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1
INDUCIBLE EXPRESSION SYSTEMS

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

TECHNICAL FIELD

The invention relates to molecular biology, 1n particular to
improved expression systems of nucleic acids.

BACKGROUND

Systems to modulate nucleic acid expression are 1mpor-
tant for a wide variety of basic and applied biological
research areas, including functional genomics, gene therapy,
vaccination, animal models for human diseases and biophar-
maceutical protein production. In these applications, expres-
sion of a nucleic acid(s) of interest 1s preferably controlled
in a quantitative and temporal way. Several artificial gene
expression systems that are regulated by non-toxic effector
molecules 1n a dose-dependent and reversible manner are
currently available. The Tet system, 1n which gene expres-
sion 1s stringently controlled by tetracycline (Ic) or its
derivative doxycycline (dox), 1s the most widely-used regu-
latory circuit (Baron et al. 2000; Gossen et al. 2001; Berens
ct al. 2003). This system 1s based on the sequence-speciiic,
high-athinity binding of the Escherichia coli Tet repressor
protein (TetR) to the tet operator (tetO) DNA sequence. Ic
or dox binds to TetR and triggers a conformational change
that prevents the repressor protein from binding to tetO.
Fusion of the VP16 activation domain of herpes simplex
virus to TetR resulted 1n the transcriptional activator tTA,
which induces nucleic acid expression from tetO-containing,
promoters (P, ) in eukaryotic cells (Gossen et al. 1992). The
presence ol Tc or dox abolishes tTA-tetO interaction and
switches ofl gene expression (Tet-ofl system). A tTA varnant
with four amino acid substitutions 1n the TetR moiety was
identified, which exhibits a reverse phenotype (Gossen et al.
1993). This reverse tTA (called rtTA) binds to P, , exclu-
sively 1n the presence of dox, but not 1n its absence (Tet-on
system). Both Tet systems are now widely applied to control
nucleic acid expression i eukaryotes, including mammals,
plants and insects (reviewed in (Gossen et al. 2001)).
Because long-term exposure to eflectors 1s often undesir-
able, the Tet-on system 1s preferred 1n applications in which
nucleic acid expression 1s to be sustained 1n a switched-ofl
state for long periods, or when rapid induction of nucleic
acid expression 1s required.

Unfortunately, the amino acid substitutions in rtTA that
confer the reverse phenotype also affect 1ts binding affinity
for eflectors. As a consequence, rtTA has lost the ability to
be activated by Tc and other Tc-like compounds, and it
requires 100-fold more dox for maximal induction than that
1s needed for tTA inhibition. These characteristics severely
limit the 1 vivo use of the Tet-on system. For example, to
activate Tet-on controlled transgene expression in the rat
brain, the animals have to be fed with high doses of dox that
are nearly toxic (Baronet al. 1997). Therefore, the Tet-on
system, particularly 1ts eflector-sensitivity, has to be
improved.

Previously, the Tet system has been optimized by intro-
duction of rationally designed mutations (Baron et al. 1997;
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Baron et al. 1999), and by directed evolution 1n which
random mutagenesis of the components of the Tet system

was lfollowed by functional screening of the mutants in
bacterial or yeast assay systems (Gossen et al. 1995; Url-
inger et al. 2000). However, these approaches are labor
intensive, and mutations selected 1n bacterial or yeast assay
systems are not necessarily improvements in higher eukary-
otes.

Another disadvantage of current rtTA systems 1s the risk
of reduced dox-dependence after multiple rounds of repli-
cation. This problem, for instance, arises during vaccination
applications where replication of at least part of a pathogen
1s under control of an rtTA system. In such vaccination
applications, protection against the pathogen 1s acquired by
controlled, inducible replication of the at least part of a
pathogen, preferably during a restrained time span. If, how-
ever, the rt'TA system loses 1ts dox-dependence, the at least
part of a pathogen will constitutively replicate, resulting in
too much pathogenic nucleic acid and/or proteins, involving
a safety problem. The same kind of problem arises during
other applications involving repeated rounds of amplifica-
tion of rtTA. It 1s therefore desired to improve the genetic
stability of current rtTA systems.

DISCLOSURE

Provided are rtTA and single chain rtTA variants. Prefer-
ably, rtTA and single chain rtTA variants are provided with
at least one 1improved property.

The mvention provides a method for inducibly expressing
a nucleic acid sequence of interest, the method comprising:

providing a nucleic acid construct comprising the nucleic

acid sequence of interest operably linked to an induc-
ible gene expression system which comprises an rtTA
encoding nucleic acid sequence and/or a single chain
rtTA encoding nucleic acid sequence, the rtTA encod-
ing nucleic acid sequence and/or single chain rtTA
encoding nucleic acid sequence comprising a mutation

in a codon at rtTA amino acid position 9, and/or 19,
and/or 37, and/or 56, and/or 67, and/or 68, and/or 138,

and/or 157, and/or 171, and/or 177, and/or 195;
introducing the nucleic acid construct to a suitable expres-
sion system; and

allowing for inducible expression of the nucleic acid

sequence ol interest.

In one embodiment, a mutation 1n at least one of the above
mentioned codons of an rtTA nucleic acid or a single chain
rtTA (sc rtTA) nucleic acid results in an improved rtTA or sc
rtTA activator as compared to currently used Tet-on systems,
such as described 1n (Gossen et al. 1995), (Urlinger et al.
2000) and (Krueger et al. 2003). Using an rtTA or sc rtTA
variant, an 1mproved rtTA or sc rtTA system 1s provided
which has a higher transcriptional activity, a higher dox-
sensitivity, a higher genetic stability and/or a lower level of
transcription in the absence of an inducer, as compared to
currently used rtTA or sc rtTA systems. The level of tran-
scription 1n the absence of an inducer 1s called herein basal
activity. Furthermore, rtTA and sc rtTA systems are provided
which are inducible by antibiotics other than doxycycline.
Hence, 1n some embodiments, the use of an rtTA and/or sc
rtTA for mducibly expressing a nucleic acid sequence of
interest 1s disclosed.

Some embodiments provide a method according to the
invention wherein the rtTA encoding nucleic acid sequence
and/or single chain rtTA encoding nucleic acid sequence
further comprises a mutation 1n a codon at rtTA amino acid
position 12, and/or 86, and/or 209. It has been shown that
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such additional mutations result 1n improved characteristics
of the resulting rtTA and sc rtTA systems.

A single chain rtTA (sc rtTA) 1s a monomer comprising
the same transregulating properties as the rtTA dimer in
kind, not necessarily 1n amount. The sc rtTA preferably
comprises two TetR moieties and one eukaryotic regulatory
domain. The two TetR moieties are preferably connected to
cach other by a linker, the linker preferably comprising a
sequence encoding an (SG,). linker, which 1s long and
flexible enough to allow 1ntramolecular assembly of the two
TetR proteins. Non-limiting examples of single-chain Tet
transregulators are described 1in (Krueger et al. 2003). The
methods described therein on page 30350, last paragraph and
page 3051 for generating a single chain tTA and/or a single
chain rtTA are incorporated herein by reference. These
methods are non-limiting examples of generating sc rtTA.

In one aspect, a mutation in a sc rtTA which corresponds
to a mutation 1n an rtTA dimer transregulator results i an
improved sc rtTA. A mutation 1n a sc rtTA corresponds to a
mutation 1n an rtTA dimer when a mutation 1n a sc rtTA 1s
present in a codon encoding an amino acid residue at a
position within the sc rtTA which 1s comparable to rtTA
amino acid position 9, 12, 19, 37, 36, 67, 68, 86, 138, 157,
171, 177, 195 and/or 209.

By inducibly expressing a nucleic acid sequence of inter-
est 1s meant herein that expression of a nucleic acid of
interest 1s at least in part influenced by at least one inducer.
Hence, by regulating the amount of inducer that 1s admin-
istered to the expression system, one may regulate the
amount of expression of the nucleic acid sequence of
interest. The inducer may comprise an exogenous com-
pound, meaning that the compound 1s not naturally present
within the expression system. Preferably, expression of a
nucleic acid sequence of interest 1s dependent on the pres-
ence of an inducer. This means that the nucleic acid 1is
expressed in the presence of an inducer, while 1t 1s expressed
to a significantly lesser extent in the absence of the inducer.
Preferably, the nucleic acid sequence i1s essentially not
expressed 1n absence of the inducer.

A nucleic acid sequence of interest 1s operably linked to
an 1nducible nucleic acid expression system when the induc-
ible nucleic acid expression system 1s capable of expressing
the nucleic acid sequence of interest. In embodiments, the
nucleic acid sequence of interest 1s under control of a
tetO-containing promoter. Expression of the nucleic acid of
interest 1s at least 1 part inhibited in the absence of an
inducer, since rtTA and/or sc rtTA does not activate tetO-
driven expression when an inducer 1s absent. In the presence
of an inducer, rtTA and/or sc rtTA are able to activate
tetO-driven expression of the nucleic acid of interest.

In embodiments, an rtTA or sc rtTA nucleic acid sequence
1s defined as an rtTA or sc rtTA nucleic acid sequence
derived from an rtTA or sc rtTA sequence (Urlinger et al.
2000; Das et al. 2004; Krueger et al. 2003), which rtTA or
sc rtTA sequence has been provided with at least one
mutation as described herein. In some embodiments, at least
one mutation according to the mvention 1s mntroduced nto
the rtTA sequence depicted 1n FIG. 19. In certain embodi-
ments, a method 1s provided wherein the rtTA encoding
nucleic acid sequence and/or single chain rtTA encoding
nucleic acid sequence comprises at least one mutation or
combination of mutations according to the invention as
compared to an rtTA encoding nucleic acid sequence
depicted 1n FIG. 19.

In embodiments, an rtTA nucleic acid and/or a sc rtTA
nucleic acid may be mutated in a variety of ways. It 1s, for
instance, possible to artificially introduce at least one muta-
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tion 1n an rtTA or sc rtTA nucleic acid via site directed
mutagenesis. Various methods for artificially introducing a
specific mutation are known 1n the art and do not require
further explanation here. Once a mutation or a combination
of mutations 1s 1introduced, an rtTA or sc rtTA nucleic acid
of the invention may be further amplified. Amplified rtTA or
sc rtTA comprising a mutation 1s thus also herewith pro-
vided. It 1s clear that 1t 1s no longer necessary to artificially
introduce a mutation once an rtTA or sc rtTA nucleic acid
sequence of the invention 1s available, since a mutation 1n
some embodiments of the mnvention i1s retained during
amplification.

In some embodiments, an rt TA and/or sc rtTA with at least
one mutation may be selected from a collection of rtTA/sc
rt TA nucleic acids. For instance, non-specific mutations may
be introduced 1nto a collection of rtTA/sc rtTA nucleic acids,
and a nucleic acid molecule comprising at least one mutation
1s selected (optionally after amplification). In an embodi-
ment, rtTA or sc rtTA nucleic acid of the invention 1s selected
from a collection of amplified rtTA or sc rfTA via an
evolution and selection method. Since a mutation may
provide at least one advantage to an rtTA/sc rtTA nucleic
acid, 1t 1s possible to select a nucleic acid with a mutation of
the invention on the basis of such advantage. For instance,
a mutation resulting in enhanced sensitivity for dox may be
selected using very small amounts of dox. An inducible gene
expression system may, for example, be incubated with a
very small amount of dox, and sensitive systems selected. As
another example, a mutation resulting 1n diminished basal
activity may be selected by selecting an inducible nucleic
acid expression system with very little, 11 any, activity 1n the
absence of an 1nducer.

In one embodiment, forced evolution 1s used in order to
generate and select an rtTA and/or sc rtTA nucleic acid with
at least one mutation. In such a method, amplification of
itTA or sc rt'TA may be performed using a method which
involves the mtroduction of mismatches. This i1s preferably
performed using a genome of a virus comprising RNA,
because the error-prone nature of 1ts replication machinery
(c.g., the reverse transcriptase (RT) enzyme or RNA poly-
merase enzyme) allows for the generation of modified
nucleic acid sequences. This way, altered rtTA/sc rtTA
nucleic acid molecules are produced. If such altered nucleic
acid sequences comprise a mutation, the nucleic acid will
have an advantage over nucleic acid sequences without a
mutation. As a result, nucleic acid molecules comprising at
least one mutation will outgrow nucleic acid molecules
without a mutation. As a result, an rtTA and/or sc rtTA
nucleic acid comprising at least one mutation may be easily
selected.

In one embodiment, a forced evolution method 1s used
with help of a Human Immunodeficiency Virus-1 (HIV-1)
genome, as described in WO 01/20013 page 21, lines 5-28,
incorporated herein by reference.

As used herein, an rtTA or sc rtTA variant 1s represented
by the term “X[number]Y”, wherein X represents the kind
of amino acid residue present in a currently used rtTA
activator, [number]| represents the position of the amino acid
residue 1n the rtTA, and Y represents the amino acid residue
that 1s currently present at the position 1n the variant. For
instance, V91 means a variant which comprises at rtTA
amino acid position 9 an 1soleucine residue instead of a
valine residue. Variants comprising multiple mutations are
represented by multiple X[number]Y indications. Hence,
vartant V91 F67S R171K F86Y means a variant which
comprises at rtTA amino acid position 9 an 1soleucine
instead of a valine and which comprises at rtTA amino acid
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position 67 a serine instead of a phenylalanine and which
comprises at rtTA amino acid position 171 a lysine instead
of an arginine and which comprises at rtTA amino acid
position 86 a tyrosine instead of a phenylalanine.

Which mutation, or which combination of mutations, 1s
used 1n a specific application 1s for instance dependent on the
kind of advantage(s) that 1s desired. For instance, for induc-
ible 1n vivo transgene expression 1n a brain, a sensitive rtTA
and/or sc rt'TA nucleic acid 1s particularly desired, since only
a small amount of inducer 1s capable of passing the blood
brain barrier. For such applications, an rtTA/sc rtTA nucleic
acid with a mutation at least resulting 1n improved sensitiv-
ity 1s preferred. In that case, variant V91 F67S G138D F86Y,
VOI F67S G138D F86Y A209T, VII F67S E157K F86Y,
VIOIF67S E1ISTK F86Y A209T, VIOl F67S R171K F86Y, VII
F67S R171K F86Y A209T, E37Q F67S F86Y, E37Q F67S
F86Y A209T, VIOI C68R G138D F86Y, VIOI C68R G138D
F86Y A209T, VII G19M G138D F86Y, VII G19M G138D
F86Y A209T, VOI E37Q G138D F86Y, VOI E37Q G138D
F86Y A209T, VII G19M F67S G138D F86Y, VII G19M
F67S G138D F86Y A209T, VII S12G F67S G138D EF86Y,
VOl S12G F67S G138D FR86Y A209T, VII F67S C68R
(138D F86Y and/or VII F67S C68R (G138D F86Y A209T
are preferred because these variants have more than 100-fold
doxycyclin sensitivity as compared to rtTA, with no or low
basal activity in the absence of inducer (as indicated 1n FIG.

