside triphosphates (ANTPs)).

[0099] The invention also concerns a substantially pure
RSV reverse transcriptase (RSV RT), which may or may not
be reduced or substantially reduced in RNase H activity. Such
RSV RTs may comprise one or more subunits (or derivatives,
variants, fragments or mutants thereof) selected from one or
more ¢ subunits, one or more [} subunits, and one or more fp4
subunits, any or all of which may or may not be reduced or
substantially reduced in RNase H activity. In one preferred
aspect of the invention, the RSV RT may comprise an «
subunit reduced or substantially reduced in RNase H activity
and a [} subunit having RNase II activity (i.e., RSV oH™ fH*
RT). In a preferred aspect of this embodiment, the gene
encoding the o subunit has been modified or mutated to
reduce RNase H activity while the gene encoding the 5 sub-
unit has not been mutated or modified in this manner. Such
mutations or modifications are preferably made within the
RNase H domain of the a subunit. Unexpectedly, the pheno-
type of this construct showed substantially reduced (i.e.,
approximately 5% of wildtype) RNase H activity. In another
preferred aspect, the RSV RT may comprise an & subunit
reduced or substantially reduced in RNase H activity and a §
subunit also reduced or substantially reduced in RNase H
activity (i.e., RSV aH7/H™ RT). In another preferred aspect,
the RSV RT may comprise two f§ subunits, either or both of
which may or may not be reduced or substantially reduced in
RNAse H activity (i.e., RSV aH/pH™RT; RSV pH/pH*RT;
or RSV BHY/BH*RT). In another preferred aspect, the RSV
RT may comprise a single a subunit, which may or may not be
reduced or substantially reduced in RNAse H activity (i.e.,
RSV aH™ RT or RSV aH*RT). In another preferred aspect,
the RSV RT may comprise one or more fp4 subunits, any or
all of which may or may not be reduced or substantially
reduced in RNAse H activity (e.g., RSV Pfp4H /pp4H™ RT;
RSV Bp4H /pp4H™ RT; RSV Bp4H*/pp4H RT; RSV aH™/
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Bp4HRT; RSV aH*/Bp4H'RT; RSV aH/fp4H™ RT; RSV
oH*/Bpd4H™ RT; RSV fH~/fp4H*RT; RSV fH~/fp4H" RT,;
RSV BH+/pp4H™ RT; RSV BH*/fp4H" RT; etc.) As will be
recognized, derivatives, variants, fragments or mutants of any
or all of the above subunits may also be used in accordance
with the invention.

[0100] In arelated aspect of the invention, where the RSV
RTs comprise two or more subunits (or derivatives, variants,
fragments or mutants thereof) and preferably comprise two
subunits (e.g., a dimer), at least one but preferably not all of
these subunits may be modified or mutated to reduce, sub-
stantially reduce or eliminate the polymerase activity of at
least one subunit (e.g., pol-). In a preferred aspect, foran RSV
RT which comprises an o and [ subunit, the § subunit has
been modified or mutated (preferably by recombinant tech-
niques) to reduce, substantially reduce or eliminate the poly-
merase activity while the polymerase activity of the o subunit
has not been mutated or modified in this manner. Preferably,
the o subunit of such RSV RT has also been modified or
mutated to reduce or substantially reduce RNase H activity
while the § subunit has not been mutated or modified in this
manner. Such a construct may be designated aH—/fH+ pol-.
Any number of combinations of subunits can be prepared in
which mutations or modifications are made in one subunit of
atwo subunit enzyme, and these constructs may be combined
with other modifications or mutations, such as those which
reduce or substantially reduce RNase H activity. Illustrated
examples include but are not limited to RSV aH-/fH- pol-;
RSV aH+/gH+ pol-; RSV aH- pol-/fH+; RSV aH— pol-/
pH-; RSV aH+pol-/fH+; RSV pH-/gH- pol-; RSV fH-/
pH+ pol-; RSV BH+/pH+ pol-; RSV ppd4H-/ppd4H- pol-;
RSV pp4H-/Pp4H+ pol-; RSV Ppd4H+/Pp4H+ pol; RSV
aH-/pp4H- pol-; RSV aH+/fp4H+ pol-; RSV aH+/fp4H-
pol-; RSV BH-/pp4H+ pol-; RSV pH-/fp4H+ pol-; RSV
PH+/pp4H- pol-; etc. In a preferred aspect, the polymerase
domain of the subunit is modified or mutated (one or more
point mutations, deletion mutations and/or insertion muta-
tions) by recombinant techniques. In another aspect, the
nucleotide binding site of the polymerase domain is modified
or mutated. In a preferred aspect, one or more acidic amino
acids within the nucleotide binding site are substituted with
different amino acids. Particularly preferred amino acids
within the nucleotide binding site for mutation or modifica-
tion include, but are not limited to, Asp'®?, Leu'®, Lys*®,
and Asp''®, or the corresponding amino acid sequence.

[0101] The invention also relates to methods of producing
the RSV RTs of the invention, which methods comprise
obtaining a host cell comprising a nucleic acid sequence
encoding one or more o subunits (or derivatives, variants,
fragments or mutants thereof) and/or a nucleic acid sequence
encoding one or more f§ subunits (or derivatives, variants,
fragments or mutants thereof) and/or a nucleic acid sequence
encoding one or more p4 subunits (or derivatives, variants,
fragments or mutants thereof), and culturing the host cell
under conditions sufficient to produce the RSV RTs of the
invention. The nucleic acid sequences encoding such o sub-
unit(s) and/or such [ subunit(s) and/or such pp4 subunit(s)
may be contained in the same vector or in different vectors. In
accordance with the invention, such o subunit(s) and/or §
subunit(s) and/or fp4 subunit(s) may be produced separately
and mixed before or after isolation of each subunit to form the
RSV RTs of the invention. Alternatively, such o and/or §
subunits and/or fp4 subunits may be expressed simulta-
neously (i.e., co-expressed) in the same host cell, thereby
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producing an RSV RT comprising an o and a {3 subunit, an o
subunit alone, a [} subunit alone, a fp4 subunit alone, a f§
subunit and a fp4 subunit, two § subunits, or two p4 sub-
units, or derivatives, variants, fragments or mutants thereof.
In a preferred aspect, the a subunit (or derivatives, variants,
fragments or mutants thereof) is simultaneously expressed in
a host cell with the § subunit (or derivatives, variants, frag-
ments or mutants thereof). In a related aspect of the invention,
the § or Pp4 subunits (or derivatives, fragments or mutants
thereof) may be expressed in a host or host cell which accom-
plishes in vivo processing of some or all of such p or pp4
subunits to form the corresponding o subunit. The presence of
both the §§ and the a subunits allows in vivo formation of an
RSV RT which comprises an o and a 3 subunit. Such in vivo
processing is preferably accomplished by expressing the [
and/or Pp4 subunits (or derivatives, variants, fragments or
mutants thereof) in a host cell, which may be prokaryotic or
eukaryotic, having appropriate processing enzymes or pro-
teins which cleave such §§ or fp4 subunits to form a corre-
sponding o subunit. Such processing enzymes or proteins
may be introduced and expressed in the host system by
recombinant means or may exist naturally in the host system.
Preferred hosts for in vivo processing include eukaryotic cells
or organelles such as yeast, fungi, plants, animals, insects,
fish, and the like. Recombinant systems (vectors, expression
vectors, promoters, etc.) which allow cloning of the §§ or fp4
subunits (or derivatives, fragments or mutants thereof) for in
vivo processing are well known to one of ordinary skill in the
art. As noted above, any or all of the o and/or § and/or pp4
subunits of the RSV RT (or derivatives, variants, fragments or
mutants thereof) produced by these recombinant techniques
may be reduced or substantially reduced in RNase H activity.

[0102] These RSV RTs or subunits thereof may then be
isolated from the host cell, and may be substantially purified
by any method of protein purification that will be familiar to
those of ordinary skill in the art (e.g., chromatography, elec-
trophoresis, dialysis, high-salt precipitation, or combinations
thereof). The invention also relates to kits comprising one or
more of the RSV RTs of the invention.

[0103] The invention also concerns a substantially pure
Avian Myeloblastosis Virus reverse transcriptase (AMV RT),
which may or may not be reduced or substantially reduced in
RNase H activity. Such AMV RTs may comprise one or more
subunits selected from one or more o subunits, one or more {3
subunits, and one or more p4 subunits (or derivatives, vari-
ants, fragments or mutants thereof), any or all of which may
or may not be reduced or substantially reduced in RNase H
activity. In one preferred aspect of the invention, the AMV RT
may comprise an o subunit reduced or substantially reduced
in RNase H activity and a § subunit having RNase H activity
(i.e., AMV oH BH* RT). In a particularly preferred aspect of
this embodiment, the gene encoding the o subunit has been
modified or mutated to reduce RNase activity (preferably
within the RNase H domain) while the gene encoding the 3
subunit has not been modified or mutated to affect RNase H
activity. Unexpectedly, this construct demonstrates a pheno-
type in which the RNase H activity of the AMV RT compris-
ing the o subunit and the § subunit is substantially reduced in
RNase H activity (i.e., approximately 5% of wildtype). In
another preferred aspect, the AMV RT may comprise an o
subunit reduced or substantially reduced in RNase H activity
and a f§ subunit also reduced or substantially reduced in
RNase H activity (i.e., AMV aH/BH™ RT). In another pre-
ferred aspect, the AMV RT may comprise two § subunits,
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either or both of which may or may not be reduced or sub-
stantially reduced in RNAse H activity (i.e., AMV pH~/H~
RT; AMV BH/BH*RT; or AMV BH*/BH*RT). In another
preferred aspect, the AMV RT may comprise a single o
subunit, which may or may not be reduced or substantially
reduced in RNAse H activity (i.e., AMV aH™ RT or AMV
aH*RT). In another preferred aspect, the AMV RT may com-
prise one or more p4 subunits, any or all of which may or
may not be reduced or substantially reduced in RNAse H
activity (e.g., AMV Pp4H /fp4H™ RT; AMV Bp4H /Bp4H"*
RT; AMV fp4H*/pp4H'RT; AMV oH /fp4H"RT; AMV
aH*/pp4H*RT; AMV aH/pp4H™ RT; AMV oH*/pp4H™ RT;
AMV SH7/fp4H™ RT; AMV BH*/pp4H™ RT; etc.).

[0104] Inarelated aspect of the invention, where the AMV
RTs comprise two or more subunits (or derivatives, variants,
fragments or mutants thereof) and preferably comprise two
subunits (e.g., a dimer), at least one but preferably not all of
these subunits may be modified or mutated to reduce, sub-
stantially reduce or eliminate the polymerase activity of at
least one subunit (e.g., pol-). In a preferred aspect, for an
AMYV RT which comprises an . and 3 subunit, the § subunit
has been modified or mutated (preferably by recombinant
techniques) to reduce, substantially reduce or eliminate the
polymerase activity while the polymerase activity of the o
subunit has not been mutated or modified in this manner.
Preferably, the o subunit of such AMV RT has also been
modified or mutated to reduce or substantially reduce RNase
H activity while the § subunit has not been mutated or modi-
fied in this manner. Such a construct may be designated
aH-/pH+ pol-. Any number of combinations of subunits can
be prepared in which mutations or modifications are made in
one subunit of a two subunit enzyme, and these constructs
may be combined with other modifications or mutations, such
as those which reduce or substantially reduce RNase H activ-
ity. Illustrated examples include but are not limited to AMV
aH-/pH- pol-; AMV aH+/aH+pol-; AMV aH- pol-/fH+
AMV oH- pol-/fH-; AMV aH+pol-/pH"; AMV BH-/gH-
pol-; AMV pPH-/fH+ pol-; AMV PH+/H+ pol-; AMV
Pp4H-/pp4H- pol-; AMV Pp4H-/Bp4H+ pol-; AMV
Pp4H+/ppd4H+ pol-; AMV oH-/fp4H- pol-; AMV BH+/
pPp4H+ pol-; AMV aH+/pp4H- pol-; AMV pPH-/fp4H+
pol-; AMV pH-/fp4H+ pol-; AMV pBH+/fp4H- pol-; etc. In
a preferred aspect, the polymerase domain of the subunit is
modified or mutated (one or more point mutations, deletion
mutations and/or insertion mutations) by recombinant tech-
niques. In another aspect, the nucleotide binding site of the
polymerase domain is modified or mutated. In a preferred
aspect, one or more acidic amino acids within the nucleotide
binding site are substituted with different amino acids Par-
ticularly preferred amino acids within the nucleotide binding
site for mutation or modification include, but are not limited
to, Asp'®?, Leu'®®, Lys'®®, and Asp''°, or the corresponding
amino acid sequence.

[0105] The invention also relates to methods of producing
the AMV RTs of the invention, which methods comprise
obtaining a host cell comprising a nucleic acid sequence
encoding one or more o subunits (or derivatives, variants,
fragments or mutants thereof) and/or a nucleic acid sequence
encoding one or more f§ subunits (or derivatives, variants,
fragments or mutants thereof) and/or a nucleic acid sequence
encoding one or more p4 subunits (or derivatives, variants,
fragments or mutants thereof), and culturing the host cell
under conditions sufficient to produce the AMV RTs. The
nucleic acid sequences encoding such o subunit(s) and/or
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such [ subunit(s) and/or such pp4 subunit(s) may be con-
tained in the same vector or in different vectors. In accordance
with the invention, such o subunit(s) and/or § subunit(s)
and/or Pp4 subunit(s) may be produced separately and mixed
before or after isolation of each subunit to form the AMV RTs
of the invention. Alternatively, such o and/or f§ and/or pp4
subunits may be expressed simultaneously (i.e., co-ex-
pressed) in the same host cell, thereby producing an AMV RT
comprising an « and a § subunit, an o subunit alone, a f
subunit alone, a fp4 subunit alone, a § subunit and a fp4
subunit, two [ subunits, or two pp4 subunits, or derivatives,
variants, fragments or mutants thereof. In a preferred aspect,
the a subunit is simultaneously expressed in a host cell with
the [ subunit. In arelated aspect of the invention, the § or fp4
subunits (or derivatives, variants, fragments or mutants
thereof) may be expressed in a host or host cell which accom-
plishes in vivo processing as described above for production
of RSV RTs. Thus, by expressing a § subunit and/or a fp4
subunit (or derivatives, fragments or mutants thereof) in a
host system which has appropriate processing enzymes or
proteins, the corresponding o subunit may be produced
allowing formation of an AMV RT which comprises an o and
a [} subunit, an o and a fp4 subunit, etc. As noted above, any
or all of the a and/or § and/or pp4 subunits (or derivatives,
variants, fragments or mutants thereof) of the AMV RT may
be reduced or substantially reduced in RNase H activity.
These AMV RTs or subunits thereof may then be isolated
from the host cell and may be substantially purified by those
methods described above for purification of RSV RTs. The
invention also relates to kits comprising one or more of the
AMYV RTs of the invention.

[0106] The invention also relates to other substantially pure
ASLV reverse transcriptases, which may or may not be
reduced or substantially reduced in RNase H activity. Such
ASLV RTs may comprise one or more subunits (or deriva-
tives, variants, fragments or mutants thereof) selected from
one or more ¢ subunits, one or more 3 subunits, and one or
more Pp4 subunits, as described for RSV RT and AMV RT
above. The invention also relates to methods of producing
such ASLV RTs of the invention as described above for RSV
RT and AMV RT.

[0107] The invention also concerns the RSV reverse tran-
scriptases and AMV reverse transcriptases or other ASLV
reverse transcriptases and subunits thereof (and derivatives,
variants, fragments and mutants thereof) of the invention
which have functional activity, as measured by the ability of
the proteins to produce first strand cDNA from a mRNA
template. Such functional activity may be measured in accor-
dance with the invention based on the total full-length reverse
transcribed product made during the synthesis reaction. The
amount of product is preferably measured based on the mass
(e.g., nanograms) of products produced, although other
means of measuring the amount of product will be recognized
by one of ordinary skill in the art. Additionally, functional
activity may be measured in terms of the percentage of full-
length products produced during a cDNA synthesis reaction.
For example, the percent full-length functional activity may
be determined by dividing the amount of full-length product
by the amount of total product produced during a cDNA
synthesis reaction and multiplying the result by 100 to obtain
the percentage. The RSV and AMYV reverse transcriptases and
their subunits (and derivatives, variants, fragments and
mutants thereot) of the invention produce greater than about
4%, preferably greater than about 5%, more preferably
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greater than about 7.5%, still more preferably greater than
about 10%, still more preferably greater than about 20%, and
most preferably greater than about 25%, full-length cDNA in
a nucleic acid synthesis reaction. Preferred ranges of such
percentages include about 5% to about 100%, about 7.5% to
about 75%, about 7.5% to about 50%, about 10% to about
50%, about 15% to about 40%, about 20% to about 40%, and
about 20% to about 50%. Functional activity may also be
measured in accordance with the invention by determining
the percentage of total cDNA product compared to the
amount of input mRNA in the synthesis reaction. Thus, the
total amount of cDNA product is divided by the amount of
input mRNA, the result of which is multiplied by 100 to
determine the percentage functional activity associated with
amount of product produced compared to amount of the tem-
plate used. Preferably, the reverse transcriptases of the inven-
tion produce greater than about 15%, more preferably greater
than about 20%, still more preferably greater than about 25%,
still more preferably greater than about 30%, and most pref-
erably greater than about 40%, of cDNA compared to input
mRNA in the cDNA synthesis reaction. Preferred ranges of
such percentages include about 5% to about 100%, about
10% to about 80%, about 15% to about 80%, about 15% to
about 75%, about 20% to about 75%, about 20% to about
70%, about 25% to about 75%, about 25% to about 70%,
about 25% to about 60%, and about 25% to about 50%. The
AMYV and RSV reverse transcriptases and their subunits (and
derivatives, variants, fragments and mutants thereof) of the
invention preferably have specific activities greater than
about 5 units/mg, more preferably greater than about 50 units/
mg, still more preferably greater than about 100 units/mg,
250 units/mg, 500 units/mg, 1000 units/mg, 5000 units/mg or
10,000 units/mg, and most preferably greater than about
15,000 units/mg, greater than about 16,000 units/mg, greater
than about 17,000 units/mg, greater than about 18,000 units/
mg, greater than about 19,000 units/mg and greater than
about 20,000 units/mg. Preferred ranges of specific activities
for the AMV and RSV RTs and their subunits (or derivatives,
variants, fragments or mutants thereof) of the invention
include a specific activity from about 5 units/mg to about
140,000 units/mg, a specific activity from about 5 units/mg to
about 125,000 units/mg, a specific activity of from about 50
units/mg to about 100,000 units/mg, a specific activity from
about 100 units/mg to about 100,000 units/mg, a specific
activity from about 250 units/mg to about 100,000 units/mg,
a specific activity from about 500 units/mg to about 100,000
units/mg, a specific activity from about 1000 units/mg to
about 100,000 units/mg, a specific activity from about 5000
units/mg to about 100,000 units/mg, a specific activity from
about 10,000 units/mg to about 100,000 units/mg, a specific
activity from about 25,000 units/mg to about 75,000 units/
mg. Other preferred ranges of specific activities include a
specific activity of from about 20,000 units/mg to about 140,
000 units/mg, a specific activity from about 20,000 units/mg
to about 130,000 units/mg, a specific activity from about
20,000 units/mg to about 120,000 units/mg, a specific activity
from about 20,000 units/mg to about 110,000 units/mg, a
specific activity from about 20,000 units/mg to about 100,000
units/mg, a specific activity from about 20,000 units/mg to
about 90,000 units/mg, a specific activity from about 25,000
units/mg to about 140,000 units/mg, a specific activity from
about 25,000 units/mg to about 130,000 units/mg, a specific
activity from about 25,000 units/mg to about 120,000 units/
mg, a specific activity from about 25,000 units/mg to about
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110,000 units/mg, a specific activity from about 25,000 units/
mg to about 100,000 units/mg, and a specific activity from
about 25,000 units/mg to about 90,000 units/mg. Preferably,
the lower end of the specific activity range may vary from
30,000, 35,000, 40,000, 45,000, 50,000, 5,000, 60,000,
65,000, 70,000, 75,000, and 80,000 units/mg, while the upper
end of the range may vary from 150,000, 140,000, 130,000,
120,000, 110,000, 100,000, and 90,000 units/mg. In accor-
dance with the invention, specific activity is a measurement of
the enzymatic activity (in units) of the protein or enzyme
relative to the total amount of protein or enzyme used in a
reaction. The measurement of a specific activity may be deter-
mined by standard techniques well-known to one of ordinary
skill in the art. Preferred assays for determining the specific
activity of an enzyme or protein are described in detail in the
Examples below.

[0108] The RSV RTsand AMV RTsorother ASLV RTs and
their subunits (or derivatives, variants, fragments or mutants
thereof) of the invention may be used to make nucleic acid
molecules from one or more templates. Such methods com-
prise mixing one or more nucleic acid templates (e.g., mRNA,
and more preferably a population of mRNA molecules) with
one or more of the RSV RTs and/or one or more AMV RTs
and/or other ASLV RTs of the invention and incubating the
mixture under conditions sufficient to make one or more
nucleic acid molecules complementary to all or a portion of
the one or more nucleic acid templates.

[0109] The invention also relates to methods for the ampli-
fication of one or more nucleic acid molecules comprising
mixing one or more nucleic acid templates with one or more
of the RSV RTs and/or one or more of the AMV RTs and/or
other ASLV RTs of the invention and optionally with one or
more DNA polymerases, and incubating the mixture under
conditions sufficient to amplify one or more nucleic acid
molecules complementary to all or a portion of the one or
more nucleic acid templates.

[0110] The invention also concerns methods for the
sequencing of one or more nucleic acid molecules comprising
(a) mixing one or more nucleic acid molecules to be
sequenced with one or more primer nucleic acid molecules,
one or more RSV RTs and/or one or more AMV RTs and/or
other ASLV RTs of the invention, one or more nucleotides and
one or more terminating agents; (b) incubating the mixture
under conditions sufficient to synthesize a population of
nucleic acid molecules complementary to all or a portion of
the one or more nucleic acid molecules to be sequenced; and
(c) separating the population of nucleic acid molecules to
determine the nucleotide sequence of all or a portion of the
one or more nucleic acid molecules to be sequenced.