14B). If some level of basal activity in the absence of
inducer 1s not a problem, a V91 G19M F67S G138D F86Y

and/or V91 G19M F67S G138D F86Y A209T rtTA vanant
1s particularly preferred, which 1s more than 300 times more
sensitive for doxycyclin induction as compared to rtTA
(indicated 1n FI1G. 14).

Furthermore, an rtTA or sc rtTA variant comprising an
alamine, cysteine, aspartate, phenylalamine, histidine, 1soleu-
cine, lysine, leucine, methionine, asparagine, glutamine,
arginine, serine, threonine valine or tyrosine residue at rtTA
amino acid position 19 has an improved transcriptional
activity as compared to currently known rtTA. The variants
have an increased transcriptional activity at a low doxycy-
cline concentration (between 10 and 100 ng/ml) and/or an
increased transcriptional activity at a high doxycycline con-
centration (between 100 and 1000 ng/ml), as compared to
currently known rtTA. One embodiment therefore provides
an 1solated, synthetic or recombinant amino acid sequence
comprising an rtTA sequence and/or a sc rtT’A sequence,
which rtTA sequence and/or sc rtTA sequence comprises an
alamine, cysteine, aspartate, phenylalamine, histidine, 1soleu-
cine, lysine, leucine, methionine, asparagine, glutamine,
arginine, serine, threomne, valine or tyrosine at rtTA amino
acid position 19. An isolated, synthetic or recombinant
nucleic acid sequence comprising a sequence encoding an
rtTA sequence and/or a sc rtTA sequence, which rtTA
sequence and/or sc rtTA sequence comprises an alamine,
cysteine, aspartate, phenylalamine, histidine, 1soleucine,
lysine, leucine, methionine, asparagine, glutamine, arginine,
serine, threonine valine or tyrosine at rtTA amino acid
position 19 1s also provided, as well as a use of the nucleic
acid sequence in a method for inducible expression of a
nucleic acid sequence of interest.

An rtTA or sc rt'TA variant comprising a cysteine, methio-
nine, glutamine, arginine or threonine residue at rtTA amino
acid position 37 has an improved transcriptional activity as
compared to currently known rtTA. The varnants have
increased transcriptional activity at a low doxycycline con-
centration (between 10 and 100 ng/ml) and/or increased
transcriptional activity at a high doxycycline concentration
(between 100 and 1000 ng/ml), as compared to currently
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known rtTA. One embodiment therefore provides an iso-
lated, synthetic or recombinant amino acid sequence com-
prising an rtTA sequence and/or a sc rtTA sequence, which
rtTA sequence and/or sc rtTA sequence comprises a cysteine,
methionine, glutamine, arginine or threonine residue at rtTA
amino acid position 37. An isolated, synthetic or recombi-
nant nucleic acid sequence comprising a sequence encoding
an rtTA sequence and/or a sc rtTA sequence, which rtTA
sequence and/or sc rtTA sequence comprises a cysteine,
methionine, glutamine, arginine or threonine residue at rtTA
amino acid position 37 1s also herewith provided, as well as
the use of the nucleic acid sequence 1n a method according
to the invention for inducibly expressing a nucleic acid
sequence ol interest.

If an rtTA and/or sc rtTA nucleic acid 1s used for vacci-
nation purposes involving controlled expression of a (patho-
gen-derived) nucleic acid sequence of interest, it 1s 1mpor-
tant that basal activity 1s mimimal. Expression ol a
pathogenic nucleic acid of interest in the absence of an
inducer 1s undesired, because 1t would result 1n the continu-
ous presence of the pathogenic nucleic acid of interest. In
that case, an organism would be challenged too much with
pathogenic nucleic acid, which could result 1n disease and/or
tolerance of the immune system for the pathogenic nucleic
acid of interest. If tolerance 1s induced, protection against a
subsequent challenge with the pathogen 1s diminished.
Avoiding this type of basal activity 1s particularly important
if the replication of a viable pathogen 1s inducibly controlled
by an rtTA and/or sc rtTA system. Continuous replication of
the pathogen involves the risk of spreading and outgrowth of
too many pathogenic orgamisms, resulting in disease. For
vaccination purposes, an rtTA and/or sc rtTA variant with a
very low basal activity, 1f any, 1s therefore preferred 1n some
embodiments. In such cases, variant F67S F86Y, F678 FR6Y
A209T, G138D F86Y, G138D F86Y A209T, E157K F86Y,
E157K F86Y A209T, R171K F86Y, R171K F86Y A209T,
VIl G138D F86Y, VII G138D F86Y A209T, VIl E157K
F86Y, VIOI E157K F86Y A209T, VI9I R171K FR6Y, VII
R171K F86Y A209T, F177L F86Y, F177L F86Y A209T,
F67S F177L F86Y, F67S F177L F86Y A209T, C193S F86Y,
C195S F86Y A209T, G138S F86Y, G138S F86Y A209T,
C68R F86Y, C68R FR86Y A209T, F67S G138D F86Y, F67S
G138D F86Y A209T, F67S E157K F86Y, F67S E157K
F86Y A209T, F67S R171K F86Y, F67S R171K F86Y
A209T, VII F67S R171K F86Y, VII F67S R171K F86Y
A209T, S12G F675 F86Y, S12G F67S FR86Y A209T, G19M
F67S FR6Y and/or G19M F67S F86Y A209T may be used.
These variants have a very low basal activity of 0.1 percent
or less. A VIl F675 R171K F86Y and/or VII F67S R171K
FR86Y A209T rtTA varniant may preferably be used. These
variants have a very low basal activity and are very sensi-
tive, because they have a more than 100-fold doxycyclin
sensitivity as compared to rtTA (indicated 1in FIG. 14).

The invention furthermore provides rtTA and sc rtTA
variants with altered inducer-specificities. rtTA and sc rtTA
variants are provided that are inducible by antibiotics other
than doxycycline. Hence, although other dox-like com-
pounds such as tetracycline (Ic) and minocycline (Mc) do
not effectively activate wild type rt'TA, vanants are provided
herein that have become inducible by at least one of these
antibiotics. This provides amongst other things the advan-
tage that tetracycline is suitable as an inducer, which 1s
cheaper than doxycycline. Furthermore, rtTA and sc rtTA
variants for use in some embodiments that are inducible by
antibiotics other than doxycycline are suitable for the devel-
opment of rtTA and/or sc rtTA variants with an altered
specificity, and are inducible by at least one antibiotic other
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than doxycycline, but not by doxycycline itself. FIG. 15
shows certain variants that are responsive to tetracycline
and/or minocycline, except for the wild type rtTA and the
F86Y A2091 mutant.

Some embodiments therefore provide an 1solated, syn-
thetic or recombinant nucleic acid sequence comprising an
rtTA encoding nucleic acid sequence and/or a single chain
rtTA encoding nucleic acid sequence, which rtTA encoding
nucleic acid sequence and/or single chain rtTA encoding
nucleic acid sequence comprises a mutation or a combina-
tion of mutations as depicted in FIG. 135, except for the F86Y
A209T mutation (and, of course, except for the wild type
variant). A use of at least one of the nucleic acid sequences
for tetracycline-inducible and/or minocycline-inducible
expression ol a nucleic acid sequence of interest i1s also
herewith provided. In some embodiments, mutant F67S VII

G138D F86Y

A209T, Co68R VII G138D F86Y A209T, GI19M VOII
G138D F86Y A209T, E37Q VOII GI138D F86Y A209T,
G19M F67S VOII GI138D F86Y A209T, 512G F67S VOI
G138D FR86Y A209T and/or C68R F67S VIOI G138D FR6Y
A209T may be used for tetracycline-inducible expression of
a nucleic acid sequence of interest since these mutants are
particularly sensitive for tetracycline, meaning that a small

amount of tetracycline 1s sutlicient for inducing gene expres-
sion. Preferably, mutant F67S V9I G138D F86Y A209T,

C68R VII GI138D FR86Y A209T and/or S12G F67S VII
G138D F86Y A209T may be used for tetracycline-inducible
expression of a nucleic acid sequence of interest, since these
mutants are very sensitive for tetracycline and show low
background activity in the absence of any eflector.

In a further embodiment, mutant V9I G138D F&6Y
A209T, F67S VII G138D F86Y A209T, F67S VII E157K
F86Y A209T, F67S VII R171K F86Y A209T, F67S E37Q)
F86Y A209T, C68R VII G138D F86Y A209T, G19M VII
G138D F86Y A209T, E37Q VOII G138D F86Y A209T,
G19M F67S VOI G138D FR86Y A209T, S12G F67S VII
(G138D F86Y A209T and/or C68R F67S VIOI G138D F36Y
A209T may be used for minocycline-inducible expression of
a nucleic acid sequence of interest, since these mutants are
particularly sensitive for minocycline, meaning that a small
amount of minocycline 1s suflicient for inducing gene

expression. Preferably, mutant F67S V9l G138D F86Y
A209T, F67S E37Q F86Y A209T, C68R VII G138D F86Y
A209T and/or S12G F67S V91 G138D F86Y A209T may be
used for minocycline-inducible expression of a nucleic acid
sequence of interest since these mutants are very sensitive
for minocycline and show low background activity in the
absence of any eflector.

In some aspects, the invention further provides rtTA and
sc rtTA varniants that are genetically stable. Currently used
inducible Tet-on systems are at risk of converting into a
system constitutively expressing a nucleic acid sequence of
interest. This 1s preferably avoided, for instance (among
other things) when replication of a pathogen 1s controlled by
a Tet-on system. Constitutive replication of the pathogen
could result in the presence of too many pathogens, increas-
ing the risk of disease and/or tolerance.

In embodiments, the genetic stability of an inducible gene
expression system comprising rtTA and/or sc rtTA nucleic
acid 1s improved by altering a codon at rtTA amino acid
position 19, 37 and/or 56 (and/or the corresponding codons
in sc rtTA) such that loss of inducer dependency 1s at least
in part prevented. Reduction and/or loss of imducer-depen-
dence of currently used rtTA and sc rtTA result from at least
one mutation at rtTA amino acid position 19, 37 and/or 36,

such as for instance a G19E, E37K, E37A, E37S and/or a
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P56S mutation. According to the invention, replacement of
the glycine residue at rtTA amino acid position 19 by a
glutamic acid residue results in at least partial loss of
inducer-dependence of rtTA/sc rt TA. Moreover, replacement
of the glutamic acid residue at rtTA amino acid position 37
by a lysine, alanine or serine residue results 1n at least partial
loss of inducer-dependence of rtTA/sc rtTA. Moreover,
replacement of the proline residue at rtTA amino acid
position 56 by serine, tyrosine, cysteine, histidine, aspara-
gine, alanine or glycine results 1 at least partial loss of
inducer-dependence of rtTA/sc rtTA. Some embodiments
therefore provide modified rtTA and/or sc rtTA nucleic acids
wherein spontaneous mutations that would result 1n at least
partial loss of inducer-dependence are less likely to occur, as
compared to currently used rtTA/sc rtTA. Such variants may
be obtained as described 1n the following paragraph.

In currently used rtTA, a G19E mutation requires only one
nucleotide change in codon 19, namely the codon change G
GAto GAA. The G-to-A transition 1s the most frequent error
during reverse transcription of RNA. In some embodiments,
reduction and/or loss of inducer-dependency of rtTA and/or
sc 1tTA may be at least 1n part prevented by using an altered
codon at position 19 that 1s not as easily converted into a
glutamic acid codon. This may be performed, for example,
by using a codon at position 19 that differs 1n at least two
nucleotides from a glutamic acid codon. If such codon 1s
used, an undesired G19E mutation would require a much
more difhcult two-hit mutation. Hence, when an rtTA and/or
sc rtTA nucleic acid 1s used with a codon at rtTA position 19
which differs 1n at least two nucleotides from a glutamic acid
codon, an undesired G19E mutation 1s less likely to evolve,
as compared to currently used Tet-on systems. Reduction
and/or loss of inducer-dependence may therefore at least 1n
part be prevented. The invention therefore provides a
method according to the mvention wherein the rtTA encod-
ing nucleic acid sequence and/or single chain rtTA encoding
nucleic acid sequence comprises a codon at rtTA amino acid
position 19 which differs in at least two nucleotides from a
glutamic acid codon.

In one embodiment, an alternative glycine codon at posi-
tion 19 1s used which diflers 1n at least two nucleotides from
a glutamic acid codon. For example, the alternative glycine
codon GGU or GGC may be used (instead of GGA, which
1s present 1n currently used rtTA). A G19E mutation 1s much
more diflicult 1 this embodiment because 1t requires a GGU
to GAA, a GGU to GAG, a GGC to GAA ora GGC to G
AG change. Hence, 1n these cases, a two-hit mutation may
be required. Since this 1s less likely to occur, an rtTA and/or
sc rtTA with such an alternative glycine codon 1s less likely
to lose its inducer-dependence. When the alternative glycine
codon 1s used, the resulting amino acid residue of the rtTA
or sc rtTA activator at rtTA position 19 1s the same as the
activator encoded by currently used rtTA and sc rtTA nucleic
acid. One embodiment therefore provides a method wherein
the rtTA encoding nucleic acid sequence and/or single chain
rtTA encoding nucleic acid sequence comprises a glycine
codon at rtTA amino acid position 19 which differs 1n at least
two nucleotides from a glutamic acid codon.

In certain embodiments, an rtTA or sc rtTA nucleic acid
may be used which comprises an alanine, cysteine, phenyl-
alamine, histidine, 1soleucine, leucine, methiomine, aspara-
gine, arginine, serine, threonine, valine, tryptophan or tyro-
sine codon at rtTA amino acid position 19 which differs 1n
at least two nucleotides from a glutamic acid codon. A
nucleic acid according to this embodiment i1s not only
genetically more stable, but—except for the GI19W vari-
ant—1s also more sensitive for doxycycline. One embodi-
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ment therefore provides a method wherein the rtTA encod-
ing nucleic acid sequence and/or single chain rtTA encoding
nucleic acid sequence comprises an alanine, cysteine, phe-
nylalanine histidine, 1soleucine, leucine, methionine,
asparagine, arginine, serine, threonine, valine, tryptophan or
tyrosme codon at rtTA amino acid position 19 which differs
in at least two nucleotides from a glutamic acid codon.
Suitable codons at rtTA amino acid position 19 which differ
in at least two nucleotides from a glutamic acid codon

include codon UUN (with N corresponding to G, A, U, or C
(coding for Phenylalanine or Leucine), UCN (Serine), UAY
(with Y corresponding to U or C; Tyrosine), UGU (Cyste-
ine), UGC (Cysteine), UGG (Tryptophan), GUN (Leucine),
CAY (Histidine), CGN (Arginine), AUN (Isoleucine or
Methionine), ACN (Threonine), AAY (Asparagine), AGN
(Serine or Arginine), GUY (Valine) and GCY (Alanine).

In an embodiment, a method 1s provided wherein the rtTA
encoding nucleic acid sequence and/or single chain rtTA
encoding nucleic acid sequence comprises a cysteine, phe-
nylalanine, 1soleucine, leucine, arginine, serine or threonine
codon at rtTA amino acid position 19 which differs in three
nucleotides from a glutamic acid codon. Such varnant 1s in
particular genetically stable because three mutations would
be required 1n order to generate a G19E varniant. Suitable
codons at rt'TA amino acid position 19 which differ 1n at least
three nucleotides from a glutamic acid codon are codon
UUY (with Y corresponding to U or C; coding for Phenyl-
alanine), UCY (Serine), UGY (Cystemne), CUY (Leucine),
CGY (Arginine), AUY (Isoleucine), ACY (Threonine) and
AGY (Serine).

An rtTA or sc rtTA nucleic acid compnsmg a codon at
rtTA amino acid position 37 which differs 1in at least two
nucleotides from an alanine, a lysine and a serine codon 1s
also provided. If such variant 1s used, spontancous E37K,
E37A and E37S mutation 1s less likely to occur, as compared
to currently used rtTA/sc rt'TA, because that would require a
much more diflicult two-hit mutation. As a consequence,
loss of inducer dependency 1s at least in part avoided.
Embodiments therefore provide a method wherein the rtTA
encoding nucleic acid sequence and/or single chain rtTA
encoding nucleic acid sequence comprises a codon at rtTA
amino acid position 37 which differs 1n at least two nucleo-
tides from an alanine, a lysine or a serine codon. Suitable
codons at rtTA amino acid position 37 which difler 1n at least
two nucleotides from an alanine, a lysine or a serine codon
include codon CUN (coding for leucine, N stands for U, C,
A or ), CAU, CAC (both CAU and CAC coding for
histidine), CGA and CGG (both CGA and CGG coding for
arginine). A rtTA encoding nucleic acid sequence and/or
single chain rtTA encoding nucleic acid sequence compris-
ing codon CUN, CAU, CAC, CGA or CGG at rtTA amino
acid position 37 1s therefore provided.

One embodiment provides a method wherein the rtTA
encoding nucleic acid sequence and/or single chain rtTA
encoding nucleic acid sequence comprises a codon at rtTA
amino acid position 19 which differs 1n at least two nucleo-
tides from a glutamic acid codon and a codon at rtTA amino
acid position 37 which diflers 1n at least two nucleotides
from an alanine, a lysine or a serine codon. Such variant 1s
particularly genetically stable, since spontanecous G19E,
E37K, E37A and E37S mutations are at least in part pre-
vented.

An rtTA and/or sc rt'TA nucleic acid comprising an altered
codon at rtTA amino acid position 56 also provides enhanced
stability. It has been found that in the absence of doxycy-
cline, rtTA variants are at risk of evolving to variants that
have an altered amino acid residue at rtTA amino acid
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position 56, and that are no longer dependent on doxycy-
cline. Some embodiments therefore provide an 1solated,
recombinant or synthetic nucleic acid sequence comprising,
an rtTA and/or sc rtTA encoding nucleic acid sequence
which comprises a codon at rtTA amino acid position 56
which differs in at least one nucleotide, for example a
transversion, from a codon that mediates transcriptional
activity in the absence of an inducer. Most of these doxy-
cycline-independent rtTA variants contain either a serine,
tyrosine, cysteine, histidine, asparagine, alanine or glycine
residue at position 56 istead of a proline. In order to at least
in part avoid the development of such variants, an rtTA
and/or sc rtTA encoding nucleic acid 1s preferably provided
which comprises a CAA or CAG codon encoding glutamine
or an AAA or AAG codon encoding lysine at rtTA amino
acid position 56.

A transversion 1s defined herein as a substitution of a
purine nto a pyrimidine, or a substitution of a pyrimidine
into a purine. A transversion 1s less likely to occur during
natural evolution as compared to a substitution of a purine
into another purine, or a substitution of a pyrimidine into
another pyrimidine. Therefore, an rtTA and/or sc rtTA
encoding nucleic acid sequence which comprises a codon at
rtTA amino acid position 56 which differs in at least one
transversion from a codon encoding a serine, tyrosine,
cysteine, histidine, asparagine, alanine or glycine residue 1s
genetically more stable as compared to current rtTA and sc
rtTA.

An rtTA or sc rtTA nucleic acid with at least one mutated
codon at rtTA amino acid position 9, 19, 37, 36, 67, 68, 138,
157, 171, 177, and/or 195 comprises at least one improved
characteristic as compared to currently available Tet-on
systems. In an embodiment, a method 1s therefore provided
wherein the rtTA encoding nucleic acid sequences and/or
single chain rt'TA encoding nucleic acid sequence comprise
a codon at rtTA amino acid position 9 encoding 1soleucine,
and/or a codon at rtTA amino acid position 19 encoding
alanmine, cysteine, aspartate, phenylalanine, histidine, 1soleu-
cine, lysine, leucine, methionine, asparagine, glutamine,
arginine, serine, threonine, valine, tryptophan or tyrosine,
and/or a codon at rtTA amino acid position 37 encoding
threonine, histidine, leucine, arginine, cysteine, methionine
or glutamine, and/or a codon at rtTA amino acid position 56
encoding lysine or glutamine, and/or a codon at rtTA amino
acid position 67 encoding serine, and/or a codon at rtTA
amino acid position 68 encoding arginine, and/or a codon at
rtTA amino acid position 86 encoding tyrosine, and/or a
codon at rtTA amino acid position 138 encoding aspartate or
serine, and/or a codon at rtTA amino acid position 157
encoding lysine, and/or a codon at rtTA amino acid position
1’71 encoding lysine, and/or a codon at rtTA amino acid
position 177 encoding leucine, and/or a codon at rtTA amino
acid position 195 encoding serine, and/or a codon at rtTA
amino acid position 209 encoding threonine. Any of these
mutations, or any combination of them, 1s expected to
improve at least one property of an inducible nucleic acid
expression system.

In order to improve rtTA and/or sc rtTA, 1t 1s suflicient to
introduce one mutation into an rtTA and/or sc rtTA encoding
nucleic acid sequence. Preferably, at least two mutations are
introduced, since a combination of at least two mutations
turther improves at least one property of rtTA and/or sc rtTA.
In embodiments, an rtTA nucleic acid and/or a sc rtTA
nucleic acid comprises at least three mutations as described
herein. Most preferably, an rtTA nucleic acid and/or a sc
rtTA nucleic acid comprises at least four mutations.
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In FIG. 14, several variants of rtTA and/or sc rtTA are
depicted. These variants may be used in an inducible gene
expression system. Embodiments therefore further provide a
method wherein the rtTA encoding nucleic acid sequence
and/or single chain rfTA encoding nucleic acid sequence
comprises at least one variant as depicted in FIG. 14. In one
embodiment, a nucleic acid sequence of interest 1s inducibly

expressed by rtTA variant V91 G19M F67S G138D F86Y
and/or by variant V91 G19M F67S G138D F86Y A209T.
These varnants are about 385-fold more sensitive for doxy-
cycline as compared to currently used rtTA. Hence, these
variants are particularly suitable for applications wherein
small amounts of inducer 1s available and/or desired (for
instance during transgene expression in a brain). In another

preferred embodiment a nucleic acid sequence of interest 1s
inducibly expressed by rtTA variant V91 F67S R171K F86Y

and/or by variant V91 F67S8 R171K F86Y A209T. These
variants are about 100-fold more sensitive for doxycycline
as compared to currently used rtTA, while at the same time
basal activity 1s very low (about 0.1 percent). Hence, these
variants are particularly suitable for applications wherein
sensitivity for doxycycline 1s desired, while basal activity 1s
undesired (for instance during inducible expression of a
pathogen).

A mutation 1n certain embodiments 1s furthermore suit-
able for improving at least one characteristic of alternative
rtTA and/or TetR derived molecules, besides rtTA and sc
rtTA. Such alternative rtTA and/or TetR derived molecules
may, for instance, comprises an alternative transcriptional
activation domain (see for example [Akagi et al. 2001] and
|[Kamper et al. 2002]), or a transcriptional silencer in which
the activation domain has been replaced by a transcriptional
repressor domain (tTS, see for example [Deuschle et al.
1993]), or the tTA transcriptional activator, which 1s active
in the absence of an eflector and repressed by an eflector
(Gossen and Bujard, 1992).

Any 1inducible nucleic acid expression system comprising
an rfTA and/or sc rtTA nucleic acid sequence and/or an
alternative molecule derived thereof may be suitable for
inducibly expressing a nucleic acid sequence of interest. In
vivo as well as ex vivo applications are possible.

In one embodiment, a prokaryotic nucleic acid expression
system 1s used. Preferably, the nucleic acid of interest 1s
expressed 1n a eukaryotic expression system, because an
rtTA and/or sc rtTA sequence comprising a VP16 activation
domain of herpes simplex virus is particularly suitable for
regulating nucleic acid expression from tetO-containing
promoters 1n eukaryotic cells. An rtTA and/or sc rtTA nucleic
acid sequence for use in some embodiments, and alternative
molecules derived thereof, may be suitable for use 1n a lower
cukaryotic expression system. Moreover, an rtTA and/or sc
rtTA nucleic acid sequence hereof and alternative molecules
derived thereol may be suitable for use 1n a higher eukary-
otic expression system. In one embodiment a nucleic acid of
interest and/or an alternative molecule derived thereof 1s
expressed 1n a mammalian cell.

In principle, any nucleic acid sequence of interest may be
inducibly expressed by a nucleic acid expression system.
For instance, suitable applications for an inducible gene
expression system in embodiments are the production of
protein pharmaceuticals, 1n vivo expression of therapeutic
proteins and production of transgenic animals wherein a
(pathogenic) gene of interest 1s inducibly expressed, to name
just a few. In one embodiment, at least one viral sequence
essential for replication of a virus or replicon may be
inducibly expressed by a nucleic acid expression system.
This 1s particularly suitable for vaccination purposes in order
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to provide at least partial protection to a viral pathogen,
wherein 1t 1s important that the virus or replicon replicates in
order to obtain an eflicacious immune response, but wherein
it 1s also important that the replication does not go beyond
the level required for the immune response. A replicon 1s
defined as a nucleic acid molecule capable of replication 1n
a suitable environment, such as a permissive cell, because 1t
has all the necessary elements for replication in such an
environment. We call it a replicon, because 1t will not always
be directly derived from the nucleotide sequences of the
original pathogen.

By placing at least one viral sequence essential for
replication of a virus or replicon under control of an rtTA
and/or sc rtTA nucleic acid sequence of the invention, the
virus or replicon replicates 1 a controlled manner. The
amount of replication necessary for eliciting a favorable
immune response, without any replication beyond that level,
may be thus regulated by regulating the amount of inducer
that 1s administered to an inducible nucleic acid expression
system. In order to prevent leakage, a combination of
essential genes under such control may be used; preferably,
at least two different repressor/activator combinations may
be under control of at least one, but preferably more than one
gene essential for replication. In most (viral) pathogens a
number of genes are essential for replication, but most of
them also have a sort of “master switch,” usually an early
gene, capable of transactivating other genes. A first candi-
date to put under direct control of a repressor/activator 1s, of
course, such a master switch, which then indirectly provides
control over other essential genes for replication. It may be
preferred to put at least one other essential gene under
control of an iducible repressor/activator.

In one embodiment, at least part of an HIV genome
essential for replication 1s inducibly expressed under control
of an rtTA and/or sc rfTA nucleic acid sequence of the
invention. This 1s, for mstance, suitable for improved AIDS
prophylaxis as compared to currently known methods. In
this embodiment, a master switch 1s not required since an
HIV genome 1s under control of a single transcription unait.

A nucleic acid sequence comprising an rtTA nucleic acid
sequence and/or a sc rtTA nucleic acid sequence, the rtTA
nucleic acid sequence and/or sc rtTA nucleic acid sequence
comprising at least one mutation, finds utility 1n a wide
variety ol applications. The nucleic acid sequence 1s par-
ticularly suitable for use i1n an 1inducible nucleic acid
sequence expression system. Embodiments thus provide an
isolated, synthetic or recombinant nucleic acid sequence
comprising an rtTA encoding nucleic acid sequence and/or
a single chain rtTA encoding nucleic acid sequence, which
ritTA encoding nucleic acid sequence and/or single chain
rtTA encoding nucleic acid sequence comprises a mutated
codon at rtTA amino acid position 9, and/or 19, and/or 37,
and/or 56, and/or 67, and/or 68, and/or 138, and/or 157,
and/or 171, and/or 177, and/or 195. In one embodiment the
nucleic acid sequence further comprises a mutated codon at
rtTA amino acid position 12, and/or 86, and/or 209. A
nucleic acid sequence comprising such combination of
mutations 1s also improved as compared to currently known
rtTA.

In a preferred embodiment, a nucleic acid sequence of the
invention with an improved genetic stability as compared to
currently used Tet-on systems 1s provided. This 1s particu-
larly desired 1in applications involving multiple rounds of
amplification of a nucleic acid sequence, for instance, during
controlled replication of a viral pathogen or replicon. As
explained above, genetic stability 1s improved by designing
an rtTA and/or sc rtTA nucleic acid sequence with a codon
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at rtTA amino acid position 19 which differs 1n at least two
nucleotides from a glutamate codon, with a codon at rtTA
position 37 which differs 1n at least two nucleotides from an
alanine, a lysine or a serine codon, and/or with a codon at
rtTA position 56 encoding lysine or glutamine. Further
provided 1s therefore an 1solated, synthetic or recombinant
nucleic acid sequence wherein the rtTA encoding nucleic
acid sequence and/or single chain rtTA encoding nucleic
acid sequence comprises a codon at rtTA amino acid position
19 which differs in at least two nucleotides from a glutamic
acid codon, a codon at rtTA position 37 which differs 1n at
least two nucleotides from an alanine, a lysine or a serine
codon, and/or a codon at rtTA position 56 encoding lysine or
glutamine. In one embodiment an rtTA encoding nucleic
acid sequence and/or single chain rtTA encoding nucleic
acid sequence comprises a glycine codon at rtTA amino acid
position 19 which differs 1n at least two nucleotides from a
glutamic acid codon, so that the resulting amino acid residue
of the rtTA or sc rtTA activator at rtTA position 19 i1s the
same as the activator encoded by currently used rtTA and sc
rtT’A nucleic acid.

An rtTA or sc rtTA nucleic acid may also be used which
comprises an alanine, cysteine, phenylalanine, histidine,
1soleucine, leucine, methionine, asparagine, arginine, serine,
threonine, valine, tryptophan or tyrosine codon at rtTA
amino acid position 19 which differs 1n at least two nucleo-
tides from a glutamate codon. A nucleic acid according to
this embodiment 1s not only genetically more stable, as
compared to currently used Tet-on systems, but—except for
the G19W variant—is also more sensitive for doxycycline.
One embodiment provides an 1solated, synthetic or recoms-
binant nucleic acid sequence, wherein the rtTA encoding
nucleic acid sequence and/or single chain rtTA encoding
nucleic acid sequence comprises a leucine, a histidine or an
arginine codon at rtTA amino acid position 37 which diflers
in at least two nucleotides from an alanine, a lysine or a
serine codon.

A further embodiment provides an isolated, synthetic or
recombinant nucleic acid sequence, wherein the rtTA encod-
ing nucleic acid sequence and/or single chain rtTA encoding
nucleic acid sequence comprises a codon at rt TA amino acid
position 56 which differs in at least one nucleotide, prefer-
ably a transversion, from a codon that mediates transcrip-
tional activity in the absence of inducer. The codon at rtTA
amino acid position 56 preferably encodes a glutamine or a
lysine residue.