[0111] The invention also concerns methods for elevated-
or high-temperature reverse transcription of a nucleic acid
molecule comprising (a) mixing a nucleic acid template
(preferably an RNA (e.g., a mRNA molecule or a polyA+
RNA molecule) or a DNA molecule) with one or more
polypeptides having reverse transcriptase activity; and (b)
incubating the mixture at a temperature of 50° C. or greater
and under conditions sufficient to make a first nucleic acid
molecule (such as a full length cDNA molecule) complemen-
tary to all or a portion of the nucleic acid template. In pre-
ferred such methods, the mixture is incubated at a tempera-
ture of about 51° C. or greater, about 52° C. or greater, about
53° C. or greater, about 54° C. or greater, about 55° C. or
greater, about 56° C. or greater, about 57° C. or greater, about
58° C. or greater, about 59° C. or greater, about 60° C. or
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greater, about 61° C. or greater, about 62° C. or greater; or at
a temperature range of from about 50° C. to about 70° C.,
about 51° C. to about 70° C., about 52° C. to about 70° C.,
about 53° C. to about 70° C., about 54° C. to about 70° C.,
about 55° C. to about 70° C., about 55° C. to about 65° C.,
about 56° C. to about 65° C., about 56° C. to about 64° C. or
about 56° C. to about 62° C. The invention is also directed to
such methods which further comprise incubating the first
nucleic acid molecule under conditions sufficient to make a
second nucleic acid molecule complementary to all or portion
of'the first nucleic acid molecule. According to the invention,
the first and second nucleic acid molecules produced by these
methods may be DNA molecules, and may form a double
stranded DNA molecule which may be a full length cDNA
molecule. The one or more polypeptides having reverse tran-
scriptase activity that are used in these methods preferably are
reduced or substantially reduced in RNase H activity, and
may be selected from the group consisting of one or more
subunits of AMV reverse transcriptase and one or more sub-
units of RSV reverse transcriptase and one or more subunits
of'other ASLV reverse transcriptases (or derivatives, variants,
fragments or mutants thereof). As noted above, such AMV
RTs or RSV RTs or other ASLV RTs may comprise one or
more o subunits, one or more {3 subunits, and/or one or more
Pp4 subunits, any or all of which subunits may be reduced or
substantially reduced in RNase H activity. Particularly pre-
ferred polymerases having RT activity for use in these meth-
ods are those RSV RTs and AMV RTs orother ASLV RTs and
their subunits (or derivatives, variants, fragments or mutants
thereof) described above.

[0112] The invention also concerns nucleic acid molecules
produced by such methods (which may be full-length cDNA
molecules), vectors (particularly expression vectors) com-
prising these nucleic acid molecules and host cells compris-
ing these vectors and nucleic acid molecules.

Sources of Enzymes

[0113] Enzymes for use in the compositions, methods and
kits of the invention include any enzyme having reverse tran-
scriptase activity. Such enzymes include, but are not limited
to, retroviral reverse transcriptase, retrotransposon reverse
transcriptase, hepatitis B reverse transcriptase, cauliflower
mosaic virus reverse transcriptase, bacterial reverse tran-
scriptase, Tth DNA polymerase, Taq DNA polymerase (Saiki,
R. K., et al., Science 239:487-491 (1988); U.S. Pat. Nos.
4,889,818 and 4,965,188), Tne DNA polymerase (WO
96/10640), Tma DNA polymerase (U.S. Pat. No. 5,374,553)
and mutants, fragments, variants or derivatives thereof (see,
e.g., commonly owned, co-pending U.S. patent application
Ser. Nos. 08/706,702 and 08/706,706, both filed Sep. 9, 1996,
which are incorporated by reference herein in their entireties).
As will be understood by one of ordinary skill in the art,
modified reverse transcriptases may be obtained by recombi-
nant or genetic engineering techniques that are routine and
well-known in the art. Mutant reverse transcriptases can, for
example, be obtained by mutating the gene or genes encoding
the reverse transcriptase of interest by site-directed or random
mutagenesis. Such mutations may include point mutations,
deletion mutations and insertional mutations. Preferably, one
or more point mutations (e.g., substitution of one or more
amino acids with one or more different amino acids) are used
to construct mutant reverse transcriptases of the invention.
Fragments of reverse transcriptases may be obtained by dele-
tion mutation by recombinant techniques that are routine and
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well-known in the art, or by enzymatic digestion of the
reverse transcriptase(s) of interest using any of a number of
well-known proteolytic enzymes.

[0114] Preferred enzymes for use in the invention include
those that are reduced or substantially reduced in RNase H
activity. Such enzymes that are reduced or substantially
reduced in RNase H activity may be obtained by mutating the
RNase H domain within the reverse transcriptase of interest,
preferably by one or more point mutations, one or more
deletion mutations, and/or one or more insertion mutations as
described above. By an enzyme “substantially reduced in
RNase H activity” is meant that the enzyme has less than
about 30%, less than about 25%, 20%, more preferably less
than about 15%, less than about 10%, less than about 7.5%, or
less than about 5%, and most preferably less than about 5% or
less than about 2%, ofthe RNase H activity of the correspond-
ing wildtype or RNase H* enzyme such as wildtype Moloney
Murine Leukemia Virus (M-MLV), Avian Myeloblastosis
Virus (AMV) or Rous Sarcoma Virus (RSV) reverse tran-
scriptases. The RNase H activity of any enzyme may be
determined by a variety of assays, such as those described, for
example, in U.S. Pat. No. 5,244,797, in Kotewicz, M. L., et
al., Nucl. Acids Res. 16:265 (1988), in Gerard, G. F., et al,
Focus 14(5):91 (1992), and in U.S. Pat. No. 5,668,005, the
disclosures of all of which are fully incorporated herein by
reference.

[0115] Particularly preferred enzymes for use in the inven-
tion include, but are not limited to, M-MLV H~ reverse tran-
scriptase, RSV H~ reverse transcriptase, AMV H~ reverse
transcriptase, RAV H™ reverse transcriptase, MAV H™ reverse
transcriptase and HIV H~ reverse transcriptase. It will be
understood by one of ordinary skill, however, that any
enzyme capable of producing a DNA molecule from a ribo-
nucleic acid molecule (i.e., having reverse transcriptase activ-
ity) that is substantially reduced in RNase H activity may be
equivalently used in the compositions, methods and kits of the
invention.

[0116] Enzymes used in the invention may have distinct
reverse transcription pause sites with respect to the template
nucleic acid. Whether or not two enzymes have distinct
reverse transcription pause sites may be determined by a
variety of assays, including, for example, electrophoretic
analysis of the chain lengths of DNA molecules produced by
the two enzymes (Weaver, D. T., and DePamphilis, M. L., J.
Biol. Chem. 257(4):2075-2086 (1982); Abbots, J., et al., J.
Biol. Chem. 268(14): 10312-10323 (1993)), or by other
assays that will be familiar to one of ordinary skill in the art.
As described above, these distinct transcription pause sites
may represent secondary structural and sequence barriers in
the nucleic acid template which occur frequently at
homopolymer stretches. Thus, for example, the second
enzyme may reverse transcribe to a point (e.g., a hairpin) on
the template nucleic acid that is proximal or distal (i.e., 3' or
5" to the point to which the first enzyme reverse transcribes
the template nucleic acid. This combination of two or more
enzymes having distinct reverse transcription pause sites
facilitates production of full-length cDNA molecules since
the secondary structural and sequence barriers may be over-
come. Moreover, the elevated- or high-temperature reverse
transcription of the invention may also assist in overcoming
secondary structural and sequence barriers during nucleic
acid synthesis. Thus, the elevated- or high-temperature syn-
thesis may be used in combination with the two or more
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reverse transcriptases (preferably using an AMV RT, an RSV
RT or other ASLV RT) to facilitate full-length cDNA synthe-
sis.

[0117] A variety of DNA polymerases are useful in accor-
dance with the present invention. Such polymerases include,
but are not limited to, Thermus thermophilus (Tth) DNA
polymerase, Thermus aquaticus (Taq) DNA polymerase,
Thermotoga neapolitana (Tne) DNA polymerase, Thermo-
toga maritima (Tma) DNA polymerase, Thermococcus lito-
ralis (Tli or VENT™) DNA polymerase, Pyrococcus furiosis
(Pfu) DNA polymerase, DEEPVENT™ DNA polymerase,
Pyrococcus woosii (Pwo) DNA polymerase, Bacillus stero-
thermophilus (Bst) DNA polymerase, Bacillus caldophilus
(Bca) DNA polymerase, Sulfolobus acidocaldarius (Sac)
DNA polymerase, Thermoplasma acidophilum (Tac) DNA
polymerase, Thermus flavus (Tfl/Tub) DNA polymerase,
Thermus ruber (Tru) DNA polymerase, Thermus brockianus
(DYNAZYME™) DNA polymerase, Methanobacterium
thermoautotrophicum (Mth) DNA polymerase, Mycobacte-
rium spp. DNA polymerase (Mtb, Mlep), and mutants, vari-
ants and derivatives thereof.

[0118] DNA polymerases used in accordance with the
invention may be any enzyme that can synthesize a DNA
molecule from a nucleic acid template, typically in the 5' to 3'
direction. Such polymerases may be mesophilic or thermo-
philic, but are preferably thermophilic. Mesophilic poly-
merases include TS DNA polymerase, T7 DNA polymerase,
Klenow fragment DNA polymerase, DNA polymerase III,
and the like. Preferred DNA polymerases are thermostable
DNA polymerases such as Taq, Tne, Tma, Pfu, VENT™,
DEEPVENT™, Tth and mutants, variants and derivatives
thereof (U.S. Pat. No. 5,436,149; U.S. Pat. No. 5,512,462;
WO 92/06188; WO 92/06200; WO 96/10640; Barnes, W. M.,
Gene 112:29-35 (1992); Lawyer, F.C, etal., PCR Meth. Appi.
2:275-287 (1993); Flaman, J.-M., et al., Nuc. Acids Res.
22(15):3259-3260 (1994)). For amplification of long nucleic
acid molecules (e.g., nucleic acid molecules longer than
about 3-5 Kb in length), at least two DNA polymerases (one
substantially lacking 3' exonuclease activity and the other
having 3' exonuclease activity) are typically used. See U.S.
Pat. No. 5,436,149; U.S. Pat. No. 5,512,462; Barnes, W. M.,
Gene 112:29-35 (1992); and commonly owned, co-pending
U.S. patent application Ser. No. 08/801,720, filed Feb. 14,
1997, the disclosures of all of which are incorporated herein
in their entireties. Examples of DNA polymerases substan-
tially lacking in 3' exonuclease activity include, but are not
limited to, Taq, Tne(exo™), Tma, Pfu(exo™), Pwo and Tth
DNA polymerases, and mutants, variants and derivatives
thereof. Nonlimiting examples of DNA polymerases having
3' exonuclease activity include Pf/DEEPVENT™ and TI1i/
VENT™ and mutants, variants and derivatives thereof.

[0119] Polypeptides having reverse transcriptase activity
for use in the invention may be obtained commercially, for
example from Life Technologies, Inc. (Rockville, Md.), Phar-
macia (Piscataway, N.J.), Sigma (Saint Louis, Mo.) or Boe-
hringer Mannheim Biochemicals (Indianapolis, Ind.). Alter-
natively, polypeptides having reverse transcriptase activity
may be isolated from their natural viral or bacterial sources
according to standard procedures for isolating and purifying
natural proteins that are well-known to one of ordinary skill in
the art (see, e.g., Houts, G. E., etal., J. Virol. 29:517 (1979)).
In addition, the polypeptides having reverse transcriptase
activity may be prepared by recombinant DNA techniques
that are familiar to one of ordinary skill in the art (see, e.g.,
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Kotewicz, M L., et al, Nucl. Acids Res. 16:265 (1988); Soltis,
D.A., and Skalka, A. M, Proc. Natl. Acad. Sci. USA 85:3372-
3376 (1988)).

[0120] DNA polymerases for use in the invention may be
obtained commercially, for example from Life Technologies,
Inc. (Rockville, Md.), Perkin-Elmer (Branchburg, N.J.), New
England BioLabs (Beverly, Mass.) or Boehringer Mannheim
Biochemicals (Indianapolis, Ind.).

[0121] Formulation of Enzyme Compositions

[0122] To form the compositions of the present invention,
two or more reverse transcriptases are preferably admixed in
a butfered salt solution. One or more DNA polymerases and/
or one or more nucleotides may optionally be added to make
the compositions of the invention. More preferably, the
enzymes are provided at working concentrations in stable
buffered salt solutions. The terms “stable” and “stability” as
used herein generally mean the retention by a composition,
such as an enzyme composition, of at least 70%, preferably at
least 80%, and most preferably at least 90%, of the original
enzymatic activity (in units) after the enzyme or composition
containing the enzyme has been stored for about one week at
a temperature of about 4° C., about two to six months at a
temperature of about —20° C., and about six months or longer
at a temperature of about —80° C. As used herein, the term
“working concentration” means the concentration of an
enzyme that is at or near the optimal concentration used in a
solution to perform a particular function (such as reverse
transcription of nucleic acids).

[0123] The water used in forming the compositions of the
present invention is preferably distilled, deionized and sterile
filtered (through a 0.1-0.2 micrometer filter), and is free of
contamination by DNase and RNase enzymes. Such water is
available commercially, for example from Sigma Chemical
Company (Saint Louis, Mo.), or may be made as needed
according to methods well known to those skilled in the art.

[0124] In addition to the enzyme components, the present
compositions preferably comprise one or more buffers and
cofactors necessary for synthesis of a nucleic acid molecule
such as a cDNA molecule. Particularly preferred buffers for
use in forming the present compositions are the acetate, sul-
fate, hydrochloride, phosphate or free acid forms of Tris-
(hydroxymethyl)aminomethane (TRIS®), although alterna-
tive buffers of the same approximate ionic strength and pKa
as TRIS® may be used with equivalent results. In addition to
the buffer salts, cofactor salts such as those of potassium
(preferably potassium chloride or potassium acetate) and
magnesium (preferably magnesium chloride or magnesium
acetate) are included in the compositions. Addition of one or
more carbohydrates and/or sugars to the compositions and/or
synthesis reaction mixtures may also be advantageous, to
support enhanced stability of the compositions and/or reac-
tion mixtures upon storage. Preferred such carbohydrates or
sugars for inclusion in the compositions and/or synthesis
reaction mixtures of the invention include, but are not limited
to, sucrose, trehalose, and the like. Furthermore, such carbo-
hydrates and/or sugars may be added to the storage bufters for
the enzymes used in the production of the enzyme composi-
tions and kits of the invention. Such carbohydrates and/or
sugars are commercially available from a number of sources,
including Sigma (St. Louis, Mo.).

[0125] Itis often preferable to first dissolve the buffer salts,
cofactor salts and carbohydrates or sugars at working concen-
trations in water and to adjust the pH of the solution prior to
addition of the enzymes. In this way, the pH-sensitive
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enzymes will be less subject to acid- or alkaline-mediated
inactivation during formulation of the present compositions.

[0126] To formulate the buffered salts solution, a buffer salt
which is preferably a salt of Tristhydroxymethyl)ami-
nomethane (TRIS®), and most preferably the hydrochloride
salt thereof, is combined with a sufficient quantity of water to
yield a solution having a TRIS® (concentration of 5-150
millimolar, preferably 10-60 millimolar, and most preferably
about 20-60 millimolar. To this solution, a salt of magnesium
(preferably either the chloride or acetate salt thereof) may be
added to provide a working concentration thereof of 1-10
millimolar, preferably 1.5-8.0 millimolar, and most prefer-
ably about 3-7.5 millimolar. A salt of potassium (preferably a
chloride or acetate salt of potassium) may also be added to the
solution, at a working concentration of 10-100 millimolar and
most preferably about 75 millimolar. A reducing agent such
as dithiothreitol may be added to the solution, preferably at a
final concentration of about 1-100 mM, more preferably a
concentration of about 5-50 mM or about 7.5-20 mM, and
most preferably at a concentration of about 10 mM. Preferred
concentrations of carbohydrates and/or sugars for inclusion
in the compositions of the invention range from about 5%
(w/v) to about 30% (w/v), about 7.5% (w/v) to about 25%
(w/v), about 10% (w/v) to about 25% (w/v), about 10% (w/v)
to about 20% (w/v), and preferably about 10% (w/v) to about
15% (w/v). A small amount of a salt of ethylenediaminetet-
raacetate (EDTA), such as disodium EDTA, may also be
added (preferably about 0.1 millimolar), although inclusion
of EDTA does not appear to be essential to the function or
stability of the compositions of the present invention. After
addition of all buffers and salts, this buffered salt solution is
mixed well until all salts are dissolved, and the pH is adjusted
using methods known in the art to a pH value of 7.4 t0 9.2,
preferably 8.0 to 9.0, and most preferably about 8.4.

[0127] To these buffered salt solutions, the enzymes (re-
verse transcriptases and/or DNA polymerases) are added to
produce the compositions of the present invention. M-MLV
RTs are preferably added at a working concentration in the
solution of about 1,000 to about 50,000 units per milliliter,
about 2,000 to about 30,000 units per milliliter, about 2,500 to
about 25,000 units per milliliter, about 3,000 to about 22,500
units per milliliter, about 4,000 to about 20,000 units per
milliliter, and most preferably at a working concentration of
about 5,000 to about 20,000 units per milliliter. AMV RTs,
MAV RTs, RSV RTs and RAV RTs, including those of the
invention described above, are preferably added at a working
concentration in the solution of about 100 to about 5000 units
per milliliter, about 125 to about 4000 units per milliliter,
about 150 to about 3000 units per milliliter, about 200 to
about 2500 units per milliliter, about 225 to about 2000 units
per milliliter, and most preferably at a working concentration
of'about 250 to about 1000 units per milliliter. The enzymes
in the thermophilic DNA polymerase group (Taq, Tne, Tma,
Pfu, VENT™, DEEPVENT™, Tth and mutants, variants and
derivatives thereof) are preferably added at a working con-
centration in the solution of about 100 to about 1000 units per
milliliter, about 125 to about 750 units per milliliter, about
150 to about 700 units per milliliter, about 200 to about 650
units per milliliter, about 225 to about 550 units per milliliter,
and most preferably at a working concentration of about 250
to about 500 units per milliliter. The enzymes may be added
to the solution in any order, or may be added simultaneously.

[0128] The compositions of the invention may further com-
prise one or more nucleotides, which are preferably deoxy-
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nucleoside triphosphates (dNTPs) or dideoxynucleoside
triphosphates (ddNTPs). The dNTP components of the
present compositions serve as the “building blocks” for newly
synthesized nucleic acids, being incorporated therein by the
action of the polymerases, and the ddN'TPs may be used in
sequencing methods according to the invention. Examples of
nucleotides suitable for use in the present compositions
include, but are not limited to, dUTP, dATP, dTTP, dCTP,
dGTP, dITP, 7-deaza-dGTP, a-thio-dATP, a-thio-dTTP,
a.-thio-dGTP, a-thio-dCTP, ddUTP, ddATP, ddTTP, ddCTP,
ddGTP, ddITP, 7-deaza-ddGTP, «.-thio-ddATP, a-thio-
ddTTP, a-thio-ddGTP, a-thio-ddCTP or derivatives thereof,
all of which are available commercially from sources includ-
ing Life Technologies, Inc. (Rockville, Md.), New England
BioLabs (Beverly, Mass.) and Sigma Chemical Company
(Saint Louis, Mo.). The nucleotides may be unlabeled, or they
may be detectably labeled by coupling them by methods
known in the art with radioisotopes (e.g., *H, **C, *P or >*S),
vitamins (e.g., biotin), fluorescent moieties (e.g., fluorescein,
rhodamine, Texas Red, or phycoerythrin), chemiluminescent
labels (e.g., using the PHOTO-GENE™ or ACES™ chemi-
luminescence systems, available commercially from Life
Technologies, Inc., Rockville, Md.), dioxigenin and the like.
Labeled nucleotides may also be obtained commercially, for
example from Life Technologies, Inc. (Rockville, Md.) or
Sigma Chemical Company (Saint Louis, Mo.). In the present
compositions, the nucleotides are added to give a working
concentration of each nucleotide of about 10-4000 micromo-
lar, about 50-2000 micromolar, about 100-1500 micromolar,
or about 200-1200 micromolar, and most preferably a con-
centration of about 1000 micromolar.

[0129] To reduce component deterioration, storage of the
reagent compositions is preferably at about 4° C. forup to one
day, or most preferably at —20° C. for up to one year.

[0130] In another aspect, the compositions and reverse
transcriptases of the invention may be prepared and stored in
dry form in the presence of one or more carbohydrates, sug-
ars, or synthetic polymers. Preferred carbohydrates, sugars or
polymers for the preparation of dried compositions or reverse
transcriptases include, but are not limited to, sucrose, treha-
lose, and polyvinylpyrrolidone (PVP) or combinations
thereof. See, e.g., U.S. Pat. Nos. 5,098,893, 4,891,319, and
5,556,771, the disclosures of which are entirely incorporated
herein by reference. Such dried compositions and enzymes
may be stored at various temperatures for extended times
without significant deterioration of enzymes or components
of the compositions of the invention. Preferably, the dried
reverse transcriptases or compositions are stored at 4° C. or at
-20° C.

[0131] Production of cDNA Molecules
[0132] Sources of Nucleic Acid Molecules
[0133] In accordance with the invention, cDNA molecules

(single-stranded or double-stranded) may be prepared from a
variety of nucleic acid template molecules. Preferred nucleic
acid molecules foruse in the present invention include single-
stranded or double-stranded DNA and RNA molecules, as
well as double-stranded DNA:RNA hybrids. More preferred
nucleic acid molecules include messenger RNA (mRNA),
transfer RNA (tRNA) and ribosomal RNA (rRNA) mol-
ecules, although mRNA molecules are the preferred template
according to the invention.

[0134] The nucleic acid molecules that are used to prepare
c¢DNA molecules according to the methods of the present
invention may be prepared synthetically according to stan-
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dard organic chemical synthesis methods that will be familiar
to one of ordinary skill. More preferably, the nucleic acid
molecules may be obtained from natural sources, such as a
variety of cells, tissues, organs or organisms. Cells that may
be used as sources of nucleic acid molecules may be prokary-
otic (bacterial cells, including but not limited to those of
species of the genera Escherichia, Bacillus, Serratia, Salmo-
nella, Staphylococcus, Streptococcus, Clostridium, Chlamy-
dia, Neisseria, Treponema, Mycoplasma, Borrelia,
Legionella, Pseudomonas, Mycobacterium, Helicobacter,
Erwinia, Agrobacterium, Rhizohium, Xanthomonas and
Streptomyces) or eukaryotic (including fungi (especially
yeasts), plants, protozoans and other parasites, and animals
including insects (particularly Drosophila spp. cells), nema-
todes (particularly Caenorhabditis elegans cells), and mam-
mals (particularly human cells)).