In certain embodiments, an 1solated, synthetic or recom-
binant nucleic acid sequence according to the mvention 1s
provided which comprises a codon at least two rtTA amino
acid positions which are chosen from the group consisting of
positions 19, 37 and 56. Some embodiments provide an
isolated, synthetic or recombinant nucleic acid sequence
according to the invention which comprises a codon at rtTA
amino acid position 19 which differs 1n at least two nucleo-
tides from a glutamic acid codon and a codon at rtTA
position 37 which diflers 1n at least two nucleotides from an
alanine, a lysine or a serine codon. Further provided 1s an
1solated, synthetic or recombinant nucleic acid sequence
according to the invention which comprises a codon at rtTA
amino acid position 19 which differs 1n at least two nucleo-
tides from a glutamic acid codon and a codon at rtTA
position 56 encoding lysine or glutamine. Further provided
1s an 1solated, synthetic or recombinant nucleic acid
sequence which comprises a codon at rtTA position 37
which differs 1n at least two nucleotides from an alanine, a
lysine or a serine codon and a codon at rtTA position 56
encoding lysine or glutamine.
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In embodiments, an 1solated, synthetic or recombinant
nucleic acid sequence may comprise a codon at rtTA amino
acid posttion 19, 37 and 36. Some embodiments, therefore
provide an isolated, synthetic or recombinant nucleic acid
sequence, which comprises a codon at rtTA amino acid
position 19 which differs in at least two nucleotides from a

[

glutamate codon, a codon at rtTA position 37 which differs
in at least two nucleotides from an alamine, a lysine or a
serine codon, and a codon at rtTA position 56 encoding
lysine or glutamine.

As stated previously, a nucleic acid sequence disclosed
herein may comprise an rtTA encoding nucleic acid
sequence and/or a sc rtTA encoding nucleic acid sequence,
wherein the rtTA encoding nucleic acid sequence and/or
single chain rtTA encoding nucleic acid sequence comprises
a codon at rtTA amino acid position 9 encoding 1soleucine,
and/or a codon at rtTA amino acid position 19 encoding
alamine, cysteine, aspartate, phenylalanine, histidine, 1soleu-
cine, lysine, leucine, methionine, asparagine, glutamine,
arginine, serine, threonine, valine, tryptophan or tyrosine,
and/or a codon at rtfTA amino acid position 37 encoding
threonine, histidine, leucine, arginine, cysteine, methionine
or glutamine, and/or a codon at rtTA amino acid position 56
encoding lysine or glutamine, and/or a codon at rtTA amino
acid position 67 encoding serine, and/or a codon at rtTA
amino acid position 68 encoding arginine, and/or a codon at
rtTA amino acid position 86 encoding tyrosine, and/or a
codon at rt'TA amino acid position 138 encoding aspartate or
serine, and/or a codon at rtTA amino acid position 1357
encoding lysine, and/or a codon at rtTA amino acid position
1’71 encoding lysine, and/or a codon at rtTA amino acid
position 177 encoding leucine, and/or a codon at rtTA amino
acid position 195 encoding serine, and/or a codon at rtTA
amino acid position 209 encoding threonine. These muta-
tions particularly improve at least one property of an induc-
ible nucleic acid expression system. Hence, either one of
these mutations or any combination thereol may present in
a nucleic acid sequence 1n particular embodiments.

Further provided 1s an i1solated, synthetic or recombinant
nucleic acid sequence, wherein the rtTA encoding nucleic
acid sequence and/or single chain rtTA encoding nucleic
acid sequence comprises at least one variant as depicted 1n
FIG. 14.

A nucleic acid sequence disclosed herein may comprise
an rtTA encoding nucleic acid sequence and/or a single chain
ritTA encoding nucleic acid sequence which comprises at

least one mutation as compared to a rt'TA or sc rtTA encoding
nucleic acid sequence published 1n (Gossen et al. 1995),

(Urlinger et al. 2000) and (Krueger et al. 2003) and/or
depicted 1n FIG. 19.

In another aspect, an 1solated, synthetic or recombinant
amino acid sequence encoded by a nucleic acid sequence 1s
provided. The amino acid sequence may comprise an rtTA
sequence and/or a single chain rtTA sequence, which rtTA
sequence and/or single chain rtTA sequence comprises an
1soleucine at position 9, and/or an alanine, cysteine, phenyl-
alanine, histidine, 1soleucine, lysine, leucine, methionine,
asparagine, arginine, serine, threonine, valine, aspartate,
glutamine, tryptophan or tyrosine at position 19, and/or a
threonine, histidine, leucine, arginine, cysteine, methionine
or glutamine at position 37, and/or a lysine or glutamine at
position 56, and/or a serine at position 67, and/or an arginine
at position 68, and/or a tyrosine at position 86, and/or an
aspartate or serine at position 138, and/or a lysine at position
157, and/or a lysine at position 171, and/or a leucine at
position 177, and/or a serine at position 195, and/or a
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threonine at position 209. Each of these mutations particu-
larly confer at least one improved property to an rtTA and/or
sc rtTA activator.

As explained above, a nucleic acid sequence and/or an
amino acid sequence encoded by a nucleic acid sequence
according to embodiments herein 1s particularly suitable for
inducibly expressing a nucleic acid sequence of interest. Use
of an 1solated, synthetic or recombinant nucleic acid
sequence and/or amino acid sequence for inducible expres-
sion of a nucleic acid sequence of interest 1s therefore also
herewith provided.

The amino acid sequence may, for example, comprise at
least one of the above mentioned mutations.

Further provided 1s a vector comprising a nucleic acid
sequence. Such vector 1s suitable for a vanety of applica-
tions. For instance, a vector comprising a therapeutically
beneficial nucleic acid sequence 1s suitable for therapeutic
applications. Administration of such vector to an individual
in need thereof results i expression of the therapeutic
nucleic acid sequence in vivo. Of course, the vector also
finds utility 1n applications imnvolving in vitro expression of
a nucleic acid sequence of 1interest. Methods for constructing
a vector with a particular nucleic acid sequence are well
known 1n the art. Non-limiting examples of vectors suitable
for generating a vector of the mvention are retroviral and
lentiviral vectors.

An inducible viral replicon, comprising a nucleic acid
sequence according to the invention and at least one viral
sequence which 1s essential for replication under direct or
indirect control of the nucleic acid sequence 1s also herewith
provided. As explained herein, a replicon 1s defined as a
nucleic acid molecule capable of replication 1n a suitable
environment, such as a permissive cell, because 1t has all the
necessary elements for replication in such an environment.
We call it a replicon, because 1t will not always be directly
derived from the nucleotide sequences of the original patho-
gen, for instance 1n the case of single stranded DNA viruses,
RINA viruses, etc. Typically, in order to manipulate nucleic
acids, double stranded forms are necessary, typically double
stranded DNA forms. Therefore, replicons will be double
stranded DNA nucleic acids 1n at least one stage of their life
cycle.

A replicon 1s also intended to reflect that the actual
pathogen, or its attenuated live vaccine relative, usually
comprises more than just nucleic acid. The nucleic acid 1s
typically packaged into a (viral) particle. Therefore, in
certain embodiments, a replicon may also encode a func-
tional packaging signal, allowing for the nucleic acid 1n its
wild-type-like form (RNA 1n the case of a retrovirus, etc.) to
be packed 1nto a viral particle. In order for the replicon to be
able to replicate 1n a host, it 1s preferred that the replicon also
carries the structural genes for the proteins of the envelope
and/or capsid, be 1t in wild-type format or 1n a somewhat
different format (reduced or enhanced target binding, etc.).
In order to enhance inducer-dependency of a viral replicon
and/or to at least 1n part prevent loss of inducer-dependency,
an inducible viral replicon may thus comprise all viral
sequences which are essential for replication under direct or
indirect control of the nucleic acid sequence.

A viral replicon may be derived from any virus compris-
ing a stage wherein at least part of its genome 1s present 1n
the form of DNA, such that the Tet-on machinery 1s capable
of regulating expression of a nucleic acid of interest. Such
viruses, for mstance, comprise DNA viruses and retrovi-
ruses. In one embodiment, at least part of the viral sequences
in the imnducible replicon 1s RNA.
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In one embodiment, a replicon may be dertved from a
human 1immunodeficiency virus. A replicon may be further
exemplified by certain embodiments relating to a replicon
derived from HIV. However, the invention 1s also applicable
to replicons derived from other pathogens.

Typically, a replicon derived from HIV would be an
infectious double stranded DNA clone of an HIV strain.
Preferably, the HIV strain 1s already an attenuated strain, or
1s made 1nto an attenuated strain by introducing mutations,
such as functional deletions, e.g., those described herein.
Any repressor/activator elements that are imnducible are in
principle applicable. In the case of double or more inducible
controls, leakage of a single repressor/activator becomes
less important, although essentially no leakage 1s still highly
preferred. As a safety valve, 1t would be advantageous to
provide the replicon with a suicide gene that can be activated
when unwanted eflects occur, such as replication beyond
what 1s necessary for an immune response or rescue by wild
type virus, etc. Such a suicide gene 15 e.g., HSV-tk, which
can be mduced by adding gancyclovir or a functional
equivalent thereotf. Upon induction, such a suicide gene will
kill the infected cell and thereby inhibit further replication
and infection of other cells. Thus, 1n some embodiments a
replicon 1s provided which further comprises a suicide gene.

In order to attenuate an HIV replicon and/or the resulting
virus the replicon may be provided with a functional dele-
tion of the TAR-element. Thus, 1n yet another embodiment,
the invention provides a replicon, which further comprises
an 1nactivated TAR element.

In order to attenuate an HIV replicon 1t may be preferred
to functionally delete the Tat element. Thus, some embodi-
ments also provide a replicon, which further comprises an
inactivated Tat element. Both elements mentioned above
may be functionally deleted. Functional deletion means that
at least their function 1n the replication of the replicon 1s at
least partially inhubited. Essential genes for replication typi-
cally should not be completely dysiunctional.

Proteins necessary for removing repression or initiating
activation elements which are present upstream of the essen-
tial genes to be put under control may be encoded by a
replicon and are preferably inserted in a non-essential gene.
Thus, 1n certain embodiments, a replicon 1s provided
wherein at least one functional part of the inducible repres-
sor and/or activator, preferably an rtTA and/or sc rtTA
nucleic acid sequence, 1s mserted mto the nel gene. The
functional part 1n this case of course refers to any proteina-
ceous substance capable of activating the element 1n control
of the essential gene. Space may be created for the sequence
encoding the proteinaceous substance. Thus, some embodi-
ments also provide a replicon in which at least part of the nef
gene 1s deleted to create space for nsertion.

To further attenuate a replicon, further elements of the
wild-type virus can be functionally deleted. Thus, some
embodiments further provide a replicon in which at least one
NF-kB element has been deleted. In certain embodiments,
the motif to be activated 1s a tetO motid, preferably present
in an LTR. Thus, some embodiments also provide a replicon,
which comprises at least one tetO motif 1n at least one
functional LTR.

It may be advantageous to have more than one element
before an essential gene. Thus, some embodiments also
provide a replicon which comprises at least 2, 4, 6, or 8 such
clements 1n at least one functional L'TR.

At least one L'TR may be modified 1n order to at least 1n
part avoid reversion to wild type virus.

Some aspects of the invention further provide methods
using the replicons to produce dependent viruses, meaning
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viruses needing an inducing agent i order to be able to
replicate. Thus, certain embodiments provide a method for
producing a virus dependent on an inducing agent for
replication, comprising providing a permissive cell with a
replicon, culturing the cell in the presence of the inducing
agent and harvesting the dependent virus from the culture.
Again such methods are preferably applied to HIV. Thus,
embodiments provide a method in which the dependent
virus 1s a human immunodeficiency virus, preferably an
attenuated virus.

In one embodiment, the inducing agent 1s doxycyclin or
a Tunctional analog thereof. In another embodiment, how-
ever, the inducing agent comprises an antibiotic other than
doxycyclin, e.g., tetracyclin and/or minocyclin. As stated
previously, 1f tetracyclin and/or minocyclin-dependency 1s
desired, a replicon may be utilized which comprises an rtTA
and/or sc rtTA encoding nucleic acid sequence comprising a
mutation or a combination of mutations as depicted in FIG.
15, except for the wild type rtTA and the F86Y A209T
variant.

More typically, a replicon comprising mutations F67S
VOI G138D F86Y A209T, C68R VII G138D F86Y A209T,
G19M VII G138D F86Y A209T, E37Q VII G138D F86Y
A209T, G19M F67S VOI G138D F86Y A209T, S12G F67S
VOI G138D F86Y A209T and/or C68R F67S VII G138D

F86Y A209T may be used for tetracycline-inducible expres-
sion of a nucleic acid sequence of interest since these
replicons are particularly sensitive for tetracycline, meaning,
that a small amount of tetracycline 1s suflicient for inducing,

gene expression. In some embodiments, a replicon compris-
ing mutation F67S VIl G138D F86Y A209T, C68R VII

G138D F86Y A209T and/or S12G F67S VOI G138D F86Y

A209T may be used for tetracycline-inducible expression of
a nucleic acid sequence of 1nterest, since these replicons are
very sensitive for tetracycline and show low background
activity 1n the absence of eflector.

In a further embodiment, a replicon comprising mutations

VOl G138D F36Y A2091, F675 VIl 138D F36Y A2091,
F675 VIl E157K F36Y A2091, F675 VIOl R171K F86Y
A2091, F675 E37Q F86Y A2091, C68R VII G138D FR6Y

A209T, G19M V91 G138D F86Y A209T, E37Q V91 G138D
F86Y A209T, G19M F67S VII G138D F86Y A209T, S12G
F67S VOI G138D FR86Y A209T and/or C68R F67S VII
G138D F86Y A209T may be used for minocycline-induc-
ible expression of a nucleic acid sequence of interest since
these replicons are particularly sensitive for minocycline,
meaning that a small amount of minocycline 1s suflicient for
inducing gene expression. In certain embodiments, a repli-
con comprising mutations F67S V91 G138D FR86Y A209T,
F67S E37Q F86Y A209T, C68R VII G138D F86Y A209T
and/or S12G F675 VII G138D F86Y A209T may be used
for minocycline-inducible expression of a nucleic acid
sequence of interest since these replicons are very sensitive
for minocycline and show low background activity in the
absence of eflector.

In another aspect of the invention, viruses produced by
methods disclosed herein, or which can be produced by the
methods disclosed herein, are provided. Thus, some embodi-
ments also provide a virus dependent on an imnducing agent
for replication obtainable by a method as disclosed herein,
such as a human immunodeficiency virus, typically attenu-
ated. Suitable methods for producing a replicon and/or virus
are known 1n the art. For mstance, non-limiting examples of
methods for producing an inducible viral replicon derived
from HIV, comprising an rtTA sequence and TetO elements,
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and uses thereot, are described 1n WO01/20013 page 9, line
13 to page 18, line 27. These methods and uses are 1ncor-
porated herein by reference.

A replicon and/or virus according to certain embodiments
disclosed herein may be particularly suitable for immuniza-
tion and vaccination. In certain embodiments, administra-
tion of a replicon and/or virus to an individual allows for
controlled replication of the replicon and/or virus within the
individual, resulting in an immune response in the indi-
vidual. The extent of replication of the replicon or virus and,
as a result, the extent of elicited immune response 1is
controlled by regulating the presence and/or amount of
inducer. In one embodiment, an immune response 1s elicited
in an individual 1n order to provide the individual with at
least partial protection against infection by the kind of virus
from which the replicon or virus of the invention 1s derived.
In another embodiment, an immune response 1s elicited 1n a
non-human animal 1n order to produce a binding compound
(such as for mnstance antibodies and/or T cells) and/or a cell
capable of producing such binding compound (such as a B
cell). The antibodies, T cells and/or B cells, or a functional
part and/or a nucleic acid thereof, may be harvested for
turther use, for instance for the production of monoclonal
antibodies.

Of course, various alternative methods and applications
involving immunization and/or vaccination are known 1in the
art. The use of a replicon and/or virus 1n such methods and
applications 1s also within the scope hereof.

Some aspects of the invention provide an immunogenic
composition comprising a replicon and/or a virus. An immu-
nogenic composition comprising a nucleic acid sequence 1s
also provided. An immunogenic composition may typically
comprise a suitable adjuvant and/or carrier. Adjuvants and
carriers are well known 1n the art. For instance, an Alumi-
num Salt Adjuvant and/or a saline solution may be used.

In one embodiment, an immunogenic composition further
comprises an amount ol inducing agent. This 1s, however,
not necessary: an inducing agent can be administered at any
time. In some embodiments, an immunogenic composition
comprises a vaccine capable of eliciting full protection
against the kind of virus from which the replicon or virus 1s
derived. This means that subsequent infection with the kind
of virus from which the replicon or virus 1s derived does
essentially not result 1n disease.

An 1mmunogenic composition or a vaccine may comprise
a single dosage unit, but 1t may also comprise at least one
inducing agent separately, or 1t may be made on the spot
from a replicon and/or virus that are reconstituted with a
liquid excipient such as saline, optionally together with an
adjuvant and/or an inducing agent. Viral vaccines are well
known 1n the field. General rules of thumb applicable to
known vaccines will also apply to immunogenic composi-
tions and vaccines hereof. Suitable doses may be determined
through the normal dose finding studies performed during
(pre)clinical trials, e.g., by simple titration of the amount of
doxycycline as inducing agent. An 1mmunogenic composi-
tion or vaccine may be sutlicient on 1ts own, but 1t may also
be used 1n addition to other therapeutic and/or prophylactic
compounds. The inducing agent may be needed over a
longer period of time and can be provided separately.

An immunogenic composition and/or vaccine 1s one for at
least partial prophylaxis of infection with a human 1immu-
nodeficiency virus.

Some embodiments also provide a use for an 1mmuno-
genic composition and/or vaccine 1n that they provide meth-
ods for at least partial prophylaxis and/or treatment of AIDS,
comprising administering an immunogenic composition
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and/or vaccine as disclosed herein to an individual and
allowing for viral replication for a limited time by providing

the inducing agent. Booster vaccinations are possible, pret-
erably by simple readdition of such an inducing agent at later
times.

Some embodiments also provide a method for the con-
trolled replication of a virus or a viral replicon comprising,
providing a permissive cell with a replicon or a virus as
disclosed herein, culturing the cell 1n the presence of the
inducing agent and manipulating the amount of 1nducing
agent present.

As explained herein, a replicon, virus and/or nucleic acid
sequence may be suitable for eliciting an immune response
against a virus of interest. Such an 1mmune response 1s
capable of at least 1n part preventing subsequent infection,
replication and/or spreading by the virus of interest. More-
over, an immune response of an individual that 1s already
suflering from an infection by the virus of 1nterest may be
enhanced by a replicon, virus and/or nucleic acid sequence
as disclosed herein, resulting 1n an improved counteraction
to disease.

Replicons, viruses and nucleic acid sequences may thus
be suwitable for use as a medicament and/or vaccine. A
replicon or virus for use as a medicament and/or vaccine 1s
therefore herewith provided, as well as an 1solated or recom-
binant nucleic acid sequence for use as a medicament and/or
vaccine. It 1s possible to place at least one HIV sequence
essential for replication under direct or indirect control of an
rtTA and/or sc rtTA nucleic acid as disclosed herein. This
way, controlled replication of HIV has become possible,
allowing for at least partial prophylaxis and/or treatment of
AIDS. A use of an 1solated or recombinant replicon, virus
and/or nucleic acid sequence as disclosed herein for the
preparation ol a medicament or immunogenic composition
for at least 1 part preventing and/or treating AIDS 1is
therefore also herewith provided.

One further embodiment provides an 1solated cell com-
prising a nucleic acid sequence, a replicon and/or a virus as
disclosed herein.

The mvention 1s further explamned in the following
examples. These examples do not limit the scope of the
invention, but merely serve to clarily the mvention.

EXAMPLES

Example 1

We have previously reported on the construction of an
infectious HIV-rtTA virus that 1s critically dependent on dox
tor replication (Verhoet et al. 2001 ; Das et al. 2004b; Marzio
et al. 2001). In this virus, the natural transcriptional activator
Tat and 1ts TAR binding site were mactivated by mutation
and functionally replaced by the components of the Tet-on
system (FIG. 1A). The gene encoding the transcriptional
activator rtTA was inserted 1n place of the nef gene, and the
tetO DNA binding sites were introduced in the viral LTR
promoter. This virus does not replicate in the absence of dox.
Upon dox administration, rtTA activates transcription from
the LTR-tetO promoter, resulting in expression of the viral
proteins and viral replication. Subsequently, a variant has
been provided that has acquired two amino acid changes in
the rtTA protein: the phenylalanine at position 86 was
replaced by tyrosine (F86Y) and the alanine at position 209
by threonine (A209T) (Das et al. 2004a).

We started multiple, independent virus cultures of the
HIV-1tTA v ,-507 Variant, which contains both the opti-
mized LTR-tetO promoter configuration and the improved
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rtTA gene. After culturing the virus with dox for up to 200
days, the rt'TA gene was sequenced. The F86Y and A209T
mutations were stably maintained in all analyzed cultures.
Several viruses from independent cultures had acquired
additional mutations 1n the rtTA gene. A virus variant should
have a replication advantage to become the dominant
sequence 1n a virus population. Mutations in rtTA may
improve rtTA function, and thus enhance viral replication.
To 1ncrease the chance of identifying such beneficial muta-
tions, we focused on the rtTA mutations that were observed
in multiple cultures (FIG. 1A and Table 1). All these amino
acid substitutions are located in the TetR part of rtTA: VII
1s 1n the al helix within the DNA-binding domain, F67S 1s
in the loop following a4, and G138D, E157K, and R171K
are within the a8-a9 region of the regulatory core domain
(FIG. 1B). V91 was found both as an individual mutation and
in combination with G138D, E157K, or R171K. A combi-
nation of F67S and R171K was also observed. There are
seven natural variants of TetR (A-E, G, H) and rtTA 1s based
on class B (TetR”). Interestingly, only TetR” has a Phe at
position 67, whereas most TetRs have a Ser at this position
(Table 1). Other amino acid substitutions observed in the
evolved rtTAs are never naturally present in TetR variants.

Characterization of the Evolved rtTA Variants. To test
whether the evolved rtTAs exhibit improved transcriptional
activity, we assayed rtTA activity 1in a regular Tet system.
Expression plasmids encoding the original (wild-type, this 1s
the rtTA2°-S2 variant described in Urlinger et al. 2000) and
mutant rtTA proteins (V1-V10, Table 1) were constructed
and transfected into C33A cells with a plasmid expressing
luciferase reporter under the control of the viral LTR-2AtetO
promoter. The luciferase level measured two days after
transiection reflects rtTA activity (FIG. 2A). Wild-type and
all mutant rtTAs show no activity in the absence of dox.
Wild-type rtTA activity 1s detectable first at 500 ng/ml dox
and increases further at 1000 ng/ml. rtTA V1 (F86Y A209T)
activity 1s already detectable at 50 ng/ml dox and gradually
increases with higher dox concentrations. At 1000 ng/ml
dox, the V1 wvariant 1s 2.5-fold more active than the wild-
type. All mutants did evolve from rtTA V1, and their activity
should thus be compared with this variant. rtTA V2 1s more
active than V1 at the lowest dox concentration tested, but
less active at high dox levels. The other rtTAs with a single
amino acid substitution (V3-V6) are more active than V1
both at low and high dox levels. The variants V7, V8, and
V9 combine the V2 mutation with the V4, V5, and V6
mutation, respectively. These combinations further improve
rtTA activity both at low and high dox levels. The V10
variant, which combines the V3 and V6 mutations, 1s the
most active rfTA of the naturally evolved vanants. There-
fore, the viral evolution strategy resulted in several novel
rtTA variants with enhanced transcriptional activity and
dox-sensitivity compared with wild-type rtTA and the V1
variant that was used to start the evolution experiment.

To test whether this rtTA optimization retlects a specific
adaptation to the viral LTR-2AtetO promoter, we assayed
rt TA activity with a reporter gene construct in which luciter-
ase expression 1s under the control of a minimal CMV
promoter coupled to an array of seven tetO elements [4]. All
evolved rtTA vanants demonstrate improved activity with
this promoter construct (FIG. 2B), which mimics the result
with the LTR-2AtetO construct (FIG. 2A). Thus, the
observed mutations in rtTA are not virus-specific adapta-
tions, but are general improvements of the Tet-on system.
We also assayed rtTA activity in HelLa X1/6 cells [9] that
contain chromosomally 1ntegrated copies of the CMV-7tetO
luciferase reporter construct (FIG. 2C). In these cells, the
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evolved rtTAs show a similar pattern of activity as with
episomal reporter gene constructs in C33 A cells. Thus, these
mutations improve rtTA activity independent of the type of
promoter and the episomal or chromosomal status of the
target gene.

To compare the dox-sensitivity of the rtTA variants in
another way, we calculated the dox concentration that each
rtTA variant needs to reach an activity similar to that of the
wild-type rtTA at 1000 ng/ml dox (FIG. 3). The V10 variant
needs only 44 ng/ml dox to reach this activity level, which
reflects a 23-fold higher dox-sensitivity than the wild-type
rtTA. This makes the V10 variant the most dox-sensitive and
most active rtTA (6.6-fold more active than the wild-type,
FIG. 3) of the naturally evolved variants.

Combining the Beneficial Mutations Further Improves
rtTA Activity.

Analysis of the evolved rtTA variants revealed that the
double mutants exhibit a higher activity and dox-sensitivity
than the single mutants. For instance, V6 (R171K) 1s 4.4-
fold more sensitive than the wild-type rtTA, and the double
mutant V9 (VI R171K) 1s 14.9-fold more dox-sensitive. We
therefore constructed additional rtTA variants in which the
observed mutations were combined (V11-V18, Table 1), and
assayed their activity (FIG. 2D). As shown 1n FIG. 3, all
combination variants demonstrate a higher transcriptional
activity and dox-sensitivity than the naturally evolved vari-
ants. The triple mutants V14, V15, and V16 are the most
active and most dox-sensitive rtTAs. When compared with
wild-type rtTA, these triple mutants are 7-fold more active
at high dox levels and 100-fold more sensitive to dox. The
V135 and V16 variants do not show any basal activity without
dox, whereas we Irequently observed a low, but distinct
basal activity with the V14 variant (less than 0.1% of the
induced level).

A more extensive list of novel rtTA variants that carry
mutations observed in HIV-rtTA evolution and that demon-
strate 1improved transcriptional activity and dox-sensitivity
1s shown 1 FIG. 14B.

To exclude the possibility that the enhanced activity
observed for the mutant rtTAs resulted from an increased
protein level, we determined the intracellular steady state
level of the rtTA proteins. Lysates of HelLa X1/6 cells
transtected with rtTA expression plasmids were subjected to
SDS-PAGE followed by Western blot analysis with poly-
clonal anti-TetR antibodies. An equal amount of rtTA protein
was detected for all naturally evolved and constructed
variants (FIG. 4, and data not shown). These results indicate
that the enhanced activity and dox-sensitivity are intrinsic
properties of the mutant rtTA proteins and do not result from
increased expression or protein stability.

Novel rtTA Variants can be Activated by Dox-Like Com-
pounds.

Dox 1s the most eflicient eflector that controls the Tet-on
system. Other dox-like compounds, such as tetracycline (Ic)
and minocycline (Mc), do not effectively activate the wild-
type rtTA and the original HIV-rtTA virus. To test if the
novel rtTA variants with improved activity and dox-sensi-
tivity have a broader eflector-specificity, we assayed the
activity of a subset of these rtTA vanants at different Tc and
Mc concentrations (FIG. 5). Whereas the wild-type rtTA and
the VI variant are not activated by Tc and Mc, mutant V3
shows a low level of activity at a high concentration of Tc
or Mc (10000 ng/ml). V7 activity 1s already detectable at
1000 ng/ml Tc or Mc, and this activity increases at higher
eflector levels. V14, which combines the V3 and V7 muta-
tions, shows the highest activity with Tc and Mc. The
activity at 10000 ng/ml Tc 1s similar to that of the wild-type
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rtTA at 1000 ng/ml dox. At 1000 ng/ml Mc, V14 1s even
more active than the wild-type rtTA at 1000 ng/ml dox.
Thus, we have generated rtTA variants with a broadened
cllector-specificity. A more extensive list of novel rtTA
variants that are responsive to Tc and/or Mc 1s shown 1n FIG.
15.

rtTA Variants Improve HIV-rtTA Replication.

To test if the rtTA variants with enhanced activity and
dox-sensitivity can also improve HIV-rtTA replication, we
constructed viral variants with the rfTA genes encoding
either mutant V7 or V14, and assayed their replication 1n
SupT1 cells at different dox concentrations (FIG. 6). The
original HIV-rtTA-,,, (HIV-rtTA_ <y ,-007) Was included as
a control. This control HIV-rtTA_,,, does not replicate in the
absence of dox or at low dox levels, eflicient replication was
observed at 100 ng/ml dox, and the replication rate further
increased at 1000 ng/ml dox. The replication of HIV-rtTA_,-
and HIV-rtTA_;,,, was also completely dependent on dox.
The HIV-rtTA_,~ showed a low level of replication at 1
ng/ml dox and eflicient replication at 10 ng/ml. For HIV-
rtTA_ ;- ., a high level of replication was already apparent at
1 ng/ml dox. These results demonstrate that the variants V7
and V14 significantly improve HIV-rtTA replication at low
dox concentrations. Importantly, like the original HIV-rtTA,
these viruses do not replicate 1n the absence of dox. Appar-
ently, the low basal rtTA-activity observed with the V14
variant in the absence of dox 1s not suthicient to support viral
replication.