[0135] Mammalian somatic cells that may be used as
sources of nucleic acids include blood cells (reticulocytes and
leukocytes), endothelial cells, epithelial cells, neuronal cells
(from the central or peripheral nervous systems), muscle cells
(including myocytes and myoblasts from skeletal, smooth or
cardiac muscle), connective tissue cells (including fibro-
blasts, adipocytes, chondrocytes, chondroblasts, osteocytes
and osteoblasts) and other stromal cells (e.g., macrophages,
dendritic cells, Schwann cells). Mammalian germ cells (sper-
matocytes and oocytes) may also be used as sources of
nucleic acids for use in the invention, as may the progenitors,
precursors and stem cells that give rise to the above somatic
and germ cells. Also suitable for use as nucleic acid sources
are mammalian tissues or organs such as those derived from
brain, kidney, liver, pancreas, blood, bone marrow, muscle,
nervous, skin, genitourinary, circulatory, lymphoid, gas-
trointestinal and connective tissue sources, as well as those
derived from a mammalian (including human) embryo or
fetus.

[0136] Any of the above prokaryotic or eukaryotic cells,
tissues and organs may be normal, diseased, transformed,
established, progenitors, precursors, fetal or embryonic. Dis-
eased cells may, for example, include those involved in infec-
tious diseases (caused by bacteria, fungi or yeast, viruses
(including AIDS, HIV, HTLV, herpes, hepatitis and the like)
or parasites), in genetic or biochemical pathologies (e.g.,
cystic fibrosis, hemophilia, Alzheimer’s disease, muscular
dystrophy or multiple sclerosis) or in cancerous processes.
Transformed or established animal cell lines may include, for
example, COS cells, CHO cells, VERO cells, BHK cells,
HeLacells, HepG2 cells, K562 cells, 293 cells, .929 cells, F9
cells, and the like. Other cells, cell lines, tissues, organs and
organisms suitable as sources of nucleic acids for use in the
present invention will be apparent to one of ordinary skill in
the art.

[0137] Once the starting cells, tissues, organs or other
samples are obtained, nucleic acid molecules (such as
mRNA) may be isolated therefrom by methods that are well-
known in the art (See, e.g., Maniatis, T., et al., Cell 15:687-
701 (1978); Okayama, H., and Berg, P., Mol. Cell. Biol.
2:161-170 (1982); Gubler, U., and Hoffman, B. J., Gene
25:263-269 (1983)). The nucleic acid molecules thus isolated
may then be used to prepare cDNA molecules and cDNA
libraries in accordance with the present invention.

[0138] Inthe practice of the invention, cDNA molecules or
c¢DNA libraries are produced by mixing one or more nucleic
acid molecules obtained as described above, which is prefer-
ably one or more mRNA molecules such as a population of
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mRNA molecules, with two or more polypeptides having
reverse transcriptase activity, or with one or more of the
compositions of the invention or with one or more of the RSV
RTs and/or AMV RTs and/or other ASLV RTs of the inven-
tion, under conditions favoring the reverse transcription of the
nucleic acid molecule by the action of the enzymes or the
compositions to form a cDNA molecule (single-stranded or
double-stranded). Thus, the method of the invention com-
prises (a) mixing one or more nucleic acid templates (prefer-
ably one or more RNA or mRNA templates, such as a popu-
lation of mRNA molecules) with one or more reverse
transcriptases of the invention and (b) incubating the mixture
under conditions sufficient to make one or more nucleic acid
molecules complementary to all or a portion of the one or
more templates. Such methods may include the use of one or
more DNA polymerases. The invention may be used in con-
junction with methods of ¢cDNA synthesis such as those
described in the Examples below, or others that are well-
known in the art (see, e.g., Gubler, U., and Hoffman, B. I.,
Gene 25:263-269 (1983); Krug, M. S., and Berger, S. L.,
Meth. Enzymol. 152:316-325 (1987); Sambrook, I., et al.,
Molecular Cloning: A Laboratory Manual, 2nd ed., Cold
Spring Harbor, N.Y.: Cold Spring Harbor Laboratory Press,
pp- 8.60-8.63 (1989)), to produce cDNA molecules or librar-
ies.

[0139] The invention is also particularly directed to meth-
ods for reverse transcription of a nucleic acid molecule at
elevated temperatures. As described in more detail in
Example 5, retroviral RTs are generally not used at tempera-
tures above 37° C. to 42° C. to copy nucleic acid templates
such as RNA molecules because of the limited thermal sta-
bility of these mesophilic enzymes. At these temperatures,
however, mRNA secondary structure may interfere with
reverse transcription (Gerard, G. F., et al, Focus 11:60
(1989); Myers, T. W., and Gelfand, D. H., Biochem. 30:7661
(1991)), and the specificity of primer binding may be reduced
during gene-specific reverse transcription processes, such as
RT-PCR, causing high background signal (Myers, T. W., and
Gelfand, D. H., Biochem. 30:7661 (1991); Freeman, W. N., et.
al., Bio Techniques 20:782 (1996)). To help overcome these
problems, the present invention therefore provides methods
of RNA reverse transcription at more elevated temperatures,
i.e., above 50° C.

[0140] Therefore, the invention is related to methods for
reverse transcription of a nucleic acid molecule comprising
(a) mixing a nucleic acid template with one or more polypep-
tides having reverse transcriptase activity; and (b) incubating
the mixture at a temperature of about 50° C. or greater and
under conditions sufficient to make a first nucleic acid mol-
ecule complementary to all or a portion of the nucleic acid
template. Nucleic acid templates which may be copied
according to these methods include, but are not limited to, an
RNA molecule (e.g., a mRNA molecule or a polyA+ RNA
molecule) and a DNA molecule (e.g., a single-stranded or
double-stranded DNA molecule). According to the invention,
the first nucleic acid molecule produced by these methods
may be a full length cDNA molecule. While any incubation
temperature of about 50° C. or greater may be used in the
present methods, particularly preferred incubation tempera-
tures include, but are not limited to, temperatures of about 51°
C. or greater, about 52° C. or greater, about 53° C. or greater,
about 54° C. or greater, about 55° C. or greater, about 56° C.
or greater, about 57° C. or greater, about 58° C. or greater,
about 59° C. or greater, about 60° C. or greater, about 61° C.
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or greater, about 62° C. or greater, about 63° C. or greater,
about 64° C. or greater, about 65° C. or greater, about 66° C.
or greater, about 67° C. or greater, about 68° C. or greater,
about 69° C. or greater or about 70° C. or greater. In other such
methods, the incubation temperature may be over a range of
incubation temperatures, including but not limited to a tem-
perature range of from about 50° C. to about 70° C., about 51°
C. to about 70° C., about 52° C. to about 70° C., about 53° C.
to about 70° C., about 54° C. to about 70° C., about 55° C. to
about 70° C., about 55° C. to about 69° C., about 55° C. to
about 68° C., about 55° C. to about 67° C., about 55° C. to
about 66° C., about 55° C. to about 65° C., about 56° C. to
about 65° C., about 56° C. to about 64° C. or about 56° C. to
about 62° C. The invention is also directed to such methods
which further comprise incubating the first nucleic acid mol-
ecule under conditions sufficient to make a second nucleic
acid molecule complementary to all or portion of the first
nucleic acid molecule. According to the invention, the first
and second nucleic acid molecules produced by these meth-
ods may be DNA molecules, and may form a double stranded
DNA molecule which may be a full length cDNA molecule.
As described for the methods above, the one or more polypep-
tides having reverse transcriptase activity that are used in
these higher-temperature methods preferably are reduced or
substantially reduced in RNase H activity, and may be
selected from the group consisting of one or more AMV
reverse transcriptases or subunits thereof (or derivatives, vari-
ants, fragments or mutants thereof), and one or more RSV
reverse transcriptases or subunits thereof (or derivatives, vari-
ants, fragments or mutants thereof) or other ASLV RTs or
subunits thereof (or derivatives, variants, fragments or
mutants thereof). Particularly preferred AMV RTs and RSV
RTs and other ASLV RTs include those provided by the
present invention and described in detail above. More par-
ticularly preferred are those AMV RTs and RSV RTs having
the genotype AMV oH>'/B*RT or RSV aH/BH*RT. Such
constructs are preferably made by mutating or modifying the
gene encoding the o subunit to reduce or substantially reduce
RNase 1H activity while the gene encoding the f§ subunit is
not so mutated or modified. The resulting polypeptides (pro-
duced by co-expression) will be reduced or substantially
reduced in RNase H activity.

[0141] Other methods of cDNA synthesis which may
advantageously use the present invention will be readily
apparent to one of ordinary skill in the art.

[0142] Having obtained cDNA molecules or libraries
according to the present methods, these cDNAs may be iso-
lated for further analysis or manipulation. Detailed method-
ologies for purification of cDNAs are taught in the GEN-
ETRAPPER™ manual (Life Technologies, Inc.; Rockville,
Md.), which is incorporated herein by reference in its entirety,
although alternative standard techniques of ¢cDNA isolation
such as those described in the Examples below or others that
are known in the art (see, e.g., Sambrook, J., et al., Molecular
Cloning: A Laboratory Manual, 2nd ed., Cold Spring Harbor,
N.Y.: Cold Spring Harbor Laboratory Press, pp. 8.60-8.63
(1989)) may also be used.

[0143] In other aspects of the invention, the invention may
be used in methods for amplifying and sequencing nucleic
acid molecules. Nucleic acid amplification methods accord-
ing to this aspect of the invention may be one-step (e.g.,
one-step RT-PCR) or two-step (e.g., two-step RT-PCR) reac-
tions. According to the invention, one-step RT-PCR type reac-
tions may be accomplished in one tube thereby lowering the
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possibility of contamination. Such one-step reactions com-
prise (a) mixing a nucleic acid template (e.g., mRNA) with
two or more polypeptides having reverse transcriptase activ-
ity and with one or more DNA polymerases and (b) incubat-
ing the mixture under conditions sufficient to amplify a
nucleic acid molecule complementary to all or a portion of the
template. Alternatively, amplification may be accomplished
by mixing a template with two or more polypeptides having
reverse transcriptase activity (and optionally having DNA
polymerase activity). Incubating such a reaction mixture
under appropriate conditions allows amplification of a
nucleic acid molecule complementary to all or a portion of the
template. Such amplification may be accomplished by the
reverse transcriptase activity alone or in combination with the
DNA polymerase activity. Two-step RT-PCR reactions may
be accomplished in two separate steps. Such a method com-
prises (a) mixing a nucleic acid template (e.g., mRNA) with
two or more reverse transcriptases, (b) incubating the mixture
under conditions sufficient to make a nucleic acid molecule
(e.g., a DNA molecule) complementary to all or a portion of
the template, (¢) mixing the nucleic acid molecule with one or
more DNA polymerases and (d) incubating the mixture of
step (¢) under conditions sufficient to amplify the nucleic acid
molecule. For amplification of long nucleic acid molecules
(i.e., greater than about 3-5 Kb in length), a combination of
DNA polymerases may be used, such as one DNA poly-
merase having 3' exonuclease activity and another DNA poly-
merase being substantially reduced in 3' exonuclease activity.
An alternative two-step procedure comprises the use of two or
more polypeptides having reverse transcriptase activity and
DNA polymerase activity (e.g., Tth, Tma or Tne DNA poly-
merases and the like) rather than separate addition of a reverse
transcriptase and a DNA polymerase.

[0144] Nucleic acid sequencing methods according to this
aspect of the invention may comprise both cycle sequencing
(sequencing in combination with amplification) and standard
sequencing reactions. The sequencing method of the inven-
tion thus comprises (a) mixing a nucleic acid molecule to be
sequenced with one or more primers, two or more reverse
transcriptases, one or more nucleotides and one or more ter-
minating agents, (b) incubating the mixture under conditions
sufficient to synthesize a population of nucleic acid molecules
complementary to all or a portion of the molecule to be
sequenced, and (c) separating the population to determine the
nucleotide sequence of all or a portion of the molecule to be
sequenced. According to the invention, one or more DNA
polymerases (preferably thermostable DNA polymerases)
may be used in combination with or separate from the reverse
transcriptases.

[0145] Amplification methods which may be used in accor-
dance with the present invention include PCR (U.S. Pat. Nos.
4,683,195 and 4,683,202), Strand Displacement Amplifica-
tion (SDA; U.S. Pat. No. 5,455,166, EP 0 684 315), and
Nucleic Acid Sequence-Based Amplification (NASBA; U.S.
Pat. No. 5,409,818; EP 0 329 822). Nucleic acid sequencing
techniques which may employ the present compositions
include dideoxy sequencing methods such as those disclosed
in U.S. Pat. Nos. 4,962,022 and 5,498,523, as well as more
complex PCR-based nucleic acid fingerprinting techniques
such as Random Amplified Polymorphic DNA (RAPD)
analysis (Williams, J. G. K., et al., Nucl. Acids Res. 18(22):
6531-6535, 1990), Arbitrarily Primed PCR (AP-PCR; Welsh,
J., and McClelland, M., Nucl. Acids Res. 18(24):7213-7218,
1990), DNA Amplification Fingerprinting (DAF; Caetano-
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Anolles et al., Bio/Technology 9:553-557, 1991), microsatel-
lite PCR or Directed Amplification of Minisatellite-region
DNA (DAMD; Heath, D. D., et al., Nucl. Acids Res. 21(24):
5782-5785, 1993), and Amplification Fragment Length Poly-
morphism (AFLP) analysis (EP 0 534 858; Vos, P, et al,,
Nucl. Acids Res. 23(21):4407-4414,1995; Lin, J. J., and Kuo,
J., Focus 17(2):66-70, 1995). In a particularly preferred
aspects, the invention may be used in methods of amplifying
or sequencing a nucleic acid molecule comprising one or
more polymerase chain reactions (PCRs), such as any of the
PCR-based methods described above.

[0146] Kits

[0147] In another embodiment, the present invention may
be assembled into kits for use in reverse transcription or
amplification of a nucleic acid molecule, or into kits for use in
sequencing of a nucleic acid molecule. Kits according to this
aspect of the invention comprise a carrier means, such as a
box, carton, tube or the like, having in close confinement
therein one or more container means, such as vials, tubes,
ampules, bottles and the like, wherein a first container means
contains one or more polypeptides having reverse tran-
scriptase activity. These polypeptides having reverse tran-
scriptase activity may be in a single container as mixtures of
two or more polypeptides, or in separate containers. The kits
of the invention may also comprise (in the same or separate
containers) one or more DNA polymerases, a suitable buffer,
one or more nucleotides and/or one or more primers.

[0148] In a specific aspect of the invention, the reverse
transcription and amplification kits may comprise one or
more components (in mixtures or separately) including one or
more, preferably two or more, polypeptides having reverse
transcriptase activity of the invention, one or more nucle-
otides needed for synthesis of a nucleic acid molecule, and/or
a primer (e.g., oligo(dT) for reverse transcription). Such
reverse transcription and amplification kits may further com-
prise one or more DNA polymerases. Sequencing kits of the
invention may comprise one or more, preferably two or more,
polypeptides having reverse transcriptase activity of the
invention, and optionally one or more DNA polymerases, one
or more terminating agents (e.g., dideoxynucleoside triphos-
phate molecules) needed for sequencing of a nucleic acid
molecule, one or more nucleotides and/or one or more prim-
ers. Preferred polypeptides having reverse transcriptase activ-
ity, DNA polymerases, nucleotides, primers and other com-
ponents suitable for use in the reverse transcription,
amplification and sequencing kits of the invention include
those described above. The kits encompassed by this aspect of
the present invention may further comprise additional
reagents and compounds necessary for carrying out standard
nucleic acid reverse transcription, amplification or sequenc-
ing protocols. Such polypeptides having reverse transcriptase
activity of the invention, DNA polymerases, nucleotides,
primers, and additional reagents, components or compounds
may be contained in one or more containers, and may be
contained in such containers in a mixture of two or more of
the above-noted components or may be contained in the kits
of the invention in separate containers.

[0149] Use of Nucleic Acid Molecules

[0150] The nucleic acid molecules or cDNA libraries pre-
pared by the methods of the present invention may be further
characterized, for example by cloning and sequencing (i.e.,
determining the nucleotide sequence of the nucleic acid mol-
ecule), by the sequencing methods of the invention or by
others that are standard in the art (see, e.g., U.S. Pat. Nos.

Jan. 13, 2011

4,962,022 and 5,498,523, which are directed to methods of
DNA sequencing). Alternatively, these nucleic acid mol-
ecules may be used for the manufacture of various materials
in industrial processes, such as hybridization probes by meth-
ods that are well-known in the art. Production of hybridiza-
tion probes from cDNAs will, for example, provide the ability
for those in the medical field to examine a patient’s cells or
tissues for the presence of a particular genetic marker such as
a marker of cancer, of an infectious or genetic disease, or a
marker of embryonic development. Furthermore, such
hybridization probes can be used to isolate DNA fragments
from genomic DNA or cDNA libraries prepared from a dif-
ferent cell, tissue or organism for further characterization.
[0151] The nucleic acid molecules of the present invention
may also be used to prepare compositions for use in recom-
binant DNA methodologies. Accordingly, the present inven-
tion relates to recombinant vectors which comprise the cDNA
or amplified nucleic acid molecules of the present invention,
to host cells which are genetically engineered with the recom-
binant vectors, to methods for the production of a recombi-
nant polypeptide using these vectors and host cells, and to
recombinant polypeptides produced using these methods.
[0152] Recombinant vectors may be produced according to
this aspect of the invention by inserting, using methods that
are well-known in the art, one or more of the cDNA molecules
oramplified nucleic acid molecules prepared according to the
present methods into a vector. The vector used in this aspect
of the invention may be, for example, a phage or a plasmid,
and is preferably a plasmid. Preferred are vectors comprising
cis-acting control regions to the nucleic acid encoding the
polypeptide of interest. Appropriate trans-acting factors may
be supplied by the host, supplied by a complementing vector
or supplied by the vector itself upon introduction into the
host.

[0153] Incertain preferred embodiments in this regard, the
vectors provide for specific expression (and are therefore
termed “expression vectors”), which may be inducible and/or
cell type-specific. Particularly preferred among such vectors
are those inducible by environmental factors that are easy to
manipulate, such as temperature and nutrient additives.
[0154] Expression vectors useful in the present invention
include chromosomal-, episomal- and virus-derived vectors,
e.g., vectors derived from bacterial plasmids or bacterioph-
ages, and vectors derived from combinations thereof, such as
cosmids and phagemids, and will preferably include at least
one selectable marker such as a tetracycline or ampicillin
resistance gene for culturing in a bacterial host cell. Prior to
insertion into such an expression vector, the cDNA or ampli-
fied nucleic acid molecules of the invention should be opera-
tively linked to an appropriate promoter, such as the phage
lambda P; promoter, the E. coli lac, trp and tac promoters.
Other suitable promoters will be known to the skilled artisan.
[0155] Among vectors preferred for use in the present
invention include pQE70, pQE60 and pQE-9, available from
Qiagen; pBS vectors, Phagescript vectors, Bluescript vectors,
pNHSA, pNH16a, pNH18A, pNH46A, available from Strat-
agene; pcDNA3 available from Invitrogen; pGEX, pTrxfus,
pTrc99a, pET-5, pET-9, pKK223-3, pKK233-3, pDR540,
pRITS available from Pharmacia; and pSPORT1, pSPORT2
and pSVQSPORT1, available from Life Technologies, Inc.
Other suitable vectors will be readily apparent to the skilled
artisan.

[0156] The invention also provides methods of producing a
recombinant host cell comprising the cDNA molecules,
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amplified nucleic acid molecules or recombinant vectors of
the invention, as well as host cells produced by such methods.
Representative host cells (prokaryotic or eukaryotic) that may
be produced according to the invention include, but are not
limited to, bacterial cells, yeast cells, plant cells and animal
cells. Preferred bacterial host cells include Escherichia coli
cells (most particularly E. coli strains DH10B and Stb12,
which are available commercially (Life Technologies, Inc;
Pockville, Md.)), Bacillus subtilis cells, Bacillus megaterium
cells, Streptomyces spp. cells, Erwinia spp. cells, Klebsiella
spp. cells and Salmonella typhimurium cells. Preferred ani-
mal host cells include insect cells (most particularly
Spodoptera frugiperda S19 and Sf21 cells and Trichop/usa
High-Five cells) and mammalian cells (most particularly
CHO, COS, VERO, BHK and human cells). Such host cells
may be prepared by well-known transformation, electropo-
ration or transfection techniques that will be familiar to one of
ordinary skill in the art.

[0157] In addition, the invention provides methods for pro-
ducing a recombinant polypeptide, and polypeptides pro-
duced by these methods. According to this aspect of the
invention, a recombinant polypeptide may be produced by
culturing any of the above recombinant host cells under con-
ditions favoring production of a polypeptide therefrom, and
isolation of the polypeptide. Methods for culturing recombi-
nant host cells, and for production and isolation of polypep-
tides therefrom, are well-known to one of ordinary skill in the
art.

[0158] It will be readily apparent to one of ordinary skill in
the relevant arts that other suitable modifications and adapta-
tions to the methods and applications described herein are
obvious and may be made without departing from the scope
of the invention or any embodiment thereof. Having now
described the present invention in detail, the same will be
more clearly understood by reference to the following
examples, which are included herewith for purposes of illus-
tration only and are not intended to be limiting of the inven-
tion.

Example 1
Cloning and Expression of RSV RNase H™ RT

[0159] General Methods

[0160] RSV H™ RT is a cloned form of retrovirus RT, in
which both the a and the § subunits are mutated by a single
amino acid change to eliminate RNase H activity. An RSV RT
exhibiting substantially reduced RNase H activity is also
produced when only the  subunit is mutated to substantially
reduce RNase H activity (with the § subunit not being
mutated in the RNase H domain). Mutations and plasmid
constructions were conducted using standard molecular biol-
ogy methods (see, e.g., Sambrook, J., et al., Molecular Clon-
ing: A Laboratory Manual, 2nd Ed., Cold Spring Harbor,
N.Y.: Laboratory Press (1989)), modified as described below.

[0161] Plasmid preparation. Plasmid preparations from 1
ml E. coli cultures were made by the alkaline lysis procedure
(Sambrook, I., et al., Molecular Cloning: A Laboratory
Manual, 2nd ed., Cold Spring Harbor, N.Y.: Laboratory Press
(1989)). From 10 ml cultures, the preparation was addition-
ally treated with phenol-chloroform, precipitated with etha-
nol, and resuspended in 50 pl of Tris-EDTA (TE) buffer (20
mM Tris-HCl, 1 mM EDTA, pH 8.0). For bacmid prepara-
tions, care was taken to avoid shear of the DNA during han-
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dling (i.e., no vortexing; phenol-chloroform extractions were
gently rolled rather than shaken; slow pipetting).