We also assayed replication of these new HIV-rtTA vari-
ants 1n the presence of Tc and Mc (FIG. 7). Whereas the
control HIV-rtTA_;,, did not replicate 1n the presence of 500
ng/ml Tc or Mc, both HIV-rtTA ;- and HIV-rtTA_,,, show
cllicient replication with these effectors. These results con-
firm that the rtTA variants V7 and V14 can be eflectively
activated by Tc and Mc.

Conclusion

Amino acid substitutions 1 rtTA at position 9, 19, 37, 67,
68, 86, 138, 157, 171, 177, 195 and/or 209, which are
observed during evolution of the HIV-rtTA virus, enhance
the transcriptional activity and/or inducer-sensitivity of
rtTA. Moreover, these mutations broaden the mnducer-speci-
ficity of rtT’A. The most optimal rtTA variants (V15 and
V16) are 7-fold more active at high dox levels and 100-fold
more sensitive to dox than the original rtTA. Importantly,
these rtTA variants do not show any basal activity 1n the
absence of dox. High activity and dox-sensitivity of these
novel rtTAs significantly improve the performance of the
let-on system.

Materials and Methods

Cell cultures. The human T-lymphocyte cell line SupT]l
(Smith et al. 1984) was cultured in RPMI 1640 medium
supplemented with 10% {fetal calf serum (FCS), penicillin
(100 U/ml), and streptomycin (100 U/ml). HelLa X1/6
(Baron et al. 1997) 1s a HeLLa-derived cervix carcinoma cell
line, containing chromosomally integrated copies of the
CMV-7tetO  promoter/luciferase  reporter  construct

pUHCI13-3 (Gossen et al. 1992). HeLa X1/6 and C33A
cervix carcinoma cells (ATCC HTB31) (Auersperg, 1964)
were grown 1n Dulbecco’s modified Fagle’s medium supple-
mented with 10% FCS, minimal essential medium nones-
sential amino acids, penicillin (100 U/ml), and streptomycin
(100 U/ml). All cell cultures were kept at 37° C. and 5%
CO.,.

Virus replication. Construction of the HIV-rtTA molecular
clone was described previously (Verhoet et al. 2001; Das et
al. 2004b). The HIV-rtTA variant used 1n this study contains
the 2AtetO configuration (Marzio et al. 2001; Marzio et al.
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2002) in both the 5' and the 3' LTR. SupT1 cells (5x10%)
were transiected with 5 ug of the HIV-rtTA molecular clone
by electroporation (250 V and 975 uF). Viral replication was
induced with doxycycline (dox, D-9891, Sigma, St. Louis,
Mo., USA), tetracycline (Tc, Sigma T-3383) or minocycline
(Mc, Sigma M-9311). The CA-p24 level i the cell-free

culture supernatant was determined by antigen capture
enzyme-linked immunosorbent assay (ELISA) (Back et al.
1996).

For the selection of evolved viruses, Supll cells were
transfected with the HIV-rtTA ...y ,-50- molecular clone
(Das et al. 2004a), and cultured in the presence of 1 ng/ml
dox for up to 200 days. The virus containing culture super-
natant was passaged onto fresh SupT1 cells at the peak of
infection, as determined by the massive appearance of
syncytia. At regular intervals, cell and supernatant samples
were taken from the culture and stored at -80° C. for
subsequent analysis.

Proviral DNA analysis and cloning of evolved sequences.
Total cellular DNA from infected cells was 1solated as
described previously (Das et al. 1997). The proviral rtTA
genes were PCR amplified with the sense primer tTAl
(5'-ACAGCCATAGCAGTAGCTGAG-3") (SEQ ID NO:1)
and the antisense primer tTA-rev2 (5'-GATCAAGGA-
TATCTTGTCTTCGT-3") (SEQ ID NO:2), and sequenced
with the bigdye terminator cycle sequencing kit (Applied
Biosystems, Foster city, CA, USA). The PCR products were
digested with Xbal and Smal and used to replace the
corresponding fragment m pCMV-rtTA, in which the
expression of wild-type rtTA (rtTA2°-S2, (Urlinger et al.
2000)) 1s controlled by the human cytomegalovirus (CMV)
immediate-early promoter. Mutant rtTA genes were cloned
from pCMV-rtTA into the shuttle vector pBlue3'LTRext-
deltaU3-rtTA o<y ,-007-2AtetO (Das et al. 2004a) using the
Xcml and Ndel sites and subsequently cloned back into the
HIV-rtTA molecular clone as BamHI-Bgll fragments. To
introduce the F67S and G138D mutations into evolved rtTA
variants, mutagenesis PCR (Mikaelian et al. 1992) was
performed with the corresponding pCMV-rtTA plasmid and
the mutagenic primer (primer M) tTA-F67S (5'-CATACC-
CACTCCTGCCCCCTGGAAGGCGA-3, mismatching
nucleotide underlined) (SEQ ID NO:3) or tTA-G138D (5'-
GTCCGCCGTGGACCACTTITACACTGGGCT-3") (SEQ
ID NO:4) and the general primers 5'-TGGAGACGCCATC-
CACGCT-3 (primer 1) (SEQ 1D NQO:3),
SSTGAAATCGAGTTTCTCCAGGCCACATATGA-3!
(primer 2) (SEQ ID NO:6), and 3-TCACTGCAI-
TCTAGTTGTGGT-3' (primer 3) (SEQ ID NO:7). Briefly,
PCR reactions were performed with primer M plus primer 3,
and with primer 1 plus primer 2. The PCR products were
purified, mixed, and PCR amplified with primers 1 and 3
(see reference (Mikaelian et al. 1992) for details). The
resulting mutated rtTA genes were cloned as EcoRI-BamHI
fragments mto pCMV-rtTA. All constructs were verified by
sequence analysis.

rtTA activity assay. Two firetly luciferase reporter con-
structs with different promoter configurations were used.
pLTR-2AtetO-luc contains the LTR-2AtetO promoter
derived from the HIV-rtTA molecular clone (Marzio et al.
2001; Marzio et al. 2002). pCMV-7tetO-luc, previously
named pUHC13-3 (Gossen et al. 1992), contains seven tetO
clements located upstream of a minimal CMYV promoter. The
plasmid pRL-CMV (PROMEGA®, Madison, Wis., USA),
in which the expression of Remilla luciferase 1s controlled by
the CMV promoter, was used as an internal control to allow
correction for differences 1n transfection efliciency.
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C33A and HelLa X1/6 cells were grown in 2-cm” wells to
60% confluency and transiected by the calcium phosphate

precipitation method (Das et al. 1999). C33A cells were
transiected with 0.4 ng pCMV-rtTA (wild-type or mutant),
20 ng pLTR-2AtetO-luc or pCMV-7tetO-luc, 0.5 ng pRL-
CMYV, and 980 ng pBluescript as carrier DNA. HelLa X1/6
cells were transfected with 8 ng pCMV-rtTA, 2.5 ng pRL-
CMV, and 990 ng pBluescript. The amount of the DNA
constructs was optimized for each cell type to keep rtTA-
mediated transactivation within the linear range and to avoid
squelchmg of transcription factors. Cells were cultured for
48 hours 1n the presence of different concentrations of dox,
Tc or Mc, and lysed 1n Passive Lysis Buller ( PROMEGA®).
Firefly and Renilla luciferase activities were determined
with the dual-luciferase reporter assay (PROMEGA®). The
activity of the rtTA variants was calculated as the ratio of the
firefly and Renilla luciferase activities, and corrected for
between-session variation.

Western blot analysis. HelLa X1/6 cells were transfected at
90% confluency with 1 ug of wild-type or mutant pCMV-
rtTA and 2 pl of Lipofectamine 2000 (Invitrogen, Carlsbad,
Calif., USA) in 2-cm” wells. Cells were cultured for 48
hours and lysed 1n 100 ul of Passive Lysis Butler. 10 ul of
the lysate was subjected to SDS-polyacrylamide gel sepa-
ration, and transierred to Immobilon-P membrane (Mil-
lipore, Billerica, Mass., USA). For immunochemical detec-
tion of rtTA variants, membranes were incubated with rabbit
serum containing polyclonal anti-TetR antibodies (Krueger
et al. 2003). Bound antibodies were visualized with peroxi-
dase-linked anti-rabbit IgG and the ECL+ kit (Amersham
Biosciences, Freiburg, Germany) and analyzed with a Storm
860 Imager (Amersham Biosciences).

Example 2

HIV-1 vaccines based on a live-attenuated virus have
shown promise 1n the SIV-macaque model, but are generally
considered unsafe for use i humans. The major safety
concern 1s that chronic low-level replication of the attenu-
ated virus may eventually lead to selection of fitter and more
pathogenic virus variants. Ideally, one would like to restrict
replication of a vaccine virus to the time window that 1s
needed to elicit a protective immune response. We previ-
ously presented a novel vaccine approach that uses a con-
ditional-live HIV-1 virus. In this HIV-rtTA virus, the viral
transcriptional activator Tat and its TAR binding site were
mactivated by mutation and functionally replaced by the
components of the Tet-on system. This system, 1n which
gene expression 1s stringently controlled by the non-toxic
cellector doxycycline (dox), 1s widely applied to regulate
gene expression in eukaryotes. The rtTA gene encoding the
transcriptional activator was inserted in place of the nef
gene, and the tet-operator (tetO) DNA binding sites were
placed 1n the viral LTR promoter. This HIV-rtTA virus does
not replicate in the absence of dox. Binding of dox to rtTA
triggers a conformational change that allows the protein to
bind tetO DNA, resulting 1n transcriptional activation and
subsequent viral replication. Upon vaccination with this
virus, replication can be temporarily activated and con-
trolled to the extent needed for induction of the immune
system by transient dox administration.

The potential use of this dox-dependent HIV-rtTA virus as
a vaccine raises new salety questions concerning the genetic
stability of the introduced Tet-on system. There are several
hypothetical evolutionary routes toward a constitutively
replicating virus. First, the virus may restore the function of

the Tat-TAR system, despite the multiple mnactivating muta-
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tions that were introduced in both elements to avoid simple
reversion to the wild-type sequence. In this scenario, the
dox-controlled rtTA-tetO system will become superfluous,
and may be 1nactivated over time by mutation or deletion.
Second, the viral LTR promoter could become a constitutive
transcription element, for instance by acquisition of a bind-
ing site for a constitutively expressed cellular transcription
factor. Replication of such a virus 1s not dependent on a
virally encoded transactivator, neither Tat nor rtTA. Third,
the introduced rtTA-tetO axis may lose dox-dependence,
thereby creating an uncontrolled Tet system. This scenario
would for instance occur through acquired mutations in the
rtTA protein that shift its conformation into the DNA-
binding mode, even in the absence of dox.

To address these safety 1ssues, we followed the evolution
of HIV-rtTA 1n multiple, independent virus cultures. We
observed loss of dox-control 1n several cultures, which 1n all
cases resulted from a typical amino acid substitution either
at position 19 or 37 in the rtTA protein. We developed novel
rtTA variants with alternative amino acids at these positions,
and demonstrated that the corresponding HIV-rtTA variants
did not lose dox-control in long-term cultures. Thus, we
improved the genetic stability of the Tet-on system and the
HIV-rtTA vaccine candidate by blocking unwanted evolu-
tionary routes.

Materials and Methods

Virus cultures. The HIV-rtTA infectious molecular clone
1s a derivative of the HIV-1 LAI proviral plasmid (Peden et
al. 1991) and was described previously (Das et al. 2004b;
Verhoef et al. 2001). HIV-rtTA used 1n this study 1s the KYK
version, which contains the mmactivating Y26 A mutation in
the Tat gene and five nucleotide substitutions in the TAR
hairpin motif. This virus contains the rtTA2°-S2 gene (Url-
inger et al. 2000) 1n place of the netf gene and eight tetO
sequences 1n the TR promoter region. The HIV-rtTA2 AtetO
clone 1s 1dentical to HIV-rtTA, but with the optimized
2AtetO promoter configuration (Marzio et al. 2001; Marzio
et al. 2002). HIV-rtTA o+ 5507 cOontains the LTR-2AtetO
promoter and the recently described rnTA ¢y o007+ ZENE
(Das et al. 2004a).

SupTl T cells were grown at 37° C. and 5% CO, 1n
RPMI1640 medium containing 10% fetal bovine serum
(FBS), 100 units/ml penicillin, and 100 ug/ml streptomycin.
SupTl cells were transfected with HIV-rtTA molecular
clones by electroporation. Briefly, 5x10° cells were washed
in RPMI1640 with 20% FBS and mixed with 5 ug of DNA
in 250 ul RPMI1640 with 20% FBS. Cells were electropo-
rated 1n 0.4-cm cuvettes at 250 V and 975 uF and subse-
quently resuspended in RPMI1640 with 10% FBS. The
CA-p24 level 1n the cell-free culture supernatant was deter-
mined by antigen capture enzyme-linked immunosorbent
assay (ELISA) (Back et al. 1996).

The 24-well evolution experiment was started with trans-
fection of 40 ug of the HIV-rtTA proviral plasmid into 2x10’
SupT1 cells. Cells were split into 24 independent cultures
and maintained 1n the presence of 1 ug/ml dox (Sigma
D-9891) for up to 200 days. The virus containing culture
supernatant was passaged onto fresh SupT1 cells at the peak
of infection, as determined by the massive appearance of
syncytia. At regular intervals, supernatant samples were
taken from the culture and tested 1n parallel infections with
and without dox. Cell samples were stored at —80° C. for
subsequent analysis.

Proviral DNA Analysis
Sequences

HIV-rtTA infected cells were pelleted by centrifugation
and washed with phosphate-buflered saline. DNA was solu-
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bilized by resuspending the cells in 10 mM Trns-HCI (pH
8.0)-1 mM EDTA-0.5% Tween 20, followed by incubation
with 200 ug/ml of proteinase K at 56° C. for 60 mM and 95°
C. for 10 min. Proviral DNA sequences were PCR amplified
from total cellular DNA. The first exon of the Tat gene was
amplified with the primers KV1 (5'-CCATCGA-
TACCGTCGACATAGCAGAATAGG-3") (SEQ ID NO:8)
and 3'TAT (S'-CGGGAATTCITACTGCTTTGA-
TAGAGAAAC-3") (SEQ ID NO:9). The LTR-tetO region
was amplified with the primers {t(TA-tetO1l (5'-
CTCCCCGGGTAACTAAGTAAGGAT-3") (SEQ ID
NO:10) and C(N1) (3'-GGTCTGAGGGATCTCTAGT-
TACCAGAGTC-3") (SEQ ID NO:11). The rtTA gene was
amplified with the primers tTA1 (5'-ACAGCCAT-
AGCAGTAGCTGAG-3") (SEQ ID NO:1) and tTA-rev2
(S'-GATCAAGGATATCTTGTCTTCGT-3") (SEQ ID
NO:2). All PCR fragments were sequenced with the bigdye
terminator cycle sequencing kit (Applied Biosystems). For
the cloning of the G19E or E37K mutated rtTA sequences
into the HIV-rtTA provirus, rtTA PCR {fragments were
digested with Xcml and Smal and cloned into the corre-
sponding sites of the shuttle vector pBlue31TRext-deltal3-
rtTA-2AtetO (16). The BamHI-Bgll fragment of the shuttle
vector was used to replace the corresponding sequence in
HIV-rtTA 2AtetO.