[0162] PCR. Polymerase chain reactions were carried out
in a Perkin-Elmer 9600 thermocycler. Reaction mixtures (50
pl each) contained 0.5 units of Tag DNA polymerase, 1 uM of
each oligonucleotide, 50 uM each of dCTP, dGTP, dTTP, and
dATP, and about 100 ng of target DNA in a reaction buffer
consisting of 50 mM KCI, 20 mM Tris-HCl (pH 8.3) and 5
mM MgCl,. Unless otherwise noted, the cycling conditions
for each PCR were 5 minutes at 94° C., followed by eight
cycles of 15 seconds at 55° C./30 seconds at 72° C./15 sec-
onds at 94° C., and then 1 minute at 72° C.

[0163] Gel electrophoresis and DNA fragment isolation
and cloning. DNA was electrophoresed at about 10 V/cm in
agarose gels in Tris-acetate-EDTA buffer (Sambrook, J., et
al., Molecular Cloning: A Laboratory Manual, 2nd ed., Cold
Spring Harbor, N.Y.: Laboratory Press (1989)) containing
about 0.3 pg/mlethidium bromide. Fragments were visual-
ized with ultraviolet light and isolated from gel slices by the
GlassMAX method (Simms, D., et al., Focus 13:99 (1991)).
DNA ligation reactions were performed using T4 DNA ligase
under standard conditions (King, P. W., and Blakesley, R. W.,
Focus 8:1 (1986)), and E. coli DH10B cells were transformed
by a modification of the CaCl, method (Lorow, D., and Jes-
see, J., Focus 12:19 (1990)).

[0164] Insect cell culture and baculovirus production.
Samples (1 ml) of Sf21 insect cells at 5x10° cells/ml were
transfected with a mixture of 1 ug of bacmid DNA and 8 ul of
Cellfectin in 0.2 ml SF900-II serum-free insect cell culture
medium (Life Technologies, Inc.; Rockville, Md.; see God-
win, G., and Whitford, W., Focus 15:44 (1993)), according to
published procedures (Anderson, D., et al., Focus 16:53
(1995)). For growth and propagation, Sf9 and Sf21 insect
cells were passaged in SF900-II medium at 27° C. in a shak-
ing incubator at 100 rpm (for 600 ml cultures) or 130 rpm (for
all other cultures). Care was taken to avoid allowing the
cultures to exceed 4x10° cells/ml during growth or to drop
below 0.5x10° cells/ml during dilution.

[0165] To expand viral populations, Sf21 cells at about
1x10° cells/ml were infected with enough viral stock (about
0.2% (v/v) virus/culture) to allow growth to about 2x10°
cells/ml, but not more than 4x10° cells/ml. After 72 hours, the
culture was centrifuged (2,000 rpm for 10 min) and the super-
natant was decanted and stored in the dark at 4° C. For
infection of cells for protein production, Sf21 insect cells at
about 1.5x10° cells/ml were infected with enough virus to
allow no growth or growth to less than 2.5x10° cells/ml. After
72 hours, the culture was harvested by centrifugation at 1,000
rpm for 5 minutes and cells were resuspended in 15 ml of PBS
(0.2 g/liter KC1, 0.2 g/liter KH,PO,, 8 g/liter NaCl, 1.15
g/liter Na,HPO,, 2.16 g/liter Na,HPO,.7H,0) per 500 ml
culture.

[0166] Cloning and Expression of Genes Encoding the
RSV RT o and § Subunits

[0167] Boththe o and 3 subunits of RSV RT are produced
by proteolytic processing of larger polypeptide precursors
(Gerard, G. F., in: Enzymes of Nucleic Acid Synthesis and
Modification, Vol. I: DNA Enzymes, Jacob, S. T., ed., Boca
Raton, Fla.: CRC Press, pp. 1-38 (1983)). To obviate the
requirement for proteolytic processing, the coding sequence
for RSV RT was mutagenized and subcloned such that both
the o and P subunits were encoded by genes with standard
start and stop translational signals. Both genes were
mutagenized in the RNase H region, although construction of
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any combination of subunits (e.g., & RNase H/§ RNase H";
a RNase H*/p RNase H"; e RNase H*/p RNase H™; oo RNase
H7/pRNase H™) may be accomplished in this same manner. It
has been discovered that RSV RT oo RNase H™/3 RNase H* is
substantially reduced in RNase H activity (approximately 5%
of wildtype). A sequence encoding an affinity tag was added
to the carboxy end of the j subunit.

[0168] Mutagenesis and subcloning of the amino end, the
carboxy end and the middle of the RSV RT fsubunit. The
RSV RT gene was mutagenized to add an ATG codon and an
Ndel site to the amino end of the sequence coding for the
mature RT polypeptide. This mutagenesis was accomplished
by PCR using a pJD100 target (FIGS. 1, 7) (Wilkerson, V. W.,
et al., J. Virol. 55:314-321 (1985)) and the following oligo-
nucleotides:

(SEQ ID NO: 1)
AUG GAG AUC UCU CAT ATG ACT GTT GCG CTA CAT CTG
GCT

(SEQ ID NO: 2)
AAC GCG UAC UAG U GTT AAC AGC GCG CAA ATC ATG
CAG

[0169] PCR was performed, and PCR products purified, as
described above and the PCR products were cloned into
pAMP18 by UDG cloning (Buchman, G. W., et al, Focus
15:36 (1993)) to form plasmid pAMP18N (FIGS. 1, 8).
[0170] Following mutagenesis and cloning of the amino
end, the carboxy end of the gene for the § subunit of RSV was
mutagenized and subcloned from PJD100 by PCR and UDG
cloning into pAMP1 (FIG. 1), using the following oligo-
nucleotides:

(SEQ ID NO: 3)
CUA CUA CUA CUA GGT ACC CTC TCG AAA AGT TAA ACC

(SEQ ID NO: 4)
CAU CAU CAU CAU CTC GAG TTA TGC AAA AAG AGG GCT
CGC CTC ATC

[0171] These oligonucleotides were designed to introduce
atranslational stop codon in the 3 gene at the site in which the
“p4” region was cleaved from the fp4 polypeptide, and to add
an Xhol site after the end of the gene. The PCR products were
purified by gel electrophoresis and cloned into pAMP1 by
UDG cloning, forming pAMP1C (FIGS. 1, 9). Note that this
carboxy end is without a His tag, which was added later to
form the final construct.

[0172] To add the middle region of the RSV RT 3 subunit,
the 2.3 kb Hpal-Kpnl fragment from pJD100 (FIG. 1) that
encodes the middle of the f§ subunit of RSV RT was cloned
into the Hpal-Kpnl sites of pAMP18N, forming pAMP18NM
(FIGS. 1, 10). To add the carboxy end of the RSV RT
subunit, the 113 by Kpnl-EcoRI fragment encoding the car-
boxy end of the §§ subunit gene was cloned from pAMP1C
into the Kpnl-EcoRI sites of pAM18NM, forming pAMP18B
(FIGS. 2, 11).

[0173] Following construction of the RSV RT [ subunit,
which contains RNase H activity, this gene was mutagenized
by site-directed mutagenesis to produce a construct encoding
a RSV RT P subunit that is substantially reduced in RNase H
activity (i.e., “RNase H™). A 3 Kb Pstl fragment from
pID100 (FIG. 2) containing the entire RT gene was cloned
into M13 mp 19, forming M13RT (FIGS. 2, 12). Single-
stranded DNA containing uracil was isolated from E. coli
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strain CJ236 (Bio-Rad; Hercules, Calif.; and Cathy Joyce,
Yale University, New Haven, Conn.) after infection with
M13RT phage containing the Pstl fragment. To mutate the
RNase H region and to introduce an Sstll site, the following
oligonucleotide was used:

(SEQ ID NO: 5)
GGA CCC ACT GTC TTT ACC GCG GCC TCC TCA AGC ACC

[0174] This oligonucleotide induced the substitution of an
alanine residue in place of the aspartate residue at position
450 of the RT, forming M13RTH™ (FIGS. 2, 13). In an alter-
native approach to generate a RNase H'/RSV RT, Glu484 may
be mutated to glutamine and/or Asp505 may be mutated to
asparagine. To convert the [ subunit back to RNase H*, an
oligonucleotide primer having the wildtype sequence may be
used. Alternatively, deletions or insertions can be made in the
RNase H region to substantially reduce RNase H activity.
DNA sequencing was used to confirm the Asp450—Ala450
mutation, and the 426 by Bglll-BstEIl fragment from
MI13RTH™ was cloned into the BgllI-BstEIl sites of
pAMPI18B, replacing the RNase H region and forming
pAMP18BH- (FIGS. 2, 14).

[0175] Mutagenesis and subcloning of the gene encoding
the RSV RT a subunit. To create a gene which codes for the
a subunit of RSV RT, two oligonucleotides were used to
mutagenize the amino end of the RNase H™ mutant RSV RT
gene from pDBH— (FIGS. 3, 15) and to introduce a transla-
tional stop codon where avian retroviral protease pl5 nor-
mally cleaves the precursor polyprotein to make the o sub-
unit:

(SEQ ID NO: 6)
CAU CAU CAU CAU CCC GGG TTA ATA CGC TTG GAA GGT
GGC

(SEQ ID NO: 7)
CUA CUA CUA CUA TCA TGA CTG TTG CGC TAC ATC TG

[0176] PCR cycling conditions were 5 minutes at 94° C.,
followed by 8 cycles of 15 seconds at 55° C./2 minutes at 72°
C./15 seconds at 94° C., and then 2 minutes at 72° C. The PCR
products were cloned into pAMP1 by UDG cloning as
described above, forming pAMP1A (FIGS. 3, 16).

[0177] Addition of a His, tag to the carboxy end ofthe RSV
[ subunit. A His, tag was added to the carboxy end of the RSV
RT f subunit by site-directed mutagenesis, and the mutant
sequence was subcloned from pJD100 by PCR and UDG
cloning as described above, using the following oligonucle-
otides:

(SEQ ID NO: 8)
CUA CUA CUA CUA GGT ACC CTC TCG AAA AGT TAA

(SEQ ID NO: 9)
CAU CAU CAU CAU GAG GAA TTC AGT GAT GGT GAT GGT
GAT GTG CAA AAAG AGG

[0178] These oligonucleotides were designed to introduce
a translational stop codon in the gene, and to add a histidine
tag to the end of the protein. The gene product was thus a
polypeptide to which 6 histidines were added to the carboxy
end. The PCR products were purified by gel electrophoresis
and inserted into pAMP1 by UDG cloning, forming pAM-
PChis.
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[0179] To remove the carboxy end of the RSV RT f gene
and replace it with the carboxy end containing a His, tag, the
number of Kpnl sites in the baculovirus vector containing the
RSV RT f gene had to be reduced. Plasmid pDBH- (FIG. 4)
was cleaved with AfIIII, and the site was “blunted” with the
Klenow fragment of £. coli DNA polymerase I, the poly-
merase was inactivated by heat treatment, and the vector was
further cleaved with Pvull (FIG. 4). The deleted vector (5.9
kb) was then purified by gel electrophoresis, ligated to itself
and used to transform E. coli strain DH10B, forming pDBH-
Kpn (FIGS. 4, 17). The Kpnl-SstI fragment with the carboxy
end of p with the His, tag was cloned from pAMPChis into
the Kpnl-Sstl sites of pDBH-Kpn, forming pDBH-KpnHis
(FIGS. 4, 18).

[0180] Cloning of RSV c.and [} subunits into a baculovirus
expression vector. During the course of this work, a construct
was made in which the RSV RT 3 gene was to be expressed in
a baculovirus vector with a His tag at the amino end. How-
ever, a mutation introduced during the construction caused
the reading frame of the tag to be different from that of the
gene. Since portions of this construct were used to construct
the final baculovirus expression vector, its construction is
described here.

[0181] To introduce a His, tag and an Ndel site into the
baculovirus vector, the following oligonucleotides were
annealed and cloned into pFastBac Dual (Harris, R., and
Polayes, D. A., Focus 19:6-8 (1997); F1G. 5):

(SEQ ID NO: 10)
ACTG GAA TTC ATG CCA ATC CAT CAC CAT CAC CAT CAC
CCG T

(SEQ ID NO: 11)
ACGT GTC GAC CAT ATG GAT GAC TAG GTG AAA CGG GTG
ATG G

[0182] Both oligonucleotides were formulated into TE
buffer at a concentration of 100 uM, and 5 pul of each oligo-
nucleotide formulation were mixed with 15 pl of water and 2
ul of 10x React2 buffer (500 mM NaCl, 500 mM Tris-HCI,
100 mM MgCl,, pH 8.0) in a single tube. This tube was heated
in a 65° C. water bath and cooled slowly over 60 minutes to
25° C. The resulting product was a double-stranded DNA
molecule with an EcoRI site at the 5' end (underlined), and a
Sall site at the 3' end (italicized):

(SEQ ID NO: 12)
5'-ACTG GAA TTC ATG CCA ATC CAT CAC CAT CAC CAT

CAC CCG TTT CAC CTA GTC ATC CAT ATG GTC GAC
ACGT-3'!

[0183] This product was cleaved with EcoRI and Sall and
the desired fragment was cloned into the EcoRI-Sall sites of
vector pFastBac Dual by standard techniques (Harris, R., and
Polayes, D. A., Focus 19:6-8 (1997)), resulting in the forma-
tion of plasmid pFastBac Dual Nde (FIG. 5). The Ndel-Xhol
B fragment of pAMP18BH™ was cloned into the Ndel-Sall
sites of pFastBac Dual Nde to create pDBH™ (FIGS. 5, 15).

[0184] To clone the RSV RT a gene into a baculovirus
vector, the a gene was excised from pAMP1 A with Smal and
BspHI and subcloned into the Ncol-Smal sites of pFastBac
Dual, creating pDA (FIGS. 5, 19). This placed the RSV RT «
gene downstream from the baculovirus P10 promoter. The
RSV a peptide gene and P10 promoter were excised with
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Rsrll and Smal, and cloned into the RsrlI-Smal sites of
pDBH-, forming pDABH- (FIGS. 4, 20)

[0185] To replace the RSV RT f§ gene in pDABH- with the
carboxy His,-tagged § gene in pDBH-KpnHis, pDBH-Kpn-
His was cleaved with Ndel, the site blunt-ended with Klenow
fragment, and the [} gene with the carboxy His, tag was then
released with Sstl (FIG. 6). pDABH™ was cleaved with
EcoRl, the site blunt-ended with Klenow fragment, and then
the P gene was removed by digesting with Sstl. The vector
fragment, which was a blunt-end Sstl fragment of pFastBac
Dual with the a gene cloned in front of the p10 promoter, was
ligated to the blunt-end Sstl fragment with the carboxy His-
tagged f§ gene from pDBH-KpnHis. £. coli DH10B cells were
transformed with this construct, and a transformant contain-
ing pDABH-His (FIGS. 6, 21) was selected.

[0186] The recombinant host cell comprising plasmid
pDABH-His, E. coli DH10B(pDABH-His), was deposited on
Apr. 15, 1997, with the Collection, Agricultural Research
Culture Collection (NRRL), 1815 North University Street,
Peoria, I1I. 61604 USA, as Deposit No. NRRL B-21679.
[0187] Usingthe deposited plasmid, one of ordinary skill in
the art may easily produce, using standard genetic, engineer-
ing techniques (such as those for site-directed mutagenesis
described above), plasmids encoding various forms of the o
and/or §§ subunits of RSV RT (e.g., o« RNase H"/3 RNase H";
a RNase H/f RNase H™; oo RNase H*/p RNase H™; and
RNase H™/f3 RNase H").

[0188] Transfection of insect cells for virus and RSV RT
production. To prepare vectors for the transfection of insect
cells, it was first necessary to insert the RSV RT gene con-
structs into a baculovirus genome. One method of accom-
plishing this insertion is by using the site-specific transposon
Tn7 (Luckow, V. A., in: Recombinant DNA Technology and
Applications, Prokop, A., et al., eds., New York: McGraw-Hill
(1991)). In DH10Bac host cells, most of the baculovirus
genome is represented on a low copy plasmid (a “bacmid”)
which also contains a Tn7 insertion site within a gene (Harris,
R.,and Polayes, D. A., Focus 19:6-8 (1997)). Transposition of
Tn7 is facilitated by the Tn7 transposase, which is produced
from a second plasmid in DH10Bac host cells, and pFastBac
DUAL is constructed with the “right” and “left” regions of
Tn7 flanking the promoter and cloning sites.

[0189] To insert the present constructs into a bacmid
expression vector, pDABH-His was transformed into
DH10Bac cells and transposition of sequences encoding the
RSV RT p gene (whose synthesis is directed by the baculovi-
rus polyhedrin promoter) and the RSV RT o gene (whose
synthesis is directed by the baculovirus P10 promoter) was
followed by screening for loss of p-galactosidase activity
following transposition to the site on the bacmid which codes
for the -galactosidase a peptide (Harris, R., and Polayes, D.
A., Focus 19:6-8 (1997)). Bacmid DNA was then prepared
from 10 ml transformant cultures by a slight modification of
a standard miniprep procedure (Sambrook, J., et al., Molecu-
lar Cloning: A Laboratory Manual, 2nd Ed., Cold Spring
Harbor, N.Y.: Cold Spring Harbor Laboratory Press (1989)).
About 1 pg of the bacmid DNA was then used to transfect
Sf21 insect cells using the cationic lipid Cellfectin (Ander-
son, D, et al., Focus 16:53 (1995)).

[0190] For expansion of primary virus, the supernatant was
removed from the transfected cells about 72 hours after trans-
fection and 1 ml was used to infect 35 ml of S21 insect cells
(about 1.2x10° cells/ml). After 72 hours, the culture was
centrifuged (2,000 rpm; 10 min) and the supernatant was
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decanted and used as a secondary viral stock. The secondary
virus stock was expanded similarly by infecting 35 mil of
Sf21 cells with 0.1 ml of the secondary stock.

[0191] Virus stocks were then used to infect Sf21 cells for
the expression of RSV RT. In preliminary experiments,
expression of RT activity from infected cells was found to be
maximal about 72 hours after infection. For test expressions,
70 ml of S£21 cells were infected with 5 ml of the virus stock,
and the cells were harvested 72 hours after infection by cen-
trifugation at 1,000 rpm for 5 minutes, resuspension in PBS
(2.5% of the culture volume) and recentrifugation at 1,000
rpm for 5 minutes. Supernatants were removed and the cells
were stored at =70° C. until use. For larger scale production,
600 ml of cells in 2.8 liter Fernbach flasks were infected with
2 ml of virus stock, and the cells were harvested 72 hours after
infection.

Example 2
Isolation of RSV RNase H™ RT

[0192] To provide purified recombinant RSV H™ RT,
cloned RSV H™ RT was overexpressed in cultured insect cells
as described in Example 1 and purified by affinity and ion-
exchange chromatography. The RSV RT produced comprises
the o and f§ subunits. Isolation of RSV RT provides a sub-
stantially pure RSV RT in which contaminating enzymes and
other proteins have been substantially removed, although
such contaminants need not be completely removed.

[0193] Buffers. The pH of all buffers was determined at 23°
C., and buffers were stored at 4° C. until use. Crack Buffer
contained 50 mM Tris-HC1 (pH 7.9), 0.5 M KCl, 0.02% (v/v)
Triton X-100 and 20% (v/v) glycerol. Just before use, the
following protease inhibitors (Boehringer Mannheim; India-
napolis, Ind.) were added to Crack Buffer at the final concen-
trations indicated: leupeptin (2 mg/ml), Pefabloc (48 pg/ml),
pepstatin A (2 pg/ml), benzamidine (800 pg/ml) and PMSF
(50 pg/ml). Buffer A contained 20 mM Tris-HCI (pH 7.9),
0.25 M KCl, 0.02% (v/v) Triton X-100, and 10% (v/v) glyc-
erol. Buffer B was Buffer A with 1 M imidazole added. Buffer
S contained 50 mM Tris-HCI (pH 8.2), 0.02% (v/v) Triton
X-100, 10% (v/v) glycerol, 0.1 mM EDTA and 1 mM dithio-
threitol (DTT). Buffer T was Buffer S with 1 M KCI added.
Buffer H contained 20 mM potassium phosphate (pH 7.1),
0.02% (v/v) Triton X-100, 20% (v/v) glycerol, 0.1 mM EDTA
and 1 mM DTT. Buffer ] was Buffer H with 1 M KCl added.
Storage Buffer contained 200 mM potassium phosphate (pH
7.1),0.05% (v/v) NP-40, 50% glycerol (v/v), 0.1 mM EDTA,
1 mM DTT, and 10% (w/v) trehalose.

[0194] Extract preparation. Frozen insect cells (25 g) were
thawed and a slurry prepared at 4° C. with 55 ml of Crack
Buffer plus inhibitors. Cells were disrupted at 4° C. by soni-
cation with a Fisher 550 Sonicator at 25% of maximum
power. The disrupted crude extract was clarified by centrifu-
gation at 27,000xg for 30 minutes at 4° C.

[0195] RSV RT isolation. Following clarification, the
extract was fractionated and RSV RT purified by column
chromatography at 4° C. The clarified crude extract was
loaded unto a 30 ml Chelating Sepharose Fast Flow column
(Pharmacia; Piscataway, N.J.) charged with NiSO, as per
manufacturer’s instructions and equilibrated in 99.5% Buffer
A+0.5% Buffer B. The column was washed with one column
volume of 99% Buffer A+1% Buffer B and then with 10
column volumes of 98.5% Buffer A+1.5% Buffer B. RT was
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eluted with a 10-column volume linear gradient of 98.5%
Buffer A+1.5% Buffer B to 75% Buffer A+25% Buffer B.