Construction of Novel HIV-rtTA Variants and rtTA
Expression Plasmids.

HIV-rtTA vanants with an alternative G codon. (GGU
instead of GGA) at rtTA position 19 and with a wild-type (E)
or alternative amino acid (D, F, L, N, Q, R, S) at position 37
were constructed by oligonucleotide directed mutagenesis.
The oligonucleotide G19  (5'-ATAACCATGTCTA-
GACTGGACAAGAGCAAAGTCATAAACTCTGCT-
CTGGAATTACTCAATGGTGTCGGTATCGAAGGCCT-
GACGACAAGGAAACTCGCT-3', mutated nucleotide
underlined) (SEQ ID NO:12) was annealed to the oligo-
nucleotide rev-37 (5'-AGCAGGGCCCGCTTGTTCTT-
CACGTGCCAGTACAGGGTAGGCTGXXXAACTCC-
CAGCTTTTGAGCGAGTTTCCTTGTCGTCAGGC-
CTTCGA-3'", with XXX corresponding to amino acid 37;
this triplet 1s CTC for E, ATC for D, GAA for F, AAG for
L, ATT for N, CTG for Q, GCG for R, and AGA for S) (SEQ
ID NO:13), both strands were completed with Klenow DNA
polymerase 1n the presence of dANTPs, digested with Xcml
and Apal, and ligated into the similarly digested shuttle
vector pBlue3d'LTRext-deltaU3-rtTA -y 45007-2A1etO (Das
et al. 2004a). The BamHI-Bgll fragment of the shuttle vector

was used to replace the corresponding sequence in HIV-rtTA
2AtetO.

The plasmid pCMV-rtTA contains the rtTA2°-S2 gene in
the expression vector pUHD141-1/X (Urlinger et al. 2000).
To generate rtTA variants with different amino acids at
position 19 or 37, PCR was performed on pCMV-rtTA with
the sense primer random-rtTA-19 (3'-TTCACCATGTCTA.-
GACTGGACAAGAGCAAAGTCATAAACTCTG-
CTCTGGAATTACTCAATNNKGTCGGTATCGAAG-
GCCTGACGA-3', mutated nucleotide underlined with K
corresponding to T or G, and N corresponding to T, C, A or
G) (SEQ ID NO:14) plus the antisense primer CMV2
(S'-TCACTGCATTCTAGTTGTGGT-3Y) (SEQ ID NO:135)
or with the sense primer CMV1 (5'-TGGAGACGCCATC-
CACGCT-3") (SEQ ID NO:16) plus the antisense primer
random-rtTA-37 (S'-AGCAGGGCCCGCTTGTTCTT-
CACGTGCCAGTACAGGGTAGGCTGMNNAACTCCC-
AGCTTTTGAGCGA-3', mutated nucleotide underlined
with M corresponding to A or C, and N corresponding to T,

C, Aor 3), respectively (SEQ ID NO:17). The mutated rtTA
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sequences were cloned as Xbal-Apal fragments into pCMV-
ItTA oy 4007 (Das et al. 2004a). All constructs were veri-

fied by sequence analysis. To combine the G19F (UUU
codon) and E37L (CUU codon) mutations, the E37L-con-
taining Stul-BamHI fragment of pCMV-rtTA -, was used
to replace the corresponding sequence i pCMV-rtTA 5, o,
resulting in pCMV-rtTA ., o z177. The rtTA. or z177
sequence was cloned into the shuttle vector pBlue3"TRext-
deltaU3-rtTA o3 ,-00-2AtetO (Das et al. 2004a) using the
Xcml and Ndel sites and subsequently cloned into the
HIV-rtTA 2AtetO molecular clone as a BamHI-Bgll frag-
ment.

rtTA Activity Assay.

Hel.a X1/6 cells (Baron et al. 1997) are derived from the
Hela cervix carcinoma cell line and harbor chromosomally
integrated copies of the CMV-7tetO firetly luciferase
reporter construct pUHCI13-3 (Gossen et al. 1992). Cells
were grown at 37° C. and 5% CO, as a monolayer in
Dulbecco’s modified Fagle’s medium supplemented waith
10% FBS, minimal essential medium nonessential amino
acids, 100 units/ml penicillin, and 100 ug/ml streptomycin.

HelLa X1/6 cells were grown in 2-cm” wells to 60%
confluency and transfected by the calcium phosphate pre-

cipitation method. 1 ug of DNA mixture 1in 15 ul water was
mixed with 25 ul of 50 mM HEPES (pH 7.1)-250 mM
NaCl-1.5 mM Na,HPO, and 10 ul of 0.6 M Ca(Cl,, incu-
bated at room temperature for 20 min and added to the
culture medium. The DNA mixture consisted of 8 ng pCMV-
rtTA, 2.5 ng pRL-CMYV, and 990 ng pBluescript as carrier
DNA. The plasmid pRL-CMV (PROMEGA®), 1n which the
expression of Renilla luciferase 1s controlled by the CMV
promoter, was used as an internal control to allow correction
tor diflerences in transiection ethiciency. Cells were cultured
after transfection for 48 hours at different dox concentrations
and then lysed in Passive Lysis Bufler (PROMEGA®).
Firefly and Renilla luciferase activities were determined
with the Dual-Luciferase Reporter Assay (PROMEGA®).
The expression of firefly and Renilla luciferase was within
the linear range and no squelching effects were observed.
The activity of the rtTA variants was calculated as the ratio
of the firefly and Renilla luciferase activities, and corrected
for between-session variation (Retrovirology, submitted).

Results

Appearance of HIV-rtTA variants with reduced dox-de-
pendence. We have previously reported on the construction
of a conditional-live HIV-1 variant (Das et al. 2004b;
Verhoef et al. 2001), in which the natural Tat-TAR elements
that control viral gene expression and replication were
inactivated by mutation and functionally replaced by the
rtTA-tetO elements of the Tet-on system for inducible gene
expression (FIG. 8A). This HIV-rtTA virus does not repli-
cate constitutively, but exclusively in the presence of dox.
We recently reported that long-term replication of this virus
resulted 1n rearrangement of the tetO elements and amino
acid substitution in the rtTA protemn that significantly
improved viral replication without a loss of dox-control. We
anticipated that the HIV-rtTA virus could also evolve 1n
different directions (see introduction), and therefore focused
this study on the appearance of virus variants that no longer
relied on dox for replication. We started multiple long-term
virus cultures and followed the development of dox-inde-
pendence. The evolution approach and the flow chart of the
subsequent analyses are illustrated 1n FIG. 8B. The HIV-
rtTA virus was passaged extensively in the presence of dox
in 24 independent cultures. At several time points, superna-
tant samples were taken from the culture and tested 1n a
parallel infection without dox to determine the dox-depen-
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dence of the evolved virus. The results for all 24 cultures are
summarized i FIG. 8C (black squares). We observed a
significant reduction 1n the number of dox-dependent viruses
within 50 days of culturing, and only three cultures remained
dox-dependent after 125 days.

The replication curves of the original HIV-rtTA virus and
two representative dox-independent wvirus cultures are
shown 1n FIG. 9. Virus sample C5 did replicate without dox,
but can still be activated by dox to some extent, whereas
virus sample C6 replicated with similar effliciency with and
without dox. Total cellular DNA with integrated provirus
was 1solated from eight dox-independent HIV-rtTA cultures.
We analyzed the sequence of both the “old” Tat-TAR motifs
and the “new” rtTA-tetO motifs as they were present 1n the
virus population. In all cultures, the Tat and TAR sequences
contained the original mutations, indicating that the Tat-
TAR axis of transcriptional activation had not been repaired.
In contrast, we observed 1n all cultures the characteristic
rearrangement of tetO elements that had previously been
shown to improve dox-dependent HIV-rtTA replication
(Marzio et al. 2001; Marzio et al. 2002). Moreover, viruses

from all dox-independent cultures had acquired either a
G19E or an E37K mutation 1n the rtTA gene (FIG. 8D). Two
of the cultures (B6 and C6) contained additional amino acid
substitutions. The repeated selection of G19E or E37K 1n
multiple cultures, combined with their absence in the three
remaining cultures (data not shown), strongly suggests their
linkage to the acquired dox-independent phenotype.

Amino Acid Substitutions 1 rtTA Confer the Loss of
Dox-Control.

To demonstrate that these rtTA mutations are responsible
for the observed wviral replication without dox, we con-
structed HIV-rtTA molecular clones with the G19E or E37K
mutation in the rtTA gene and assayed their replication at
different dox concentrations (FIG. 10). HIV-rtTA with wild-
type rtTA did not replicate without dox and showed a graded
increase 1n viral replication with increasing dox concentra-
tions. HIV-rtTA o~ replicated efliciently both with and
without dox. HIV-rtTA ;- also replicated without dox, but
replication 1s more eflicient with dox. These results demon-

strate that the G19E or E

E37K mutation 1s suflicient to reduce
the dox-dependence of the HIV-rtTA virus.

The results described above were obtained with the origi-
nal HIV-rtTA virus, which replicates relatively poorly. We
also tested the genetic stability of two improved HIV-rtTA
variants i a similar 24-well long-term culture assay. HIV-
rt TA 2AtetO 1s 1dentical to HIV-rtTA, but with the improved
LTR-2AtetO promoter (Marzio et al. 2001; Marzio et al.
2002), and HIV-rtTA «cy s-007 Contains in addition the
improved rtTA o« ,-007 gene (Das et al. 2004a). With both
viruses we again observed the appearance of varnants that
replicated without dox, albeit at a significantly slower rate
compared with the original HIV-rtTA (FIG. 8C). Whereas
the original HIV-rtTA lost dox-control 1n 50% of the cultures
within 50 days, 50% of the HIV-rtTA 2AtetO cultures lost
dox-dependence 1 approximately 75 days, and more than
50% of the HIV-rtTA oy ,-007 Cultures were still fully
dox-dependent after 120 days. Apparently, these new HIV-
rtTA varniants do not only have an improved replication
capacity, but also a lower tendency to lose dox-control.
Sequence analysis of two dox-independent HIV-
tTA v 4-007 Cultures revealed the G19E mutation 1n both
cases.

HIV-rtTA variants with alternative codons at rtTA posi-
tions 19 and 37. In the evolution experiments, we observed
very specific amino acid substitutions that reduced dox-
dependence at only two rtTA positions (G19E and E37K).
The introduction of alternative rtTA codons may make such
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specific amino acid substitutions more difficult or even
prevent these unwanted evolutionary routes. For instance,
the G19E mutation involves a GGA to GAA codon change,
and the G-to-A transition 1s the most frequent error during
HIV-1 reverse transcription. Introduction of an alternative
Gly codon (GGU or GGC) would require a much more
difficult two-hit mutation, including one transversion, to
create a Glu codon (GAA or GAG). Such a difference 1n the
mutational frequency strongly influences the course of
HIV-1 evolution.

A similar strategy 1s not possible for E37K because all
possible Glu codons (GAA and GAG) require only a single
(G-to-A mutation to turn into a Lys codon (AAA or AAG). As
an alternative blocking strategy, we could replace the E37-
codon with a non-Glu codon that would be more diflicult to
transform 1nto a Lys codon. However, such an amino acid
substitution should i1deally not affect the activity or dox-
dependence of the rtfTA protein. We first examined natural
variation at this position 1n the Tet repressor (TetR). The
rtTA protein is based on the E. coli class B TetR (TetR”), but
there are six additional TetR classes (A, C-E, G, H). TetR
from class D, E and H also have the Glu at position 37, but
TetR from class A, C and G have a Gln instead. Fvolution
of a Gln codon (CAA or CAG) to a Lys codon (AAA or
AAG) would require only a single C-to-A mutation, but this
transversion 1s less frequently observed in HIV-1 evolution.
We therefore constructed an HIV-rtTA variant with a Gln
codon (CAG) at position 37 (E37Q). In addition, we con-
structed variants with either an Asp (GAU; E37D), Asn
(AAU; E37N), Ser (UCU; E37S), Arg (CGC; E37R), Phe
(UUC; E37F) or a Leu codon (CUU; E37L). The E37D
substitution leaves the acidic nature of the residue intact.
The E37N and E37S mutations, like the natural variant
E37Q, result 1n polar, uncharged residues. The E37F and
E37L mutations result 1n hydrophobic residues. The E37R
substitution creates a basic residue that 1s similar to the
E37K mutation selected through wviral evolution. When
allowed by the degeneracy of the genetic codon, we chose
the codon that requires most mutations to convert into a Lys
codon. For example, a CGC rather than an AGA codon was
chosen for the E37R variant. Moreover, all new HIV-rtTA
variants contain the alternative Gly codon (GGU) at position
19.

We tested replication of these novel HIV-rtTA vanants in
SupT1 cells with and without dox (FIG. 11). As expected,
the virus with the silent codon change at position 19 (E37)
replicated dox-dependently. The E37L, E37/N, E37F, E37Q)
and E37R variants also showed eflicient and dox-dependent
replication. The E37D vanant did not replicate with or
without dox. Interestingly, the E37S variant replicated efli-
ciently both with and without dox, which 1s a phenotype
similar to that of the E37K variant. This initial survey
demonstrates that the HIV-rtTA phenotype 1s difficult to
predict from the chemical nature of the residue, e.g., E37R
1s similar to E37K, but does not reduce dox-dependence. To
construct a more stable dox-dependent virus, 1t therefore
seems necessary to know the impact of all possible amino
acid substitutions at position 37.

Testing all Possible Position 37 Variants of rtTA.

We constructed rtTA expression plasmids with all pos-
sible amino acids at position 37. The activity of these
variants was assayed by transfection mnto HelLa X1/6 cells
(Baron et al. 1997) that contain stably integrated copies of
the CMV-"7tetO luciierase reporter construct (Gossen et al.
1992). Transfected cells were cultured for two days in the
presence of 0-1000 ng/ml dox. We subsequently determined
the mtracellular luciterase level, which reflects rtTA activity.
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As shown 1 FIG. 12A, the activity of these 20 rtTA vanants
varies considerably. Most variants show no, or very low,
activity 1n the absence of dox, and their activity increases
with 1ncreasing dox levels.

Comparison of the rtTA activity data (FIG. 12A) with the
replication capacity of the selected set of HIV-rtTA variants
(FIG. 11) allows us to determine the level of rtTA activity
that 1s required for viral replication. The 37F, 371, 37N, 37Q)
and 37R varnants show no or very low activity at zero dox
(less or equal to 0.06% of the wild-type rtTA activity at 1000
ng/ml dox), and viruses carrying these rtTA variants do not
replicate without dox. The low activity (0.09%) of the 37D
variant at 1000 ng/ml dox 1s not suflicient for viral replica-
tion either. The 37K and 37S variants show 0.19% and 1%
activity without dox, respectively. This level of activity 1s
apparently suflicient to drive a low level of viral replication.
The threshold of rtTA activity that 1s suthicient for HIV-rtTA

replication was therefore set at 0.1%. This would mean that
not only HIV-rtTA ;- and HIV-rtTA ..., but also HIV-
tTA .5~ , will replicate 1n the absence of dox. The codons
corresponding to these amino acids are therefore dark grey
(but not black) i1n the codon table (FIG. 12C), and evolution
toward these codons should be prevented. All other variants,
except for the iactive 37D mutant, show a phenotype
similar to wild-type rtTA, 1.e., activity below 0.1% at zero
dox and much higher than 0.1% at 1000 ng/ml dox. HIV-
rtTA viruses with these variants are thus expected to repli-
cate in a dox-dependent manner. These amino acids are light
grey 1n the codon table, and evolution toward them would
not result 1 a loss of dox-dependence. The D and stop
codons are marked 1n black, as the corresponding viruses
will not be replication competent.