[0196] During purification, reverse transcriptase activity
was assayed with poly(C)-oligo(dG), which is specific for
reverse transcriptase (Gerard G. F., et al., Biochemistry
13:1632-1641 (1974)). RT unit activity was defined and
assayed as described (Houts, G. E., et al., J. Virol. 29:517-522
(1979)). Using the poly(C)-oligo(dG) assay, the peak frac-
tions of RT activity from the Chelating Sepharose Fast Flow
column (10 to 17% Buffer B) were pooled, diluted with an
equal volume of Buffer S, and loaded on a 5 ml AF-Heparin-
650M column (TosoHaas; Montgomeryville, Pa.) equili-
brated in Buffer S. After a wash with 12 column volumes of
90% Buffer S+10% Buffer T, the column was eluted with a
15-column volume linear gradient of Bufter 5 to 30% Buffer
S+70% Butffer T. The peak fractions of RT activity (43 to 50%
Buffer T) were pooled, diluted with 2.5 volumes of Buffer H,
and loaded unto a Mono S HR 5/5 column (Pharmacia, Pis-
cataway, N.J.) equilibrated in Buffer H. After a wash with 20
column volumes of 85% Buffer H+15% Buffer ], the column
was eluted with a 20 column volume gradient of 85% Buffer
H+15% Butffer J to 50% Buffer H+50% Bufter J. The RT peak
fractions were pooled, dialyzed against Storage Buffer over-
night, and stored at -20° C.

[0197] Following purification, RSV H™ RT was found to be
95% homogeneous as judged by SDS-PAGE. The purified
enzyme was also found to be substantially lacking in RNase
and DNase contamination, and substantially reduced in
RNase H activity.

Example 3
Preparation of Full-Length cDNA Molecules

[0198] Enzymes. SuperScript II RT (SS II RT), a cloned
form of Moloney murine leukemia virus (M-MLV) RT lack-
ing demonstrable RNase H activity (i.e., an “RNase H™ RT”),
was from Life Technologies, Inc. (Rockville, Md.). M-MLV
RT, a cloned murine RT with full RNase H activity (i.e., an
“RNase H*RT”), was also from Life Technologies, Inc. AMV
RT, an RNase H* uncloned form of avian myeloblastosis
virus RT, was from Seikagaku America, Inc. RSV H™ RT was
prepared as described in Examples 1 and 2. Recombinant Tth
DNA polymerase, a cloned, thermophilic DNA polymerase
from Thermus thermophilus with reverse transcriptase activ-
ity, was from Perkin Elmer.

[0199] Synthetic mRNA. A 7.5 kilobase (Kb) synthetic
mRNA with a 120-nucleotide 3' poly(A) tail (Life Technolo-
gies, Inc.; Rockville, Md.) was used as template to test the
efficiency of various enzymes alone or in combination.
[0200] cDNA Synthesis Reaction Mixtures. Reaction mix-
tures (20 pl each) contained the following components unless
specified otherwise: 50 mM Tris-HCI (pH 8.4 at 24° C.), 75
mM KCl, 10 mM dithiothreitol, 1 mM each of [**P]dCTP
(300 cpm/pmole), dGTP, dTTP, and dATP, 25 pg/ml (p(dT)
25.30), 125 ng/ml of 7.5 Kb mRNA, and 35 units of cloned rat
RNase inhibitor. Reaction mixtures with RTs alone or in
combination contained the following:

SS II RT alone: 0.5 mM dNTPs, 3 mM MgCl,, and 200 units

of SSIIRT
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-continued

RSV H™ RT alone:
AMV RT alone:

7.5 mM MgCl, and 7 units of RSV H™ RT;
50 mM KCI, 10 mM MgCl,, 4 mM sodium
pyrophosphate and 14 units of AMV RT

5 mM MgCl,, 200 units of SS II RT, and 7
units of RSV H™ RT;

0.5 mM dNTPs, 1 mM MnCl, and 5 units of
Tth DNA Polymerase

0.5 mM dNTPs, 3 mM MgCl,, 50 pg/ml
actinomycin D and 200 units of M-MLV H*
RT

same as Tth DNA Polymerase alone, plus
either 200 units of SS II RT or 7 units of

SSII RT plus RSV H™ RT:

Tth DNA Polymerase
alone:
M-MLV H* RT alone:

Tth DNA Polymerase plus
either SS II RT or RSV H™

RT: RSVH RT
M-MLV H* RT plus SSII  same as M-MLV H* RT alone, plus 200
RT: units of SS II RT;

M-MLV H* plus either
AMYV RT or RSV H™ RT:

5 mM MgCl,, 50 pg/ml actinomycin D, 200
units of M-MLV H* RT, and either 14 units
of AMV RT or 7 units of RSV H™ RT

5 mM MgCl,, 50 pg/ml actinomycin D, 14
units of AMV RT, and either 200 units of
SS I RT or 7 units of RSV H™ RT

AMV RT plus either SS II
RT or RSV H™ RT:

[0201] When RTs were used in combination, one enzyme
was added first followed immediately by the addition of an
aliquot of the second enzyme. In some cases in which a single
enzyme was used, a second aliquot of the same enzyme was
added as a control to assess the effect of doubling the amount
of the single enzyme.

[0202] All cDNA synthesis reactions were carried out at
45° C. for 50 minutes, and the resultant cDNA product was
detectably labeled by the RT-catalyzed incorporation of a
32P-labeled deoxyribonucleoside triphosphate precursor. The
total yield of cDNA was determined by acid precipitation of
a portion of the cDNA product and counting it in a scintilla-
tion counter. The >*P-labeled cDNA product in the remainder
of the reaction mixture was fractionated by alkaline agarose
gel electrophoresis (Carmichael, G. G., and McMaster, G. K.,
Meth. Enzymol. 65:380-385 (1980)). The gel was dried and
the size distribution of the cDNA product was established by
autoradiography. Using the autoradiographic film as a tem-
plate, the dried gel was cut and analyzed by scintillation
counting to establish the fraction of full length (7.5 Kb)
product synthesized.

[0203] Tables 1 and 2 show the total amount of cDNA
synthesized and full length cDNA synthesized, respectively,
from the 7.5 Kb mRNA by enzymes alone or in combination.
The following conclusions can be drawn:

[0204] When RTs were present alone, the highest yields of
total and full length product were obtained with the RNase H™
forms of RT. With either RSV H™ RT or SS II RT, the total
yield was almost double the highest yield obtained with an
RNase H* enzyme (1011 and 946 ng, respectively, versus 607
ng). The effect of removing RNase H from the reaction was
even more dramatic when full length yields were examined.
In this case, yields were at least tripled (234 and 208 ng for
RSV H™and SSII RT versus 79 and 26 for M-MLV H*RT and
AMYV RT, respectively). These results demonstrate the dra-
matic positive effect of eliminating RNase H from RT.
[0205] When RTs were combined, several effects were
observed. Mixing RTs from different sources, whether RNase
H~ or RNase H™, increased total and full length yields. This is
consistent with the hypothesis that pausing at sites unique to
one enzyme can be reduced by a second RT with a different
set of pause sites. However, by far the greatest yields of total
and full length cDNA product were obtained when two dif-

20
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ferent RNase H™ RTs were combined (see shaded boxes in
Tables 1 and 2). These results indicate that the two RNase H™
enzymes cooperate to synthesize full-length cDNA mol-
ecules: the first enzyme synthesizes truncated cDNA mol-
ecules, which are then extended to full-length via the activity
of'the second enzyme. Thus, the compositions and methods of
the present invention facilitate the synthesis of full-length
cDNA molecules.

TABLE 1

Total Yield of cDNA Synthesized by Various Enzymes
from 7.5-Kb mRNA*

Enzyme Added First
RSVH" SSII M-MLV AMV Tth DNA
RT RT H*RT RT  Polymerase
Enzyme (None) 1,011 607 316 297
Added RV H-RT 952 G802 479 2
Second g1 pT 1,046 751 827 .
M-MLV H* 848 621 599 867 -
RT
AMVRT 533 922 802 353 -
Tth DNA 218 996 - - -
Polymerase
"Mass (ng) of total cDNA product
not tested
TABLE 2

Yield of Full Length ¢cDNA Synthesized by Various
Enzymes from 7.5 Kb mRNA®

Enzyme Added First

RSVH" SSII M-MLV AMV Tth DNA
RT RT H*RT RT  Polymerase
Enzyme (None) 234 208 79 26 <1
Added RV H-RT 211 5128 71 2
Second oo qr pT 105 141 -
M-MLVH' 128 79 69 9 -
RT
AMV RT 83 148 100 38 -
Tth DNA 5176 - - -
Polymerase

"Mass (ng) of full-length (7.5 kb) cDNA product
2ot tested

[0206] In the mixing experiments summarized in Tables 1
and 2, two reverse transcriptases were added simultaneously
to a reaction under conditions that may have been suboptimal
for a single given RT. This was the case when an avian and a
murine RT were used together, since the MgCl, concentration
was set at 5 mM, between the optima of 3 mM and 7.5 mM for
murine and avian RT, respectively. In addition, full advantage
could not be taken in these experiments of the thermal stabil-
ity of avian RNase H™ RT in reactions containing a less
thermostable murine RT.

[0207] To use multiple enzymes and to address the fact that
different enzymes may have different optimal conditions,
sequential additions or separate use of the enzyme may be
done in accordance with the methods of the invention. For
example, cDNA could be synthesized from different aliquots
of'the same RNA in separate reaction tubes with different RTs
under reaction conditions optimal for each RT. Subsequently,
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the ¢cDNAs from each reaction could be mixed before per-
forming further manipulations. Alternatively, RTs could be
used singly and sequentially in one tube to perform cDNA
synthesis. That is, SuperScript Il could be used first to copy an
RNA population under optimal reaction conditions, and then
conditions could be adjusted to optimal for RSV H™ RT in the
same tube, and further synthesis could be performed with the
avian RT at elevated temperature.

Example 4

Cloning and Expression of Avian Myeloblastosis
Virus (AMV) RT and AMV RNase H™ (AMV H")
RT

[0208] General Methods

[0209] The AMV RT of the present invention is a cloned
form of avian retrovirus RT. The AMV H™ RT is a variant of
cloned AMV RT in which both the o and the § subunits are
mutated by a single amino acid change to eliminate RNase H
activity, although AMV RT substantially reduced in RNase H
activity is also produced by mutating the o subunit alone (the
[ subunit not containing a mutation in the RNase H domain).
Mutations and plasmid constructions were conducted using
standard molecular biology methods (see, e.g., Sambrook, J.,
et al., Molecular Cloning: A Laboratory Manual, 2nd Ed.,
Cold Spring Harbor, N.Y.: Laboratory Press (1989)), modi-
fied as described below. Plasmid preparation, PCR, gel elec-
trophoresis, DNA fragment isolation and cloning, insect cell
culture and baculovirus production were all performed as
described for RSV RT cloning and expression in Example 1.
[0210] Cloning and Expression of Genes Encoding the
AMYV RT o and p Subunits

[0211] To clone AMV RT, AMV viral RNA was prepared
(Strauss, E. M., et al., J. Virol. Meth. 1:213 (1980)) from
purified (Grandgenett, D. P., et al., Appl. Microbiol. 26:452
(1973)) AMV obtained from Life Sciences (St. Petersburg,
Fla.). AMV RT cDNA was prepared from AMV viral RNA
with the SuperScript Plasmid System for cDNA Synthesis
and Plasmid Cloning (Life Technologies, Inc.; Rockville,
Md.) following the instructions in the kit manual. A primer
specific for AMV RT was used that adds a Notl site to the
c¢DNA. Following preparation, AMV RT cDNA was cloned
into pSPORT1 that had been treated with Sall and Notl,
resulting in a vector (pSPORT8) comprising the AMV RT
gene (FIG. 22).

[0212] Both the o and §§ subunits of AMV RT are produced
by proteolytic processing of larger polypeptide precursors
(Gerard, G. F., in: Enzymes of Nucleic Acid Synthesis and
Modification, Vol. I: DNA Enzymes, Jacob, S. T., ed., Boca
Raton, Fla.: CRC Press, pp 1-38 (1983)). To obviate the
requirement for proteolytic processing, the coding sequence
for AMV RT was mutagenized and subcloned such that both
the o and f§ subunits were encoded by genes with standard
start and stop translational signals. To make RNase H™ con-
structs, both o and [ genes were mutagenized in the RNase H
region, although construction of any combination of subunits
(e.g., a RNase H7/p RNase H*; o RNase H*/p RNase H*; @
RNase H*/§ RNase H™; oo RNase H/§ RNase H™) may be
accomplished in this same manner. It has been discovered that
AMV RT a.RNase H7/ RNase H" is substantially reduced in
RNase H activity (approximately 5% of wildtype). A
sequence encoding an affinity tag was added to the carboxy
end of the f subunit.
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[0213] Synthesis of cDNA from AMV RNA. The AMV
RNA was copied into DNA using a 3' primer which is comple-
mentary to the 3' end of the AMV RT gene, and which adds a
Notl site to the 3' end of the gene (FIG. 22). The 5' end of the
resulting cDNA was made into a Sall end by the addition of a
Sall adapter. This cDNA was then cloned into a Sall-Notl
cleaved vector (pSPORT1). First strand cDNA was synthe-
sized using Superscript II RT (Gerard, G. F., et al., Focus
11:66 (1989)) and o gene specific primer (Oligonucleotide
#1) instead of the Notl primer-adapter:

Oligonucleotide #1 (SEQ ID NO: 13):
5' GACTAGTTCTAGATCGCGAGCGGCCGCCCATTAACTCTCGTTGG
CAGC 3!

[0214] The second strand synthesis was achieved using
DNA polymerase | in combination with . coli RNase H and
DNA ligase at 16° C. and subsequently polishing the termini
with T4 DNA polymerase. The cDNA was deproteinized and
precipitated with ethanol, and Sall adapters consisting of
Oligonucleotides #2 and #3 were ligated to the cDNA:

Oligonucleotide #2 (SEQ ID NO: 14):
5' TCGACCCACGCGTCCG 3!

Oligonucleotide #3 (SEQ ID NO: 15):
5' CGGACGCGTGGG 3!

[0215] The addition of the adapters was followed by diges-
tion with Notl. Size fractionation of the cDNA was done on 1
ml prepacked columns provided with the cDNA cloning kit.
The amount of cDNA in each fraction was calculated from the
specific activity of incorporated *P label, and the size of the
cDNA was determined by autoradiography of an agarose gel.
Those fractions that were greater than 3 Kb were selected for
cloning.

[0216] Cloning AMV ¢DNA into a Vector. The cDNA was
ligated into Sall-Notl cleaved pSPORT1 vector and then the
ligated cDNA was used to transform F. col/i MAX EFFI-
CIENCY DHI0B™ competent cells (Life Technologies,
Inc., Rockville, Md.). After transformation, aliquots of cells
were plated on LB plates containing ampicillin. Twelve colo-
nies were picked and 1 ml cultures were grown for mini-
preps. Gels were run to check for certain fragments after
digesting with restriction enzymes Sall, Miul, Pstl, Apal,
Drolll, Sphl and BglII. One plasmid, pSPORTS, was selected
since the insert was large enough to code for the AMV RT
gene (3 Kb) and a Pstl site was present which indicated that
the 5' terminus of the AMV RT gene was present (FIG. 22).

[0217] Mutagenesis and subcloning of the amino end, the
carboxy end and the middle of the AMV RT 3 subunit. The
AMYV RT gene was mutagenized to add an ATG codon and an
EcoRI site to the amino end of the sequence coding for the
mature RT polypeptide by PCR with pSPORTS as the target
and the following oligonucleotides:

Oligonucleotide #4 (SEQ ID NO: 16):
5' AUG GAG AUC UCU GAA TTC ATG ACT GTT GCG CTA
CAT CTG GCT 3!

Oligonucleotide #5 (SEQ ID NO: 2):
5' AAC GCG UAC UAG U GTT AAC AGC GCG CAA
ATC ATG CAG 3!
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[0218] PCR was performed, and PCR products purified, as
described above. The PCR reaction was treated with Dpnl to
destroy the target and the PCR product was cloned into
pAMP18 by UDG cloning (Buchman, G. W, et al., Focus
15:36 (1993)), forming plasmid pAMVN (FIGS. 23, 26).

[0219] Following mutagenesis and cloning of the amino
end, a His, affinity tag, a Xhol site and a translational stop
codon were added to the carboxy end of the gene for the §
subunit of AMV RT in pSPORTS8 by PCR using the following
oligonucleotides:

Oligonucleotide #6 (SEQ ID NO: 3):
5' CUA CUA CUA CUA GGT ACC CTC TCG AAA AGT TAA
ACC 3!

Oligonucleotide #7 (SEQ ID NO: 9):
5' CAU CAU CAU CAU GAG GAA TTC AGT GAT GGT GAT GGT
GAT GTG CAA A AAG AGG 3!

[0220] PCR was performed, and PCR products purified, as
described above. The PCR reaction was treated with Dpnl to
destroy the target and the PCR product was cloned into
pAMP18 by UDG cloning (Buchman, G. W, et al., Focus
15:36 (1993), forming plasmid pAMVC (FIGS. 23, 27).

[0221] To add the middle region of the AMV RT { subunit,
the 2.3 Kb Hpal-Kpnl fragment from pSPORTS that encodes
the middle of the p subunit of AMV RT was cloned into the
Hpal-Kpnl sites of pAMVN, forming pAMNVNM (FIGS.
23, 28). To add the carboxy end of the AMV RT § subunit,
since pAMVC has two Kpnl sites (FIG. 27), it was partially
cleaved with Kpnl, then completely cleaved with Sall, and the
3 Kb fragment with the carboxy end of AMV RT was isolated
and ligated to the 3.5 Kb Sall-Kpnl fragment of pAMVNMH-
(FIG. 29), forming pAMVBH- (FIGS. 23, 30).

[0222] Mutagenesis of the beta subunit to RNase H. The
RSV RT and AMV RT genes are related (GenBank sequences
J02342, J02021 and J02343 (all last revised Mar. 11, 1996)
for RSV-C; 1.10922,1.10923, 1.10924 (all last revised Oct. 4,
1994) for AMV). These genes code for an identical sequence
of'amino acids over a short distance of the RNase H region. As
described above in Example 1, during the cloning and
mutagenesis of the RSV RT genes an RNase H™ derivative of
the RSV RT P gene was made by site-directed mutagenesis.
The oligonucleotide that was used (oligonucleotide #8)
changed amino acid Asp450 to an Ala450 and introduced an
Sstll site (underlined).

Oligonucleotide #8
GGA CCC ACT GTC TTT ACC GCG GCC TCC TCA AGC ACC

[0223] The plasmid with the RNase H- mutation in the
RSV RT f gene is pAMP 18BH- (FIGS. 2, 14). The 129 by
BsrGI-BstEIl fragment from pAMP18BH- was cloned into
the BsrGI-BvtEIl sites of pAMVNM, replacing the RNase H*
region in this plasmid and forming pAMVNMH"™ (FIGS. 23,
29). The effect of this replacement was to change Asp450 to
Ala450in the AMV f gene without changing any other amino
acids. To convert the f§ subunit back to RNase H*, an oligo-
nucleotide primer having the wildtype sequence may be used.
[0224] Mutagenesis and subcloning of the gene encoding
the AMV RT a subunit. To create o gene which codes for the
a subunitof AMV RT, oligonucleotides #9 and #10 were used
to mutagenize the amino end of the AMV RT gene from
PAMVNM to introduce a translational stop codon where
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avian retroviral protease pl5 normally cleaves the precursor
polyprotein to make the o subunit:

Oligonucleotide #9 (SEQ ID NO: 6):
5' CAU CAU CAU CAU CCC GGG TTA ATA CGC TTG GAA GGT
GGC 3!

Oligonucleotide #10 (SEQ ID NO: 7):
5' CUA CUA CUA CUA TCA TGA CTG TTG CGC TAC ATC TG
30

[0225] PCR cycling conditions were 5 minutes at 94° C.,
followed by 8 cycles of 15 seconds at 55° C./2 minutes at 72°
C./15 seconds at 94° C., and then 2 minutes at 72° C. The PCR
reaction was treated with Dpnl to destroy the target and the
PCR product was cloned into pAMP 18 by UDG cloning
(Buchman, G. W., et al, Focus 15:36 (1993)), forming plas-
mid pAMVA (FIGS. 24, 31). To make the RNaseH™ allele of
the a subunit of AMV RT, the same procedure was followed
using pAMVBH- as a target, forming plasmid pAMVAH-
(FIGS. 24, 32).

[0226] Cloning the AMV RT « and j genes into pFastBac
Dual. The o gene was excised from pAMVA with Smal and
BspHI, and subcloned into the Ncol-Pvull sites of pFastBac
Dual (pD; FIG. 33), creating plasmid pDAMVA (FIGS. 25,
34). An RNase H"TAMV RT a gene was similarly cloned from
pPAMVAH-, forming plasmid pDAMVAH- (FIGS. 25, 35). In
bothplasmids, the AMV RT o gene was downstream from the
baculovirus P10 promoter. The RNase H- AMV RT f gene
was excised from pAMVBH- with EcoRI and cloned into the
EcoRI site of pDAMVA. Clones were selected in which the
EcoRI insert was oriented such that the AMV RT [ gene was
downstream from the polyhedrin promoter, forming plasmid
pDAMVABH- (FIGS. 25, 36). In this construct, the AMV RT
o. gene was RNase H*, but the § gene was RNase H™. The
AMYV RNase H™ RT P gene and polyhedrin promoter were
excised from pDAMVABH- with Rsrll and Notl and cloned
into the Rsrll-Notl sites of pSPORTI1, forming plasmid
pJAMVBH- (FIGS. 25, 37). The AMV RNase H™ RT 3 gene
and polyhedrin promoter were excised from pJAMVBH-
with RsrlIl and Notl and cloned into the RsrlI-Notl sites of
pDAMVAH-, forming plasmid pDAMVAH-BH— (FIGS.
25, 38).

[0227] The recombinant host cell comprising plasmid
pDAMVABH-, E. coli DH10B(pDAMVABH-), was depos-
ited on Jun. 17, 1997, with the Collection, Agricultural
Research Culture Collection (NRRL), 1815 North University
Street, Peoria, III. 61604 USA, as Deposit No. NRRL
B-21790.

[0228] Usingthe deposited plasmid, one of ordinary skill in
the art may easily produce, using standard genetic engineer-
ing techniques (such as those for site-directed mutagenesis
described above), plasmids encoding various forms of the o
and/or (3 subunits of AMV RT (e.g., aRNase H*/} RNase H*;
o. RNase H7/p3 RNase H™; o RNase H*/f3 RNase H™; and
RNase H7/p RNase H*).

[0229] Transfection of insect cells for virus and AMV RT
production. To prepare vectors for the transfection of insect
cells, it was first necessary to insert the AMV RT gene con-
structs into a baculovirus genome. This insertion was accom-
plished using the site-specific transposon Tn7, as described
for the insertion of the RSV RT gene constructs into bacmids
in Example 1. Plasmid pPDAMVABH- was transformed into
DH10Bac cells and transposition of sequences encoding the
AMYV RT @ gene (whose synthesis is directed by the bacu-
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lovirus polyhedrin promoter) and the AMV RT « gene
(whose synthesis is directed by the baculovirus P10 pro-
moter) was followed by screening for loss of -galactosidase
activity following transposition to the site on the bacmid
which codes for the -galactosidase a peptide (Harris, R., and
Polayes, D. A., Focus 19:6-8 (1997)). Bacmid DNA was then
prepared from transformants (10 ml cultures) by a slight
modification of a standard miniprep procedure, as described
in Example 1. About 1 pg of the bacmid DNA was used to
transfect Sf21 insect cells using the cationic lipid Cellfectin
(Anderson, D., et al., Focus 16:53 (1995)).

[0230] For expansion of primary virus, the supernatant was
removed from the transfected cells about 72 hours after trans-
fection and 1 ml was used to infect 35 ml of S21 insect cells
(about 1.2x10° cells/ml). After 72 hours, the culture was
centrifuged (2,000 rpm; 10 min) and the supernatant was
decanted and used as a secondary viral stock. The secondary
virus stock was expanded similarly by infecting 35 mlof S{21
cells with 0.1 ml of the secondary stock.

[0231] Virus stocks were then used to infect Sf21 cells for
the expression of AMV RT. In preliminary experiments,
expression of RT activity by infected cells was found to be
maximal about 72 hours after infection. For test expressions,
70 ml of S£21 cells were infected with 5 ml of the viral stock,
and the cells were harvested 72 hours after infection by cen-
trifigation at 1,000 rpm for 5 minutes, resuspension in PBS
(2.5% of the culture volume) and recentrifugation at 1,000
rpm for 5 min. Supernatants were removed and the cells were
stored at =70° C. until used. For larger scale production, 600
ml of cells in 2.8 liter Fernbach flasks were infected with 2 ml
of viral stock, and the cells were harvested 72 hours after
infection. AMV RT was then isolated as described for RSV
RT in Example 2.

Example 5

Reverse Transcription with Retroviral RTs at Tem-
peratures Above 55° C.

[0232] Retroviral reverse transcriptases have historically
been used to catalyze reverse transcription of mRNA at tem-
peratures in the range of 37° C. to 42° C. (see technical
literature of commercial suppliers of RTs such as LT1, Phar-
macia, Perkin Elmer, Boehringer Mannheim and Amersham).
There is a prevailing belief that at these temperatures mRNA
secondary structure interferes with reverse transcription
(Gerard, G. F., et al., Focus 11:60 (1989); Myers, T. W., and
Gelfand, D. H., Biochem. 30:7661 (1991)) and the specificity
of primer binding is reduced during gene-specific reverse
transcription processes, such as RT-PCR, causing high back-
ground signal (Myers, T. W., and Gelfand, D. H., Biochem.
30:7661 (1991); Freeman, W. N., et al.,, Biolechniques
20:782 (1996)). It is therefore desirable to carry out RNA
reverse transcription at more elevated temperatures, i.e.,
above 55° C., to help alleviate these problems.

[0233] As noted above, retroviral RTs are generally not
used at temperatures above 37° C. to 42° C. to copy RNA
because of the limited thermal stability of these mesophilic
enzymes. In recent years, however, it has been reported that
AMYV RT canbe used to perform RT-PCR of small amplicons
(<500 bases) at 50° C., and to a limited extent at 55° C.
(Freeman, W. M., et al., BioTechniques 20:782 (1996); Mail-
ers, F.,etal., BioTechniques 18:678 (1995); Wang, R.F., etal.,
BioTechniques 12:702 (1992)). Forms of M-MLV RT lacking
RNase H activity, because of removal of the RNase H domain
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(Gerard, G. F., et al., Focus 11:66 (1989) or because of point
mutations in the RT gene (Gerard, G. F., et al, Focus 14:91
(1992)), can also be used at 50° C., but not at 55° C., to
catalyze cDNA synthesis.

[0234] Therefore, the thermal stability of RNase H'RSV
RT and its utility in higher temperature (i.e., above 50° C.)
reverse transcription reactions for synthesis of large cDNAs
was examined.

[0235] Methods

[0236] Enzymes and RNAs. SuperScript RT (SS RT),
SuperScript I RT (SS II RT), and Moloney murine leukemia
virus (M-MLV) RT were from LTT. AMV RT was from Seika-
gaku America, Inc., or was prepared as described above in
Example 4. SS RT is an RNase H™ form of M-MLV RT in
which RNase H activity has been eliminated by removing the
RNase H domain of the RT polypeptide, resulting in an
enzyme with a molecular weight of 57 KDa rather than 78
KDa (Gerard, G. F., et al., Focus 11:66 (1989); Kotewicz, M.
L.,etal. Nuc. Acids Res. 16:265 (1988)). SSII RT is an RNase
H™ form of M-MLV RT in which RNase H activity has been
eliminated by the introduction of three point mutations in the
RNase H domain of M-MLV RT (Gerard, G. F., et al., Focus
14:91 (1992)). Rous Associated Virus (RAV) RT was from
Amersham. RSV RNase H™ and RSV RNase H'RT were
cloned, expressed and purified as described above in
Examples 1 and 2. The RNAs used as templates were syn-
thetic RNAs of 1.4, 2.4, 4.4 and 7.5 Kb, each with a 120
nucleotide poly(A) tail at the 3' end, obtained from LTI.
Synthetic CAT mRNA was from LTI.

[0237] Model System for Determining Functional Thermal
Stability of Reverse Transcriptases. A mixture of 1.4-, 2.4-,
4.4-. and 7.5-Kb mRNAs was used to test the ability of vari-
ous RTs to synthesize full-length cDNA copies at various
temperatures. The cDNA products synthesized were labeled
radioactively by the RI-catalyzed incorporation of a 2P-
labeled deoxyribonucleotide triphosphate precursor. The >2P-
labeled cDNA products were fractionated by alkaline agarose
gel electrophoresis (Carmichael, G. G., and McMaster, G. K.,
Meth. Enzymol. 65:380 (1980)). The gel was dried and the
size distribution of the cDNA products was established by
autoradiography. Using the autoradiographic film as a tem-
plate, the full length cDNA bands at 1.4, 2.4, 4.4 and 7.5 Kb
were cut from the dried gel and counted in scintillant to
establish the amount of each full length product synthesized.
[0238] cDNA synthesis reaction conditions. AllcDNA syn-
thesis reactions were carried out at the indicated temperatures
for 30 or 50 minutes. All reaction mixtures were 20 pl and
contained the following components unless specified other-
wise: 50 mM Tris-HC1 (pH 8.4 at 24° C.), 7S mM KCl, 10 mM
dithiothreitol, 1 mM each of [**P]dCTP (300 cpm/pmole),
dGTP,dTTP, and dATP, 25 pg/ml p(dT),5 50, 12.5 pml each of
1.4-,2.4-,4.4-, and 7.5-Kb mRNA, and 35 units of cloned rat
RNase inhibitor. In addition, reaction mixtures contained the
following:

SS I RT: 0.5 mM dNTPs (instead of 1 mM), 3 mM
MgCl, and 200 units of SS II RT
RSVH™RT: 7.5 mM MgCl, and 21 units of RSV H™ RT;
AMYV RT: 50 mM KCl, 10 mM MgCl,, 4 mM sodium
pyrophosphate and 29 units of AMV RT
RSVH"RT: 50 mM KCI, 10 mM MgCl,, 4 mM sodium

pyrophosphate and 24 units of RSV H* RT
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-continued
RAV RT: 50 mM KCI, 10 mM MgCl,, 4 mM sodium
pyrophosphate and 24 units of RAV RT
[0239] Reaction mixtures containing all components

except enzyme were preincubated at the desired temperature
for three minutes, and then RT was added to initiate cDNA
synthesis.

[0240] Half Life Determinations. The half lives of RTs
were determined by incubating individual tubes of RT at a
desired temperature for appropriate lengths of time and stop-
ping the incubation by placing the tube onice. RSV RTs, RAV
RT and AMV RT were incubated in 20 pl aliquots containing
50 mM Tris-HCI (pH 8.4), 75 mM KCl, 7.5 mM MgCl,, 10
mM dithiothreitol, 50 pg/ml CAT in RNA, 25 pg/ml p(dT), .
18, and 350-700 units/ml RT. Murine RTs (SS RT, SS II RT,
M-MLV RT) were incubated in mixtures containing the same
components except MgCl, was at 3 mM and enzyme was at
2,500 units/ml. An aliquot from each tube (5 pl for avian RTs
and 1 pl for murine RTs) was assayed for RT activity in a unit
assay reaction mixture to determine residual RT activity.

[0241] Unit Assays. Unit assay reaction mixtures (50 ul)
contained 50 mM Tris-HCI (pH 8.4), 40 mM KCl, 6 mM
MgCl,, 10 mM dithiothreitol, 500 uM [*H]dTTP (30 cpm/
pmole), 0.5 mM poly(A), and 0.5 mM (dT),, ;5. Reaction
mixtures were incubated at 37° C. for 10 minutes and labeled
products were acid precipitated on GF/C glass filters that
were counted in a scintillation counter.

[0242]

[0243] With a few exceptions, the half lives in the presence
of'a template primer at 45° C., 50° C., 55° C. and 60° C. were
determined for RSV H*RT, RAV RT, AMV RT, RSV H™ RT,
M-MLV H*RT, SS RT, and SS II RT. The results are shown in
FIG. 39 and Table 3.

Results and Discussion

TABLE 3

HALF LIVES OF REVERSE TRANSCRIPTASES!

HALF LIFE (MINUTES) AT:

ENZYME 45°C. 50° C. 55° C. 60° C.
RSV H™RT 440 138 5 0.75
RSV H*RT ND? 30 ND? ND?
RAV RT 159 37 3.8 ND?
AMV RT 96 16 1.3 ND?
SuperScript II RT 105 7 ND? ND?
SuperScript RT 120 3 ND? ND?
M-MLV RT 65 2.5 ND? ND?

Half lives were determined from the data shown in FIG. 39.
2ND: not determined.

3ND: not determined, because half life in this reaction mixture was too short to be deter-
mined accurately.

[0244] The results shown in FIG. 39 and Table 3 clearly
demonstrate that RNase H*RTs (RSV, RAV and AMV) are
much more thermo stable than M-MLV RT, and have reason-
able half lives at 50° C. Furthermore, mutating these RT's to
produce their corresponding RNase H~ forms further
increases their half lives. Most dramatically, RNase H"RSV
RT had a much longer half life than any other retroviral RT at
45°C.,50° C. and 55° C. Thus, introduction of a single amino
acid change into the RNase H domain of each subunit of RSV
RT increases its half life at 50° C. by nearly five-fold.
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[0245] The impact of this increased thermal stability on
c¢DNA synthesis at temperatures above 50° C. was found to be
dramatic. FIG. 40 shows the results of a comparison of the
performance of these RTs at 45° C., 50° C., 55° C. and 60° C.
in copying mRNA of 1.4 to 7.5 Kb in length. With the excep-
tion of RSV H™ RT, none of the RTs were found to produce
substantial product longer than 2.4 Kb in length at 55° C. or
60° C. RSV H™ RT, in contrast, continued to make full-length
7.5-Kb cDNA at55° C., and 4.4-Kb ¢cDNA at 60° C. FIGS. 41
and 42 show a more detailed comparison of the two RTs that
performed best in FIG. 40 (i.e., SSII RT and RSV H™ RT). At
temperatures above 55° C., RSV H™ RT was found to continue
to synthesize cDNAs of all lengths, while SS II RT produced
only low levels of cDNA greater than 1 Kb in length.

[0246] Taken together, these results demonstrate that
RNase H'RSV RT is much more thermoactive than any other
retroviral RT available commercially, and can be used to
synthesize longer cDNAs (up to 4 Kb long) at 60° C. This
enhanced thermoactivity of RNase H'RSV RT is due to an
increased thermal stability, relative to RNase H*RT, at 50° C.
to 60° C., which makes RSV H™ RT an ideal enzyme for use
in the reverse transcription of mRNA at 50° C. to 60° C.

Example 6
[0247] Reverse Transcription with Avian RTs at Elevated
Temperatures
[0248] InExample5 (Table 3 and FIG. 39), the halflives of

various RTs were presented. In particular, half lives were
reported for cloned RSV RT in which the RNase H domain of
each subunit was mutated to eliminate RNase H activity (Ex-
ample 1; Asp450—Ala in both the o subunit and the [ sub-
unit).

[0249] To further examine the effects of these mutations on
RT half life, constructs were produced as described above, in
which only one of the two subunits were mutated at one time,
such that various combinations of mutants were formed (e.g.,
a RNase H™/f RNase H* and o« RNase H*/f RNase H™). The
halflives of these RSV RTs, as well as cloned AMV o RNase
H™/p RNase H'RT, were determined as described above in the
Methods section of Example 5.

[0250] As shown in Table 4, when the o subunit in RSV or
AMYV RT was mutated, leaving the [} subunit wild type intact,
the resulting RT demonstrated greater thermal stability than
that observed for other avian RTs. These mutant RTs were
also examined for their functional thermal stability using the
model system described in the Methods section of Example 5.
For each enzyme, the increased thermal stability was found to
correlate with improved functional performance—for
example, the o« RNase H7/p RNase H* avian RTs, which
demonstrated the highest thermal stability at 55° C. (Table 4),
also demonstrated the highest functional activity at various
elevated temperatures (Table 5).

TABLE 4

Half Lives of RSV and AMV
Reverse Transcriptases

Enzyme Half Life (Minutes) at 55° C.

RSV aH BH™RT
RSV aH BH* RT
RSV aH'PH™ RT
RSV aH'PH" RT
AMV aH BH* RT
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TABLE 4-continued

Half Lives of RSV and AMV
Reverse Transcriptases

Enzyme Half Life (Minutes) at 55° C.
Native AMV RT 1.3
Native RAV RT 3.8

TABLE §

Functional Activities of RSV RTs at Elevated Temperatures.

Amount of Full-Length

Temperature, Product Produced (pMoles)

Enzyme °C. 14Kb 24Kb 44Kb 74Kb

RSV aH7/BH™RT 45.0 132.9 80.5 56.7 28.1
55.0 1154 70.7 40.8 12.5
57.5 81.9 43.2 17.2 3.1
60.0 7.0 1.8 0 0
62.5 0 0 0 0

RSV aH7/pH* RT 45.0 145.2 85.3 57.9 31.8
55.0 161.3 83.0 53.3 215
57.5 140.1 717 41.1 11.6
60.0 67.6 30.0 7.5 0.1
62.5 4.1 0.8 0 0

Example 7

Alternative Methods of Generating Avian Reverse
Transcriptases and Characterization of their Proper-
ties

[0251] As noted above in the Related Art section, three
prototypical forms of retroviral RT have been studied thor-
oughly—M-MLV RT, HIV RT, and ASLV RT (which
includes RSV and AMV RT). While each of these retroviral
RTs exist as heterodimers of an . and a § subunit, there have
been no reports heretofore of the simultaneous expression of
cloned ASLV RT o and § genes resulting in the formation of
heterodimeric aff RT.

[0252] Examples 1-4 above described the cloning, expres-
sion and purification of aff forms of RSV and AMV RT that
copy mRNA efficiently. Formation of o RT was achieved in
baculovirus-infected insect cells by co-expression of genes
for o and § from a dual promoter vector. The studies pre-
sented in this Example were designed to generate RSV a.f RT
by a variety of other methods that have been used to success-
fully clone and express HIV p66/p51 RT. In addition, as
described below, the individual subunits of RSV RT, includ-
ing pp4, f and a, have now been cloned, expressed, and
purified, and the abilities of these subunits to copy mRNA has
now been characterized.

[0253] Materials and Methods
[0254] General Methods
[0255] Mutations and plasmid constructions were con-

ducted using standard molecular biology methods (see e.g.,
Sambrook, J. et al, Molecular Coning: A Laboratory
Manual, 2nd Ed., Cold Spring Harbor, N.Y.: Cold Spring
Harbor Laboratory Press (1989)), modified as described
below. Plasmid preparation, PCR, gel electrophoresis, DNA
fragment isolation and cloning, insect cell culture and bacu-
lovirus production were all performed as described for RSV
RT cloning and expression in Example 1.
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[0256] Cloning and Expression of RSV RT in F. coli. A
number of approaches were tried to generate RSV aff RT
from RSV RT Pp4 in E. coli.

[0257] PCR of Ndel-Xbal fragment. The amino end of the
RSV RT Bp4 gene was mutagenized to introduce an Ndel site
by PCR (1 cycle 94° C. for 5 min.; 15 cycles 94° C., 10 sec,
55° C., 15 sec, 72° C., 15 sec.; 1 cycle 72° C., 5 min) of
pID100 (FIG. 7) with the following oligonucleotides:

Oligonucleotide #11 (SEQ ID NO: 17):
5'-ATT ATT ACT GTT GCG CTA CAT CTG GC-3'

Oligonucleotide #12 (SEQ ID NO: 18):
5'-TAC GAT CTC TCT CCA GGC CAT TTT C-3'

[0258] The Ndel site in oligonucleotide #11 above appears
in bold and italicized print, while the bases that are underlined
in oligonucleotides #11 and #12 were derived from authentic
RT gene sequences. The PCR product with these two oligos
contained an Ndel site at the beginning of the gene, and
retained the Xhal site which is present within the RT gene.
The PCR product was cloned into pUC18 between the Ndel
and Xhal sites, forming pUC18#3.

[0259] Site-directed mutagenesis to introduce a Smal site
to clone p15. A 3 Kb Pstl fragment from pDJ100 containing
the entire RSV RT gene was cloned into M13 mp 19. Clone
RF—Smal was then produced by introducing a Smal site at
the carboxy end of the RSV RT Pp4 gene by site-directed
mutagenesis (see Example 1), using the following mutagenic
oligonucleotide:

Oligonucleotide #13 (SEQ ID NO: 19):
5'-ACT CGA GCA GCC CGG GAA CCT TTG-3'

[0260] Reconstruction of the RT gene. The 2.8 kb Smal-
Pstl fragment from RF—Smal was cloned into pUC18 at the
Smal/Pstl sites. The clone was designated as pUC18-Pstl-
Smal. The Ndel-Xbal fragment from pUC18 #3 was intro-
duced into pUC18-Pstl-Smal to regenerate the entire RSV RT
Pp4 gene with an Ndel site at the initiation codon. The clone
was designated as pUC18-RT.

[0261] Cloning entire R T gene in pRE2. The Ndel-Xbal
fragment from pUC18 #3 was cloned into expression vector
PRE2 to generate pRE2-Nde-Xba. pRE2 contains an induc-
ible lambda pL. promoter. The rest of the RSV RT fp4 gene
was subcloned as an Ndel-Sstl fragment from pUC18-Pstl-
Smal into pRE2-Nde-Xba digested with Xbal and Sstl, gen-
erating pRE2-RT.

[0262] Cloning of p15 into pRE2-RT RSV RT is processed
from RSV RT fp4 to the af heterodimer by the RSV pl5
protease. In order to make authentic a3, the p15 protease gene
was cloned and expressed with the RSV RT fp4 gene as
follows. The RSV p15 protease gene was generated by PCR
using pJD100 as target and the protocol described above. The
oligonucleotides used for PCR were as follows:

Oligonucleotide #14 (SEQ ID NO: 20):
5'-AT TAC CCG GGA GG A TAT CAT ATG TTA GCG ATG
ACA ATG GAA CAT AAA G-3'

Oligonucleotide #15 (SEQ ID NO: 21):
5'-A TAT GTC GAC TCA CAG TGG CCC TCC CTA TAA ATT
TG-3"



US 2011/0008770 Al

[0263] Inoligonucleotides # 14 and #15 above, the restric-
tion sites (Smal, Ndel and Sall) are indicated in bold letters
while the region of bases underlined is the ribosome binding
site. PCR using these oligonucleotides generated a ~450 by
fragment, which was digested with Smal and Sall and cloned
into pUC19. The clone was designated as pUC19-p15. The
pl5 gene was introduced into pRE2-RT by subcloning the
450 by Smal-Sall fragment at the Smal/Sall sites. The final
plasmid was designated pRE2-RT.p15.

[0264] Expression of RT from pRE2-RT and pRE2-RT.
pl5. E. coli CJ374 containing either pRE2-RT or pRE2-RT.
pl5 was grown at 30° C. in EG broth in the presence of
ampicillin (100 pg/ml) and chloramphenicol (30 pg/ml) to an
A590 of 0.5. Half of the culture was induced at 42° C. for 45
min., and then outgrown at 30° C. for 2 hr. The other half was
grown at 30° C. as an uninduced control. None of the cultures
produced any visible induced protein upon examination by
SDS-PAGE. None of the cell extracts displayed any RT activ-
ity.

[0265] Recloning of RT.pl5 in pRE1. The lack of RT
expression in the above constructs suggested that it was pos-
sible that (i) a mutation had been introduced into the RT gene
during PCR to render it inactive, or (ii) during cloning a
mutation in the lambda pl. promoter arose, since RT is
thought to be toxic to E. coli. Thus, the entire RT.p15 gene
was recloned into pRE1, which was the same as pRE2 except
the multiple cloning site was in an opposite orientation, as a
Ndel-Sall fragment and the construct was introduced into E.
coli CJ374. In addition, a 2269 by Hpal-Kpnl fragment of the
resulting clone was replaced by the same Hpal-Kpnl frag-
ment from pDJ100. This replacement left only about a 200 by
amino terminal region derived from PCR. Moreover, this
region (Ndel site to Hpal site) was sequenced to confirm that
there was no mutation due to PCR. The plasmids were des-
ignated as pRE1-RT.15. This plasmid was also introduced
into BL21, a protease-deficient E. coli strain. The pl5 gene
was also deleted from pRE1-RT.15 by digesting the plasmid
with Xhol and Sall and recircularizing the plasmid. The
resulting plasmid was designated as pRE1-RT.

[0266] Expression of RT in E. coli CI374 and BL21 har-
boring pRE1-RT and pRE1-RT15. The cultures were grown
as described above. The soluble cell extract was assayed for
RT activity. Although the activity was extremely low, it was
clear that the RT activity in the induced cell extract was
10-#times higher than that in the uninduced cell extract. The
level of activity was similar in both CJ374 and BL21. The
levels of expression of RT from pRE1-RT and pRE1-RT.15
were similar.

[0267] Cloning of RT gene under a tac promoter. Since
RSV RT pPp4 was not expressed well under a lambda pL.
promoter, expression was attempted under the control of a
different promoter. The RSV RT fp4 gene with and without
the p15 gene was cloned under a tac promoter. For cloning the
RT gene, pRE1-RT was digested with Nisil, blunt-ended with
T4 DNA polymerase and finally, digested with Xhol. The RT
fragment was purified from an agarose gel. For cloning the
RT.15 gene, pRE1-RT.15 was digested with Nsil, blunt-ended
with T4 DNA polymerase and finally, digested with Sall. The
RT.15 gene combination fragment was purified from an aga-
rose gel. The vector pTrc99A (Pharmacia) was digested with
Ncol, blunt-ended with Klenow fragment and finally,
digested with Sall. The large vector fragment was purified
and ligated with either purified RT or RT.15 fragment. The
resulting constructs were introduced into E. col/i DH10B.
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Clones with correct inserts were saved. The clones were
designated as pTrcRT and pTrcRT.15.

[0268] Expression of RT under a tac promoter. . coli cells
harboring pTrcRT or pTrcRT. 15 were grown at 37° C. in a
buffered-rich medium to an A590to 0.1 or 0.6 before addition
of IPTG (1 mM) for induction of RSV RT Pp4 expression.
The cells were collected 2 hr after induction. The uninduced
cultures were grown similarly without addition of any
inducer. The RT enzyme activity in soluble cell extract was
equivalent to that obtained from constructs with the lambda
pL promoter.

[0269] SDS polyacrylamide gel electrophoresis of the
expressed proteins. RSV RT is composed of two subunits of
molecular mass 94 kD (f) and 62 kD (a). The a subunit is a
proteolytic fragment derived from the f§ subunit. The pro-
teolysis is accomplished by RSV p15 protease in vivo. How-
ever, when induced E. coli extracts bearing the plasmids
described were examined, two induced proteins of molecular
mass 75 kD and 62 kD were detected. Both proteins were
found to be mainly in the insoluble fraction of £. coli extracts.
The presence of a 75 kD and not the expected 94 kD protein
following expression in E. coli suggested that (i) there was a
mutation near the carboxy end causing premature translation
termination, (ii) there was proteolysis in the E. coli cytosol, or
(iii) there was internal translation initiation of RT. When the
carboxy terminal region of the RT gene was sequenced, no
mutation was found that might have caused premature trans-
lation termination. To test whether there was an internal trans-
lation start, the RT gene was cloned as a Hpal-Xhol fragment
in pTrc99 digested with Smal and Sall. No induced protein
could be detected suggesting that there was no internal start to
generate either a 75 kD or 62 kD protein.

[0270] Expression of RT in a variety of E. coli hosts. As
described above, expression of RSV RT was examined in F.
coli DH10B, CJ374 and BL21. None of these E. coli hosts
produced a.ff RT, and the level of RT activity in each host was
extremely low. Since M-MLV RT expresses well in E. coli
N4830 and HIV RT expresses well in E. coli RR1, the levels
of expression of RSV RT in these two hosts were examined.
Neither of these hosts was found to express active RT any
better than the other hosts tested, nor did they produce any full
length 94 kD protein.

[0271] Expression of RT as a fusion protein. It is now well
established that some proteins that do not express well in E.
coli are better expressed as a translation fusion, in which the
protein from a well expressed gene forms the amino end of the
fusion protein. The gene of one such fusion partner, thiore-
doxin, is present in a vector called pTrxtus (Genetics Insti-
tute; Cambridge, Mass.). The level of expression of RSV RT
Pp4 fused with thioredoxin was therefore examined.

[0272] Inthe course of expressing RSV RT in a baculovirus
system, the RSV RT gene fragment was cloned as a Smal-
Xhol fragment in pBacPAKS9 to construct pBacPak-RT (see
below). To make the thioredoxin fusion, pBacPak-RT was
digested with Xmal (same recognition as Smal) and Pstl and
the RT fragment was purified on an agarose gel. The vector
pTrxtus was digested with Xmal and Pstl and the large vector
fragment was purified. The purified fragments were ligated
and E. coli CI374 and GI724 or GI698 (Genetic Institute,
MA) were transformed with the ligated material. Clones with
the correct insert were saved. When cultures were induced
and the cellular extracts were assayed for enzyme activity, no
RT activity was detected. Both induced cultures, however,
produced a large amount of insoluble fusion protein of the
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expected size as judged by SDS-PAGE of the extracts. Other
fusions were also tested. The RSV RT [} gene was fused to the
GST (glutathione S transferase) gene, and the RSV RT a gene
was fused to the lambda CRO protein gene. Expression of
either fusion from the trc promoter in £. coli strain DH10B
resulted in a large amount of insoluble protein of the appro-
priate molecular weight, but little RT activity was detected in
extracts of induced cells. An expression vector with both
fusions (GST-beta and CRO-alpha) was constructed in which
the fusions were co-expressed by induction of the trc pro-
moter. Co-expression of both fusions in E. coli strain DH10B
resulted in large amounts of insoluble protein of the appro-
priate molecular weights, but little RT activity.

[0273] Cloning and Expression Separately of Genes
Encoding RSV RT Subunits ., B, and fP4 in a Baculovirus
System

[0274] Cloning of RSV RT pp4 in a Baculovirus System
[0275] To clone the RSV RT fp4 gene in the baculovirus
transfer vector, pBacPAK9 (Clontech), a fragment of the RSV
RT gene was generated by PCR. To facilitate this PCR, the
following oligonucleotide was designed with a BamHI site
(bold) and the ATG initiation codon at the beginning of the
RSV PBp4 gene:

Oligonucleotide #16 (SEQ ID NO: 22):
5'-TAT TAG GAT CCC ATG ACT GTT GCG CTA CAT CTG
GC-3"!

[0276] Oligonucleotides #12 and#16 (SEQ IDNOs: 18 and
22, respectively) were used for PCR using pJD100 as tem-
plate. The PCR product was digested with BamHI and Xbal,
and then ligated to pBacPAK9 digested with BamHI and
Xbal. One of the clones, pBP-RT(PCR) (FIG. 43), was used
for further cloning. To reconstitute the entire RT gene, the
small Hpal-Xhol fragment of pBP-RT(PCR) was replaced
with the 2500 by Hpal-Xhol fragment of pRE1-RT.15. The
reconstituted plasmid was designated as pBP-RT(ATG) (FIG.
44).

[0277] Cloning of p15 in pPBacPAK-RT(ATG). Placing the
RSV pl5 protease gene in pPBP-RT(ATG) was achieved by a
three-step cloning. First, a p15 gene fragment was subcloned
from pUC19-p15 (see above) into pSportl (LTI) as a Kpnl-
Sall fragment to generate pSport-p15. Second, the p15 frag-
ment was subcloned from pSport-pl5 as a Notl-Smal frag-
ment into a baculovirus transfer vector, pAcUW43, to
generate pAcUW43-p15. This cloning was done to introduce
the pl5 gene under a pl0 promoter. Finally, the p15 gene
including the p10 promoter was subcloned from pAcUW43-
p15 as a Xhol-Notl fragment into pBP-RT (ATG) to generate
pBP-RT15(ATG) (FIG. 45).

[0278] Expressing RSV RT fp4 in insect cells. Insect cells
(SF9) were transfected with a mixture of pBP-RT15(ATG)
and linearized baculovirus vector DNA (BaculoGold™,
Pharmingen). In this system, recombination between the
pBP-RT15(ATG) plasmid and the baculoviral DNA results in
recombinant viral genomes with the RSV RT fp4 gene down-
stream of the polyhedrin promoter. Recombinant virus was
isolated from the supernatant by standard techniques and
viral stocks were made, one of which was chosen for further
study. Insect cells were infected with pure viral stock and
infected cells were harvested at various times after infection.
RT activity was easily detectable in the infected cells.
[0279] Generation ofan RNase H-RSV RT. The generation
of'a mutation in the RNase H region of the RSV RT fp4 gene
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is described in detail above in Example 1. To introduce the
mutation into pBP-RT(ATG), the Hpal-Kpnl fragment of
pBP-RT(ATG) was replaced with the Hpal-Kpnl fragment of
M13RTH- (FIG. 13). The newly constructed plasmid was
designated as pBP-RT(H-) ATG. Insect Cells (Sf9) were
transfected with a mixture of pBP-RT(H-) and linearized
baculovirus vector DNA (BaculoGold™, Pharmingen).
Recombination between the pBP-RT(H-) plasmid and the
baculoviral DNA results in recombinant viral genomes with
the RSV RT BH-P4 gene downstream of the polyhedrin pro-
motor. Recombinant virus was isolated from the supernatant
by standard techniques. Insect cells were infected with viral
stock and infected cells were harvested at various times after
infection. RT activity was easily detectable in the infected
cells.

[0280] Attaching a histidine tag to RSV RT pp4. pBP-RT
(H-) was cleaved with BamHI and Xbal and the 0.9 kb frag-
ment with the amino end of the RSV RT [p4 gene was cloned
into pFastBacHT atthe BamHI-Xhal sites, creating (by trans-
lational fusion) a fp4 partial construct with a histidine tag at
the amino end (pFBHTEP4). The 2 kb Xbal-Xhol fragment
with the carboxy end of RSV RT pH-p4 from pBP-RT(H-)
was inserted into the Xbal-Xhol sites of pFBHTP4, creating
pFBH-TPP4. pFBH-TPP4 was transformed into E. coli
DH10Bac cells and the His-tagged RSV RT pH-p4 gene was
transposed to bacmid. Bacmid DNA was isolated and trans-
fected into SF9 insect cells. Viral preparations from infected
cell cultures were used to infect SF21 cells, and His-tagged
RSV RT pH-p4 from infected cells was isolated and charac-
terized.

[0281] Transfection of insect cells. The transfection of Sf9
cells was done using Baculogold™ virus (Pharmingen,
Calif.) and pBP-RT(H-)ATG to generate recombinant virus.
Ten wells on two 6-well (60 mm) tissue culture plates were
seeded 1x10° S19 cells (LTI). The cells were allowed to attach
for 30 min at 27° C. While the cells were attaching, ten tubes
each containing 200 pl of Sf-900I1 SFM medium (LTT) were
set up. In tube 1, 500 ng of Baculogold™ and 2 pg of pBP-
RT(H-)ATG were added. In tube 2, 250 ng of Baculogold and
1 pg of pBP-RT(H-)ATG; and tube 3, 125 ng of Baculogold
and 500 ng of pBP-RT(H-) ATG were added. Tubes 6 through
9 contained 36 ul of lipofectin (LTT). Contents of tube 1, tube
2, tube 3, tube 4 and tube 5 were transferred to tubes 6, 7, 8,
9 and 10, respectively. Into each of these tubes, 2 ml of
S1-9001I SFM were added. The culture medium from each
well was removed and 2 ml of the DNA/lipofectin mix was
dispensed in two wells, 1 ml each. Thus, the wells containing
the mixture of tubes 1 and 6, 2 and 7, and 3 and 8 contained
DNA mixtures at different amounts; the wells containing the
mixtures of tubes 4 and 9 were controls containing lipofectin
but no DNA; and the wells containing the mixtures of tubes 5
and 10 were controls containing neither DNA nor lipofectin.
The plates were incubated at 27° C. for 4 hr, the medium was
removed and replaced with 4 ml fresh Sf-900 I1 SFM, and the
plates were incubated for an additional 72 hrs at 27° C. The
phage supernatants from the DNA containing wells were
removed and marked as primary phage stocks. A second
infection was done by infecting 1x10° Sf9 cells with 1 ml of
the primary phage stock to amplify the recombinant phage.
The plates were incubated for 48 hrs at 27° C. and the phage
stocks were collected.

[0282] Injection of insect larvae. Trichoplusa ni larvae
were injected with recombinant virus bearing pBP-RT(H-)
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ATG and the larvae were harvested as described (Medin, J. A.,
et al., Methods in Molecular Biology 39:26 (1995)).

[0283] Expression of RSV RT atH- in a baculovirus system
[0284] pDA (FIG. 19) was transformed into E. coli
DH10Bac cells, the RT aH- gene was transposed to bacmid,
and the bacmid DNA was purified and transfected into SF21
insect cells. Viral preparations from infected cell cultures
were used to infect SF21 cells, and RSV RT aH- from
infected cells was isolated and characterized.

[0285] Expression of RSV RT PH-His in a baculovirus
system
[0286] pDABH-His (FIG. 21) was cleaved with Rsrll and

Pstl, and the 2.6 kb fragment with the $H-His gene was
cloned into the RsrlI-Pstl sites of pFastBac. pFBBH-His was
transformed into £. coli DH10Bac cells, the RT $H-His gene
was transposed to bacmid, and the bacmid DNA was purified
and transfected into SF21 insect cells. Viral preparations from
infected cell cultures were used to infect SF21 cells, and RSV
RT PH-His from infected cells was isolated and character-
ized.

[0287] Cloning and Expression of Genes Encoding RSV
af RT in which the Polymerase Active Site is Mutated
[0288] Generation of RSV RTs mutated in the polymerase
domain. Alignment of the RSV RT peptide sequence with
sequences from HIV RT, M-MLV RT, and sequences of other
RT genes revealed the probable location of one of the catalytic
residues in the RSV RT polymerase domain, D110 (aspartic
acid reside at position number 110). According to the litera-
ture, mutation of the corresponding amino acid in the larger
chain of HIV RT from D (aspartate) to E (glutamic acid)
resulted in nearly total loss of polymerase activity. Single
strand DNA was isolated from pJB-His by infection of £. coli
DHS5aF'1Q/pJB-His cells with M13KO7, and this DNA was
mutated by site-directed mutagenesis (see Example 1 for
detailed protocol) with the following oligonucleotide:

Oligonucleotide #17 (SEQ ID NO: 23):
5'-GCAATCCTTGAGCTCTAAGACCATCAGGG 3!

[0289] This oligonucleotide induces the mutation of the
aspartate residue at position #110 or the RSV RT catalytic
domain to glutamate (D110E) and adds an Sstl site (bold),
forming plasmid pJBD110E-His (FIG. 48). This mutated site
was introduced into the RSV RT a gene by inserting the 460
by Nhel-Eco47111 fragment from pJBD110E-His into the 6.5
kb fragment of Nhel-Eco47IIl cleaved pDA, forming
pDADI110E (FIG. 49). The D110E mutation was also intro-
duced into the § gene by inserting the 460 by Nhel-Eco4 7111
fragment into Nhel-Eco4711I cleaved pFBBH-His (FIG. 46),
forming pFBBD110E-His (FIG. 50). The 2.6 kb RSV RT
PD110E gene was cloned from pFBBD110E-His into pDAB-
His (FIG. 51) as a 2.6 kb RsrlI-EcoRI fragment, replacing the
RSV RT p-His gene, forming pDABD110EHis (FIG. 52).
pDABHis was cleaved with Xhol+Pvul, and the 4.6 kb frag-
ment with the [} gene was joined to the 4.9 kb pDAD110E
Xhol-Pvul fragment, forming pDAD110EBHis (FIG. 53).
The 4.6 kb pDABD110EHis Xhol-Pvul fragment with the
PD110E gene was joined to the 4.9 kb pDAD110E Xhol-Pvul
fragment, forming pDAD110EBD110E (FIG. 54) (which has
a his tag despite its truncated name). pDADI110EBHis,
pDABD110EHis, and pDADI110EBDI110E were trans-
formed into E. coli DH10B-Bac, the RT genes were trans-
posed to the bacmid, and the bacmid DNA was purified and
transfected into SF21 insect cells. Viral preparations from
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infected cell cultures were used to infect SF21 cells, and RSV
RT from infected cells was isolated and characterized.
[0290] The three mutant plasmids are summarized in the
following table, where “w.t.” refers to the wild type amino
acid at the 110 position (D, aspartic acid) and D110E refers to
the mutation at the 110 position (D to E, glutamic acid):

Plasmid [¢3 B
pDABHis w.t. w.t.
pDABDI110EHis w.t D110E
pDAD110EBHis D110E w.t.
pDADI110EB110E D110E D110E

[0291] Cloning and Expression of RSV fp4 RT in Yeast

[0292] Cloning of the RSV pp4 RT gene. The pHIL-D2
vector available from Invitrogen (CA) was digested with
EcoRI, blunt ended with Klenow fragment and treated with
alkaline phosphatase. pRE1-RT.15 was digested with Ndel
and blunt ended with Klenow fragment. The Ndel digest
generated the entire RSV RT gene without the p15 protease
gene. The fragments were ligated and E. coli DH10B was
transformed with ligation mixture. The correct clones were
selected for proper insert and orientation. Two of the 8 clones
tested had the RT gene fragment in the correct orientation.
One of the clones, pHILD2-RT, was used for further experi-
mentation. To introduce the RNase H- domain in this plas-
mid, pHILD2-RT was digested with BamHI plus Xhol and
the wild type fragment was replaced with BamHI-Xhol frag-
ment from pBacPAK-RT(H-)ATG. The final clone was
screened with SstIl. The clone was designated as pHILD2-
RT(H-).

[0293] Transformation of Pichia pastoris. Pichia pastoris
GS115 (Invitrogen) was used for transformation according to
the protocol recommended by Invitrogen. The plasmids,
pHILD2-RT and pHILD2RT(H-), were digested with Notl,
phenol-chloroform extracted and ethanol precipitated before
transformation. The transformation yielded 20 clones for
wild type RSV RT and 12 clones for RSV H—RT in the
regeneration plates. These clones were screened for their
growth in methanol containing plates. Two putative clones
were selected from initial 20 clones (wild type RT). One of
these two, H1, was completely incapable of growing in
methanol, and the other, H2, was capable of growing very
slowly in methanol. For the RSV H—RT clones, three clones
were selected out of 12 screened. One of the clones, H-3, grew
very slowly in methanol. The others, H-4 and H-5, grew
moderately in methanol. Clones H1 and H-3 were chosen for
expression studies.

[0294] RSV Pp4 RT expression in Pichia pastoris. Clones
H1 and H-3 were grown and induced essentially as described
in the user’s manual provided by the manufacturer (Invitro-
gen). As a control, GS115 containing a 3-galactosidase gene
(Invitrogen) was grown and induced side by side. While no
RT activity could be detected in the GS115/p-gal cells, an
appreciable level of activity was detected in both H1 (wild
type RT) and H-3 (H—RT) cells. In addition, the activity
increased with increased time of induction.

[0295] Isolation of RSV B, a and Pp4fp4

[0296] RSV Bp RT isolation. RSV B RT was purified as
described in Example 2 for RSV aff RT with the following
exceptions. RSV B RT eluted from the AF-Heparin-650M
column from 55-62% Butffer T, and from the Mono S HR 5/5
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column from 58-62% Buffer J. RSV pp RT was 90% homo-
geneous as judged by SDS-PAGE.

[0297] RSV a RT isolation. RSV a RT was purified as
described in Example 2 for RSV aff RT with the following
exceptions. The Chelating Sepharose Fast Flow column was
equilibrated with 100% Buffer A and washed with 100%
Buffer A after the clarified crude extract was passed over the
column. RSV a RT was eluted with a 10-column volume
linear gradient of 100% Buffer A to 75% Buffer A+25%
Buffer B. The peak fractions of RT activity from the Chelat-
ing Sepharose Fast Flow column (10-12% Buffer B) were
pooled, dithiothreitol and EDTA were added to the pool to
achieve final concentrations of 1 mM and 0.1 mM, respec-
tively, and the pool was dialyzed overnight against 95%
Buffer S+5% Buffer T. The dialyzed pool was loaded on a 22
ml AF-Heparin-650M column equilibrated in Buffer S. After
a wash with 9 column volumes of 95% Buffer S+5% Buffer T,
the column was eluted with a 9 column volume linear gradient
of 95% Buffer S+5% Buffer T to 60% Buffer S+40% Buffer
T. The peak fractions of RT activity (11-20% Buffer J) were
pooled and dialyzed for 3 to 4 hours against 97.5% Buffer H
and 2.5% Butffer J. The dialyzed pool was loaded unto a3.5 ml
phosphocellulose column (Whatman) equilibrated in 100%
Buffer H. After a wash with 12 column volumes of 97.5%
Buffer H+2.5 Buffer J, the column was eluted with a 14
column volume linear gradient of 97.5% Buffer H+2.5%
Buffer J to 60% Buffer H+40% Buffer J. The peak fractions of
RT activity (12-20% Buffer J) were pooled and dialyzed
overnight against 99% Buffer S+1% Buffer T. The dialyzed
pool was loaded unto a Mono S HR 5/5 column equilibrated
in Buffer S. After a wash with 10 column volumes of 100%
Buffer S, the column was eluted with a 20 column volume
linear gradient of 100% Buffer 5 to 75% Buffer S+25%
Buffer T. The RT peak fractions (15-17% Buffer T) were
pooled, dialyzed against Storage Buffer overnight, and stored
at —=20° C. RSV o RT was found to be 80% homogeneous as
judged by SDS-PAGE.

[0298] RSV pp4fPp4 RT isolation. RSV Pp4fp4 RT was
purified as described in Example 2 for RSV aff with the
following exceptions. The pooled RT fractions from the
Chelating Sepharose Fast Flow column were dialyzed over-
night against 90% Buffer H+10% Bufter J. The RSV Bp4pp4
RT precipitated in this buffer. The RT was recovered by
centrifugation, dissolved in Storage Bufter containing 0.5 M
KCl, and stored at —=20° C. RSV pp4fp 4 RT was found to be
95% homogeneous as judged by SDS-PAGE.

[0299] Estimation of the Amounts of o, oy and RSV RT
in Baculovirus-Infected Insect Cells

[0300] Chromatography methods described in Example 2
can be used to separate and isolate any o, a.fp and RSV RT
present in crude extracts from virus-infected insect cells.
RSV RT a is separable from the other two enzymes forms by
chromatography on a Chelating Sepharose Fast Flow column,
where a either does not bind or elutes at <30 mM imidazole,
and aff and B elute together at >50 mM imidazole. This is
possible by virtue of the His, tag present on {3, but not on a.
RSV af and pp RT are separable subsequently by chroma-
tography on Heparin-650M (a3 elutes at 0.45M KCl and B3
elutes at 0.58M KC). Reverse transcriptase is quantitated by
assay with poly(C).oligo(dG) (Gerard, G. F., e al., Biochem-
istry 13:1632 (1974)). The specific activities of RSV RT «a,
af and Bp with poly(C).oligo(dG) are 140,000, 90,000 and
6,000 units/mg of protein, respectively.
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[0301] Cloning, Expression, Purification and Use of RSV
Viral Protease p15
[0302] RSV viral protease was cloned and expressed as a

linked dimer in E. coli and purified from inclusion bodies as
described (Bizub, D., et al., J. Biol. Chem. 266: 4951 (1991)).

[0303] Reaction mixtures (25 pl) used to digest RSV pp4
RT with RSV protease contained 100 mM NaPO,, (pH 6.0 to
7.0), 1 mM 2-mercaptoethanol, 0.01% (w/v) Triton X-100,
2.4 M NaCl, 5 ug RSV fp4 RT, and 5 pg RSV protease.
Incubations were for 1 to 16 hours at 4° C. Digestion products
were analyzed by SDS-PAGE and by assay for recovery of RT
activity.

[0304] Assay of RNase H Activity of RSV RT

[0305] TheRNase Hactivity of RSV RT was determined by
monitoring the solubilization of [*H]poly(A) in [*H]poly(A).
poly(dT). Reaction mixtures (50 ul) contained 50 mM Tris-
HCI (pH 8.4), 20 mM KCl, 10 mM MgCl,, 10 uM each of
[*Hlpoly(A) (300 cpm/pmole) and poly(dT) in [*H]poly(A).
poly(dT) and 10 mM dithiothreitol. Reaction mixtures were
incubated at 37° C. for 20 minutes. Incubations were termi-
nated by the addition of 80 pl of 20% (w/v) TCA and 10 ul of
1 mg/ml tRNA, and after centrifugation the amount of [*H]
poly(A) solubilized was determined by counting the super-
natant in aqueous scintillation fluid. One unit of RNase H
activity was the amount of enzyme that solubilized one nmole
of [*H]poly(A) in 20 minutes at 37° C.

[0306] Assay of DNA Polymerase Activity with Poly(C).
Oligo(dG), .15
[0307] The RNA-dependent DNA polymerase activity of

RSV RT was determined by monitoring the synthesis of acid
insoluble [*H]poly(dG) form poly(C).oligo(dG). Reaction
mixtures (50 pl) contained 50 mM Tris-HCI (pH 8.4), 50 mM
KCl, 10 mM MgCl,, 0.5 mM poly(C), 0.2 mM oligo(dG), ,_
12, 0.5 mM [*H]dGTP (40 cpm/pmole), and 10 mM dithio-
threitol. Reactions were incubated at 37° C. for 10 minutes
and labeled products were acid precipitated on GF/C glass
filters that were counted in a scintillation counter. One unit of
DNA polymerase activity was the amount of enzyme that
incorporated one nmole of [*’H]dGTP in 10 minutes at 37° C.

[0308] Results and Discussion

[0309] Alternative Methods of Generating RSV a.ff RT
[0310] Examples 1 through 6 demonstrated that RNase H™
forms of avian RT are more efficient than RNase H*RT in
copying mRNA. The studies presented in this Example were
designed to determine the efficiency of mRNA copying by
RSV RNase H™ aff RT that was generated by co-expression of
the RSV a and 3 genes in several expression systems.

[0311] Expressionin E. coli. Small amounts of soluble and
active o, Bf3, Pp4Pp4, and aff RSV RT have been purified
from E. coli (Alexander, F., et al., J. Virol. 61: 534 (1987);
Weis, J. H., and Salstrom, J. S., U.S. Pat. No. 4,663,290
(1987); Soltis, D. A. and Skalka, A. M., Proc. Nat. Acad. Sci.
US4 85:3372 (1988), and Cherhov, A. P., etal. Biomed Sci. 2:
49(1991)). However, most of the RSV RT expressed in E. coli
in these previous reports was in an insoluble form.

[0312] The present efforts to express amounts of RSV RT
proteins easily purified from E. coli are documented in the
Materials and Methods section of this Example. In general,
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similar results to those previously published were obtained;
that is, most of the RSV RT protein expressed in E. coli was
insoluble, and only small amounts of RT activity were
observed. Because of low RT levels, no attempts were made
to purify RSV RT expressed in E. coli.

[0313] Expression of'the RSV RT Pp4 or [} gene in cultural
insect cells. Heterodimeric p66/p51 HIV RT has been pro-
duced in E. coli and yeast host cells when the cloned gene for
HIV p66 was expressed (Lowe, D. M., et al., Biochemistry
27:8884 (1988); Muller, B., et al., J. Biol. Chem. 264:13975
(1989); and Barr, P. I, et al., BioTechnology 5:486 (1987)).
Formation of the heterodimer occurs by proteolytic process-
ing of p66/p66 by endogenous host proteases. In contrast,
expression of the gene for HIV RT p66 in cultured insect cells
yielded only p66/p66 homodimer (Kawa, S., et al., Prot.
Expression and Purification 4:298 (1993)).

[0314] In the present studies, expression of the gene for
RSV RT pp4 in cultured insect cells was similarly found to
result exclusively in the production of homodimer fp4pp4
(data not shown); little processing to aff or o was observed.
When the RSV RT [ gene was expressed in these cells,
however, all three forms of RSV RT were produced (Table 6).
Most of the RT present in the cells was B (50-80%); a small
amount of afp was produced (~10%), and even a was obtained
(10-40%). These results suggest that endogenous host pro-
teases in cultured insect cells proteolyze 3, but not Pp4pfp4,
to af. The RSV o RT generated by proteolysis of pf5 had
much lower functional activity than off generated by co-
expression of the RSV RT a and 3 genes (Table 7).
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TABLE 6
Expression Levels of RSV RTs in Insect Cells Infected
With RSV RT 3 Gene
Amount of RT Present

per 30 grams of Insect Cells
Infection RSV BB RT RSV ap RT RSV a RT
No. mg % mg % mg %
1 0.7 54 0.1 8 0.5 38
2 0.12 79 0.017 11 0.015 10
3 0.55 83 0.05 8 0.06 9

[0315] Expression of RSV RT pp4 in insect larvae. Bacu-

lovirus bearing the RSV RT pp4 gene was also used to infect
live larvae by physical injection of virus. The level of pro-
teases present in larvae and in larval extracts is much higher
than in cultured insect cells. Processing of fp4 to multiple
forms of proteolyzed RT was observed, including processing
to a. The major species of RT that could be purified from
these extracts had four major bands that migrated on SDS-
PAGE at 97 kDa (His-tagged ), 87 kDa (proteolyzed [3), 67
kDa (partially processed His-tagged o), and 62 kDa (a with
His tag removed by proteolysis). This RSV RT had a specific
activity of 55,000 units/mg protein, comparable to RSV af§
RT. In the functional activity assay (Example 3), however, the
RT purified from larvae had 85% and 60% of the total product
and full length product functional activity, respectively, of
RSV aff RT generated by co-expression of o and 3 (Table 7).

TABLE 7

Specific and Functional Activities of Various Forms of RSV RTs Expressed in Insect Cells

RT Form Isolated
RSV ap RT RSV Bp RT RSV @ RT RSV Bp4pp4 RT
Functional Functional Functional
Activity” Functional Activity Activity
Specific Full-  Specific Activity Specific Full- Spec. Full-
Gene(s) Activity”  Total  length Activity Total Full-length ~ Activity ~ Total  length Act. Total  length
Expressed  (Umg) (ghg)® (ghg)? (Umg) (ghg)  (ghy)  (Umg) (ughy (ghy) (Umg) gy @ghs)
aand p 53,191 4,092 874 NP¢ NP NP ND/ ND ND NP NP NP
B 25,113 1,098 116 15,819 584 41 ND ND ND NP NP NP
Pp4 NP NP NP NP NP NP NP NP NP 15,984 450 67
a NP NP NP NP NP NP 48,759 272 6 NP NP NP

“Specific activity = units (U) RT activity/mg RT protein in poly(A)*oligo(dT) assay (Houts et al., J. Virol. 29: 517 (1979)).

Functional activity established with 7.5 Kb RNA as described in Example 3.

“Mass of total reverse transcribed product, ng of product produced per pg of RT used.

Mass of full-length reverse transcribed product, ng of product produced per pg of RT used.

¢“NP” = RT form not produced by insect cells expressing the indicated gene.

FND” = RT form produced by insect cells, but not analyzed in present studies.
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[0316] Co-expression of RSV RT fp4 and RSV protease
pl5 in cultured insect cells. Heterodimeric p66/p51 HIV RT
has been produced efficiently in E. coli by co-expression of
HIV protease and HIV RT p66 (Mizuahi, V., et al., Arch.
Biochem Biophys. 273:347 (1989) and Le Grice, S. F. J. and
Gruninger-Leitch, F., Fur. J. Biochem. 187:307 (1990)). Co-
expression of the viral protease increased the overall effi-
ciency of converting p66/p66 to heterodimer. As described
above in the Materials and Methods section of this Example,
co-expression of RSV RT p and RSV protease p15 genes in E.
coli did not result in enhanced production of RSV aff RT.
Similarly, co-expression of RSV RT fp4 and RSV protease
pl5 in cultured insect cells did not appreciably enhance the
formation of RSV aff RT.

[0317] Processing of RSV RT fp4 with RSV protease p15
in vitro. Heterodimeric p66/p51 HIV RT has been produced
from p66 purified from E. coli by treatment with HIV pro-
tease in vitro (Chattopodhyay, D., et al., J. Biol. Chem. 267:
14227 (1992)). Purified RSV RT Pp4 was treated with RSV
protease pl5 to generate RSV aff RT. This approach was
successful in generating some o3 from fp4 based upon SDS-
PAGE analysis, but several difficulties were encountered.
First, contrary to what was observed with viral protease treat-
ment of HIV p66 RT, processing of fp4 to a.fp did not always
stop at aff, as o in excess of  was formed as proteolysis
proceeded. Second, significant loss of DNA polymerase
activity was observed during proteolysis, suggesting RSV RT
was partially inactivated by the acid pH reaction conditions
required by RSV protease.

[0318] Processing of RSV RT pp4 with chymotrypsin in
vitro. Heterodimeric p66/p51 HIV RT has also been produced
from p66 by limited proteolysis with a-chymotrypsin (Lowe,
D. M., et al., Biochemistry 27:8884 (1988)). This approach
was tried unsuccessfully with RSV RT pp4. We found the
digestion of fp4 with a-chymotrypsin was difficult to con-
trol, and proteolysis was observed to not stop at af, but to
proceed to conversion of fp4 to a.

[0319] Mixing of RSV RT a and f§ (in vitro) to generate .
Heterodimeric p66/p51 HIV RT has been produced by mix-
ing separate crude cell lysates containing p51 alone and p66
alone (Stahlhut, M., et al., Protein Expression and Purifica-
tion 5:614 (1994)). Mixing of the separate subunits results in
formation of a 1:1 molar complex of p66/p51. In contrast,
mixing of purified RSV a RT with purified RSV p RT at
approximately a 1:1 molar ratio did not result in the formation
of'an aff complex. These results are consistent with the notion
that the RSV subunits, once folded separately in an active
conformation, prefer to remain separate when mixed.

[0320] Relative Ability of Various Forms of RSV RT to
Copy RNA
[0321] A comparison was made of the ability of four dif-

ferent forms of RSV RT (af, PP, o, and Pp4pp4) to copy
RNA. The RNase H active site of each subunit in these
enzymes was mutated to eliminate RNase H activity. Each RT
was expressed in cultured insect cells and purified by methods
described above and in Example 1. Two RNAs were used for
comparison: synthetic homopolymer poly(A) and 7.5-Kb
mRNA. With poly(A).oligo(dT) as template-primer, a spe-
cific activity was calculated by determining an initial rate of
poly(dT) synthesis catalyzed at limiting enzyme concentra-
tion, and then normalizing the rate to a given mass (mg) of RT
in the reaction. This specific activity simply represents the
ability of a given RT to incorporate a single deoxynucleotide
with an artificial template, and does not necessarily represent
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the ability of the enzyme to copy heteropolymeric RNA. With
7.5-Kb RNA as template, the ability of the RTs to make a
full-length copy of along heteropolymeric RNA was assessed
(see Example 3 for details). The results are shown above in
Table 7.

[0322] Two different forms of aff were characterized in
Table 7. One form was generated as the result of the expres-
sion of the RSV RT [ gene and subsequent proteolytic pro-
cessing in host insect cells, and had reduced specific and
functional activity. The other form of o was generated by
co-expression of the RSV RT a and p genes. This form of .
had a similar specific activity to a, approximately 50,000
units/mg, and had a higher specific activity than either fj or
Pp4pp4 (approximately 16,000 units/mg). Comparison ofthe
functional activity of this aff to other RT forms showed a
much more dramatic contrast. RSV a.f RT produced 7, 9 and
15 times more total cDNA per mass of enzyme than pf,
Pp4pp4 and a, respectively, from 7.5-Kb RNA. Even greater
differences were observed when yield of full length product
was assessed: RSV aff RT produced 21, 13 and 146 times
more full length product per mass of enzyme than 3, fp4pp4
and a, respectively. RSV aff RT produced by co-expression
of'the RSV RT o H™ and BH™ genes is therefore much more
efficient in copying mRNA than is any other form of RSV RT
prepared by analogous methods.

[0323] Evidence that Only the . Subunit in RSV aff RT is
Active
[0324] Selective DNA polymerase active site mutagenesis

of'the HIV RT heterodimer p66/p51 has shown that only the
DNA polymerase active site of p66 is crucial for DNA poly-
merase activity (LeGrice, S. F. 1, et al., The EMBO Journal
10: 3905 (1991) and Hostomsky, Z., et al., J. Virol. 66: 3179
(1992)). The p51 subunit in the HIV p66/p51 heterodimer
apparently assumes a conformation which does not have a
substrate binding cleft and therefore does not participate
directly in dNTP binding and incorporation (Jacob-Molina,
A., etal., Proc Natl. Acad Sci USA 90: 6320 (1993)).

[0325] In the present studies, the same question was asked
for RSV aff RT. In this case, since each subunit contains both
a DNA polymerase and RNase H active site, combinations of
DNA polymerase mutants alone and RNase H mutants alone
were characterized. The results are shown in Table 8.

TABLE 8

DNA Polymerase and RNase H Activities of Various Forms of
RSV RT.

Specific Activity (Units/mg) Ratio of DNA

RSV RT Form  DNA Polymerase =~ RNase H Polymerase/RNase H
oH*Y/pH* 52,095 924 56.4
aH/pH™ 53,191 <0.1 —
aH*/pH~ 48,250 760 64.5
aH/pH* 50,909 4.5 11,313
BH/PH" 15,819 <0.1 —

aH™ 48,759 <0.1 —
apol*/ppol* 52,095 924 56.4
apol/ppol™ 50 600 0.08
apol*/ppol” 57,500 900 63.9
apol/ppol* 1,143 629 1.82
[0326] As shown in Table 8, when the RNase H active site

in both subunits was mutated to eliminate RNase H activity,
RNase H activity in purified enzyme was reduced to below
detectable levels, while DNA polymerase activity was
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unchanged. When the RNase H active site in § was altered
with the same mutation and the o RNase H active site was
wild type, the enzyme was similar to wild type in polymerase
and RNase H activity. In contrast, mutation of the & subunit in
RNase H, but not the § subunit, resulted in a 200-#fold reduc-
tionin RNase H activity. Therefore, in the case of RSV ol RT,
the RNase H domain of the large subunit () folds in an
inactive conformation. Examination of DNA polymerase
active site mutants in RSV aff RT revealed the same results
(Table 8). The c subunit, but not the § subunit, supplies the
DNA polymerase catalytic activity. So, in contrast to HIV
p66/p51 RT, the smaller RSV aff RT subunit, not the larger,
maintains enzymatic activity. The common element in both
enzymes is that the subunit possessing DNA polymerase and
RNase H domains folds in an active conformation, while
subunits missing the RNase H domain or possessing an addi-
tional domain (integrase), fold in an inactive conformation.

[0327] In sum, these results demonstrate that only the ad
form of ASLV RT copies mRNA efficiently. In addition, the
present results indicate that expression of ASLV RT in E. coli
results in little or no production of active RT, while expression
and activity increase dramatically by cloning and expression
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of ASLV RT in insect cells and yeast. Finally, by placing point
mutations in either the DNA polymerase or the RNase H
active site ofthe o or ff subunitof RSV aff RT, it has now been
discovered that the DNA polymerase and RNase H catalytic
activities of the RSV RT af heterodimer reside in the
subunit alone.

[0328] Having now fully described the present invention in
some detail by way of illustration and example for purposes
of clarity of understanding, it will be obvious to one of ordi-
nary skill in the art that the same can be performed by modi-
fying or changing the invention within a wide and equivalent
range of conditions, formulations and other parameters with-
out affecting the scope of the invention or any specific
embodiment thereof, and that such modifications or changes
are intended to be encompassed within the scope of the
appended claims.

[0329] All publications, patents and patent applications
mentioned in this specification are indicative of the level of
skill of those skilled in the art to which this invention pertains,
and are herein incorporated by reference to the same extent as
if each individual publication, patent or patent application
was specifically and individually indicated to be incorporated
by reference.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 24

<210> SEQ ID NO 1

<211> LENGTH: 39

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 1

auggagaucu cucatatgac tgttgcgcta catctggcet

<210> SEQ ID NO 2

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 2

aacgcguacu agugttaaca gcgegcaaat catgcag

<210> SEQ ID NO 3

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 3

cuacuacuac uaggtaccct ctcgaaaagt taaacc

<210> SEQ ID NO 4

<211> LENGTH: 45

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

39

37

36
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-continued

<400> SEQUENCE: 4

caucaucauc auctcgagtt atgcaaaaag agggctegec tcatce 45

<210> SEQ ID NO 5

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 5

ggacccactg tctttaccge ggectectca agcace 36

<210> SEQ ID NO 6

<211> LENGTH: 39

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 6

caucaucauc aucccgggtt aatacgettg gaaggtgge 39

<210> SEQ ID NO 7

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 7

cuacuacuac uatcatgact gttgegetac atctg 35

<210> SEQ ID NO 8

<211> LENGTH: 33

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 8

cuacuacuac uaggtaccct ctcgaaaagt taa 33

<210> SEQ ID NO 9

<211> LENGTH: 52

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 9

caucaucauc augaggaatt cagtgatggt gatggtgatg tgcaaaaaga gg 52
<210> SEQ ID NO 10

<211> LENGTH: 41

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 10

actggaattc atgccaatcce atcaccatca ccatcacceg t 41
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-continued
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<210> SEQ ID NO 11

<211> LENGTH: 41

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 11

acgtgtcgac catatggatg actaggtgaa acgggtgatg g

<210> SEQ ID NO 12

<211> LENGTH: 71

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Annealed primer product

<400> SEQUENCE: 12
actggaattc atgccaatce atcaccatca ccatcacceg tttcacctag tcatccatat

ggtcgacacg t

<210> SEQ ID NO 13

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 13

gactagttct agatcgcgag cggccgecca ttaactcteg ttggeage

<210> SEQ ID NO 14

<211> LENGTH: 16

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 14

tcgacccacyg cgteeg

<210> SEQ ID NO 15

<211> LENGTH: 12

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 15

cggacgcgtyg gg

<210> SEQ ID NO 16

<211> LENGTH: 42

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 16

auggagaucu cugaattcat gactgttgeg ctacatctgg ct

41

60

71

48

16

12

42
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-continued

<210> SEQ ID NO 17

<211> LENGTH: 32

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 17

attattcata tgactgttge gctacatetg ge

<210> SEQ ID NO 18

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 18

tacgatctct ctccaggeca tttte

<210> SEQ ID NO 19

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 19

actcgagcag cccgggaace tttg

<210> SEQ ID NO 20

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 20

32

25

24

attacccggg aggatatcat atgttagega tgacaatgga acataaag 48

<210> SEQ ID NO 21

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 21

atatgtcgac tcacagtgge cctcecctata aatttg

<210> SEQ ID NO 22

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 22

tattaggatc ccatgactgt tgegetacat ctgge
<210> SEQ ID NO 23

<211> LENGTH: 29

<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence

36

35
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-continued

<220> FEATURE:
<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 23

gcaatccttyg agctctaaga ccatcaggg

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 24

LENGTH: 36

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Oligonucleotide
<400>

SEQUENCE: 24

ggacccactg tctttaccge ggectectca agcace

29

36

1. A composition for use in reverse transcription of a
nucleic acid molecule, said composition comprising two or
more polypeptides having reverse transcriptase activity.

2. The composition of claim 1, wherein said polypeptides
are obtained from different sources.

3. The composition of claim 1, wherein the transcription
pause site of each of said polypeptides is different from that of
each of the other polypeptides in said composition.

4. The composition of claim 1, wherein said polypeptides
are reduced or substantially reduced in RNase H activity.

5.-9. (canceled)

10. A method for reverse transcription of one or more
nucleic acid molecules comprising

(a) mixing one or more nucleic acid templates with two or

more polypeptides having reverse transcriptase activity;
and

(b) incubating said mixture under conditions sufficient to

make one or more first nucleic acid molecules comple-
mentary to all or a portion of said one or more templates.

11.-21. (canceled)

22. A kit for use in reverse transcription, amplification or
sequencing of a nucleic acid molecule, said kit comprising
two or more polypeptides having reverse transcriptase activ-
ity.
23.-115. (canceled)

116. The composition of claim 1, wherein at least one of
said two or more polypeptides having reverse transcriptase
activity is selected from the group consisting of retroviral

reverse transcriptase, retrotransposon reverse transcriptase,
hepatitis B reverse transcriptase, cauliflower mosaic virus
reverse transcriptase, bacterial reverse transcriptase, Tth
DNA polymerase, Taq DNA polymerase, Tne DNA poly-
merase, Tma DNA polymerase and mutants, fragments, vari-
ants, or derivatives thereof.

117. The method of claim 10, wherein at least one of said
two or more polypeptides having reverse transcriptase activ-
ity is selected from the group consisting of retroviral reverse
transcriptase, retrotransposon reverse transcriptase, hepatitis
B reverse transcriptase, cauliflower mosaic virus reverse tran-
scriptase, bacterial reverse transcriptase, Tth DNA poly-
merase, Taqg DNA polymerase, Tne DNA polymerase, Tma
DNA polymerase and mutants, fragments, variants, or deriva-
tives thereof.

118. The kit of claim 22, wherein at least one of said two or
more polypeptides having reverse transcriptase activity is
selected from the group consisting of retroviral reverse tran-
scriptase, retrotransposon reverse transcriptase, hepatitis B
reverse transcriptase, cauliflower mosaic virus reverse tran-
scriptase, bacterial reverse transcriptase, Tth DNA poly-
merase, Taqg DNA polymerase, Tne DNA polymerase, Tma
DNA polymerase and mutants, fragments, variants, or deriva-
tives thereof.