In the codon table, every change in row or column
represents a single nucleotide substitution. This colored
codon table (FIG. 12C) thus facilitates the identification of
position 37 codons that preserve dox-dependence (light
orey) and that require multiple nucleotide mutations to
convert into a codon that allows replication 1n the absence of
dox (dark grey). The Leu codons CUN meet these safety
requirements.

Testing all Possible Position 19 Variants of rtTA.

[ike the F37K mutation, the G19E mutation causes viral
replication 1n the absence of dox. To reveal whether other
amino acid substitutions at this position would similarly
result i a loss of dox-dependence, we constructed rtTA
expression plasmids with all possible amino acids at position
19. The activity of these rtTA vanants was analyzed as
described above for the position 37 variants. As shown 1n
FIG. 12B, most varnants show no or very low activity (less
than 0.1%) without dox, and their activity increases with
increasing dox levels. In contrast, the 19P variant 1s mnactive,
and the 19E varnant shows 3% activity without dox. This
relatively high basal activity of 19E 1s 1n agreement with the
eilicient replication of the corresponding HIV-rtTA virus
without dox. There are multiple codons possible at position
19 that preserve dox-dependence (colored light grey in FIG.
12D) and that require multiple nucleotide mutations to
convert into a codon that allows replication 1n the absence of
dox (colored dark grey). For example, the Phe codon UUU
meets these safety requirements very well, since it requires
three transversions to convert ito a Glu codon.

rtTA with Safety-Lock Mutations Prevents the Loss of
Dox-Control.

We constructed an rtTA variant that combines the two

satety-lock mutations: Phe (UUU) at position 19 (G19F) and
Leu (CUU) at position 37 (E37L). This rtTA variant shows

very low basal activity (less than 0.1%) and 1ts activity
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gradually increases with increasing dox levels (FIG. 13A).
Although rtTA ;, 5~ 3+, 1S less active than wild-type rtTA at

low dox concentrations, 1t 1s highly active at high dox levels.
Accordingly, HIV-rtTA 4,5~ ~3-; does not replicate 1n the
absence of dox or at low dox levels, but does replicate
ciiciently at high dox levels (FIG. 13C). We tested the
genetic stability of this virus in 24 long-term cultures with
dox (FIG. 8C). The HIV-rtTA;,o~ =377 virus never lost
dox-control up to 200 days of culturing. This result dem-
onstrates the increased genetic stability, and thus improved
safety, of the novel HIV-rtTA variant.

rtTA Variants with an Alternative Amino Acid at Position
19 or 37 Demonstrate an Improved Transcriptional Activity
and Dox-Sensitivity.

Most rtTA variants with an alternative amino acid at
position 19 (alanine, cysteine, aspartate, phenylalanine, his-
tidine, 1soleucine, lysine, leucine, methionine, asparagine,
glutamine, arginine, serine, threonine, valine or tyrosine)
and some of the rtTA variants with an alternative amino acid
at position 37 (cysteine, methiomine, glutamine, arginine or
threonine) show an increased transcriptional activity at a low
dox concentration and/or an increased transcriptional activ-
ity at a high dox concentration when compared with the
original (wild-type) rtTA (FIGS. 12 A and B). These results
demonstrate that these amino acid substitutions at position
19 and 37 enhance the activity and/or dox-sensitivity of
rtTA.

Conclusions

When currently known rtTA 1s incorporated in a replicat-
ing system (e.g., 1n a replicon), rtTA 1s at risk of losing
dox-control due to mutations at rtTA amino acid position 19
and/or 37 acquired during evolution of the system. Such
undesired evolution 1s prevented by the introduction of
alternative codons at these amino acid positions. Preferred
alternative codons require multiple nucleotide substitutions
to convert 1nto a codon encoding an amino acid that would
mediate loss of dox-control of rtTA. As an example we
demonstrate that a phenylalamine codon (UUU) at rtTA
amino acid position 19 and a leucine codon (CUU) at
position 37 improve the genetic stability of rtTA and prevent
at least 1 part the loss of dox-control. Our results demon-
strate that other amino acid codons at position 19 (encoding
alamine, cysteine, phenylalanine, histidine, 1soleucine, leu-
cine, methionine, asparagine, arginine, serine, threonine,
valine, tryptophane or tyrosine) and position 37 (encoding
histidine, leucine or arginine) similarly improve the genetic
stability of rtTA.

The mtroduction of alternative amino acids at rtTA amino
acid position 19 and/or 37 improve the transcriptional activ-
ity and/or inducer-sensitivity of rtTA. Specifically, introduc-
tion of an alanine, cysteine, aspartate, phenylalanine, histi-
dine, 1soleucine, lysine, leucine, methionine, asparagine,
glutamine, arginine, serine, threonine, valine or tyrosine at
rtTA amino acid position 19, and/or the introduction of a
cysteine, methionine, glutamine, arginine or threonine at
rtTA amino acid position 37 results 1n an increased tran-
scriptional activity and/or dox-sensitivity of rtTA.

Example 3
Improved sc rtTA variants

Single-chain Tet transregulators have recently been devel-
oped, in which two TetR domains are connected by a peptide
linker and one VP16 activation domain or KRAB repressor
domain 1s positioned at the C-terminal end (Krueger et al.
2003). These transregulators fold itramolecularly and do
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not dimerize with each other. Unfortunately, the single-chain
version of rtTA (sc rtTA) exhibits reduced activity when
compared with the regular rt'TA, and this low activity may
thwart its use 1n applications that require an active Tet-on
system.

We have mcorporated the rtTA gene and the tetO elements
into the HIV-1 genome to control virus replication. During
culturing of this dox-dependent virus, spontancous viral
evolution selected for improved virus variants, in which the
introduced Tet-on system was optimized. We have identified
several amino acid substitutions in the rtTA gene that greatly
enhance the transcriptional activity and dox-sensitivity of
the transactivator. To test whether these mutations similarly
improve other TetR-based transactivators, we 1introduced
them 1nto sc rtTA. All mutations enhanced sc rtTA activity.
The most active sc rt'TA variant 1s ~30-fold more active than
the original sc rtfTA, and 1s almost as active as the regular
rtTA.

Materials and Methods

Construction of sc rtTA variants. The plasmids pCMV-
rtTA and pCMV-scrtTA contain the rtTA2°-S2 and sc rtTA2-
S2 genes, respectively, cloned in the expression vector
pUHDI141-1/X (Krueger et al. 2003; Urlinger et al. 2000).
The sc rtTA gene contains two TetR domains and a single
activation domain. To introduce mutations into the N-ter-
minal TetR domain, the EcoRI-BifuAl fragment of pCMYV-
scrtTA was replaced with the corresponding fragment of the
appropriate pCMV-rtTA plasmid. Mutations were 1intro-
duced mto the C-terminal TetR domain of sc rtTA by
mutagenesis PCR (Mikaelian et al. 1992) on pCMV-scrtTA
with the mutagenic primers (primer M) scrtlTA-VOI (5'-
GGCTCTAGATCTCGTTTAGATAAAAGTAAAATCAT-
TAACAGCGCA-3") (SEQ ID NO:18), scrtTA-F675 (35'-
AGGCACCATACTCACTCTTGCCCTTTA-3Y) (SEQ 1D
NO:19), scrtTA-F8Y  (5'-AACGCTAAAAGTTATA-
GATGTGCT-3") (SEQ ID NO:20), or scrtTA-G138D (3'-
CAGCGCTGTGGACCACTTTACTTTA-3") (SEQ 1D
NO:21) and the primers 5-TAATCATATGTGGCCTG-
GAGAA-3' (primer 1) (SEQ ID NO:22), S-AGGCGTATT-
GATCAATTCAAGGCCGAATAAG-3' (primer 2) (SEQ ID
NQO:23), and  5S'-TCACTGCATTCTAGTTGTGGT-3'
(primer 3) (SEQ ID NO:24) as described above for the tTA
mutations. The final PCR products were digested with BgllI
and Smal and used to replace the corresponding fragment of
pCMV-scrtTA. All constructs were verified by sequence
analysis.

Cell culture and rtTA activity assay. The activity of rtTA
and sc rtTA was assayed 1 HelLa X1/6 cells (Baron et al.
1997), which are HelLa-derived cells containing chromoso-
mally integrated copies of the CMV-7tetO luciierase
reporter construct pUHCI13-3 (Gossen et al. 1992). Cells
were cultured at 37° C. and 3% CO, in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum,
minimal essential medium nonessential amino acids, peni-
cillin (100 U/ml), and streptomycin (100 ug/ml). Cells were
grown in 2-cm” wells to 60% confluency and transfected
with the pCMV-rtTA or pCMV-scrtTA expression plasmids
and the plasmid pRL-CMV (PROMEGA®) by the calcium
phosphate precipitation method. pRL-CMV  expresses
Renilla luciferase from the CMV promoter and was used as
an internal control to allow correction for differences 1n

transiection efliciency. 1 ug of DNA mixture in 15 ul water
was mixed with 25 ul of 50 mM HEPES (pH 7.1)-250 mM

NaCl-1.5 mM Na,HPO, and 10 ul of 0.6 M CaC(l,, incu-
bated at room temperature for 20 min, and added to the
culture medium. The DNA mixture consisted of 20 ng

pCMV-scrtTA or pCMV-rtTA, 2 ng pRL-CMYV, and 978 ng
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pBluescript for sc rtTA or rtTA activity assay. Cells were
cultured after transfection for 48 hours at different dox
(D-9891, Sigma) concentrations and then lysed in Passive
Lysis Buller (PROMEGA®). Firetly and Renilla luciferase
activities were determined with the Dual-Luciferase
Reporter Assay (PROMEGA®). The expression of firefly
and Renilla luciferase was within the linear range and no
squelching effects were observed. The activity of the trans-
activators was calculated as the ratio of the firefly and
Renilla luciferase activities, and corrected for between-
session variation.

Results

Mutations Observed 1n rtTA Improve sc rtTA Activity.

In sc rtTA, two TetR domains are connected head to tail
by a peptide linker, and a single activation domain 1s fused
to the C-terminal TetR domain. The mutations that did
improve rtTA activity are all positioned within the TetR
domain of the protein (FIG. 16). To test whether these
beneficial mutations of rtTA can also improve the activity
and dox-sensitivity of sc rtTA, we troduced them into
either one or both of the TetR domains of sc rtTA. Activity
of these variants was analyzed in Hela X1/6 cells and
compared with the activity of rtTA and the original (wild-
type) sc rtTA (FIG. 18). Both rtTA and wild-type sc rtTA
show no background activity without dox and their activity
increases gradually with increasing dox levels. However, the
induced activity of sc rtTA 1s much lower than that of rtTA
at all tested dox concentrations. For example, sc rtTA 1s
about 40-fold less active than rtTA at 1000 ng/ml dox (FIG.
18A). Introduction of the F86Y mutation 1n the N-terminal
TetR domain increased se rtTA activity ~10-1old at all dox
levels, but did not affect background activity. The additional
introduction of the V91 mutation into the F86Y variant also
improved sc rtTA activity (albeit marginally), whereas the
addition of the F67S, G138D, or VII plus G138D mutations
turther improved sc rtTA activity ~2-fold at all dox levels.
The background activity of these variants was not increased.

Similar results were obtained upon introduction of the
mutations into the C-terminal TetR domain of sc rtTA (FIG.
18B). However, none of these variants are as active as their

counterparts with mutations 1n the N-terminal TetR domain.
The F86Y mutation increased sc rtTA activity ~3-fold, and
the addition of the F67S, G138D, or VOII plus G138D
mutations further increased activity ~2-fold. These results
demonstrate that the activity of sc rtTA 1s improved by
mutations 1n either TetR domain. Mutations introduced 1nto
the N-terminal TetR domain have a larger eflect on sc rtTA

activity than the same mutations in the C-terminal domain.

Introduction of the mutations 1 both TetR domains
resulted in the most active sc rtTA variants (FIG. 18C). At
high dox levels (500-1000 ng/ml), all these variants dem-
onstrate a higher transcriptional activity than the corre-
sponding variants with mutations in only one of the two
TetR domains (FIGS. 18A and 18B). For instance, the sc
rtTA with the F86Y mutation in both TetR domains 1s
~13-fold more active than wild-type sc rtTA at 1000 ng/ml
dox, whereas the same mutation in the N-terminal or 1in the
C-terminal TetR domain increased sc rtTA activity ~10-fold
and ~3-fold, respectively. The variants carrying the F67S,
G138D, or VII plus G138D mutations in addition to the
F86Y mutation in both TetR domains are not only more
active at high dox levels, but also more active at low dox
levels (10-100 ng/ml). In fact, these variants demonstrate a
transcriptional activity and dox-sensitivity similar to rtTA.

Discussion

We have 1dentified amino acid substitutions 1 rtTA that
greatly improve the transcriptional activity and dox-sensi-
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tivity of the transactivator. In this example, we tested
whether these mutations similarly affect sc rtTA. Our results

demonstrate that all mutations did significantly enhance sc
rtTA activity. Both the transactivators rtTA and sc rtTA are
activated by doxycycline. Our results demonstrate that the sc
rtTA activity 1s significantly improved by introduction of at
least one mutation that enhances rtTA activity. The most
active sc rtTA varniant in this study was obtained by intro-
ducing beneficial mutations 1n both TetR domains. However,
sC rtTA 1s also improved by at least one mutation 1n only one
of the TetR domains. The sc rtTA variants with beneficial
mutations 1n the N-terminal TetR domain appear to be more
active than the variants with the same mutations in the
C-terminal TetR domain.

The sc rtTA vanant with the F67S and F86Y mutations in
both TetR domains 1s ~30-1old more active than the original
sc rtTA at high dox levels, and does not show any back-
ground activity in the absence of dox. This novel sc rtTA 1s
almost as active and dox-sensitive as rtTA, and 1s therefore
suitable for replacing the regular rtTA 1in applications where
multiple TetR-based regulatory systems are used 1n the same
cell or organism.

Conclusion

The transcriptional activity and inducer-sensitivity of
single chain rtTA activity 1s significantly improved by the
introduction of amino acid substitutions that were found by
us to 1mprove the transcriptional activity and inducer-sen-
sitivity of rtTA. We thus for instance generated sc rtTA
variants with an up to ~30-fold increased transcriptional
activity and an 1ncreased dox-sensitivity by the introduction
of a FR6Y, a VII, a F67S and/or a G138D amino acid

substitution into the original sc rtTA.

Example 4

Development of Novel rtTA Variants with
Improved Genetic Stability; Introduction of
Alternative Amino Acids at rtTA Position 19, 37
and 56

We have demonstrated that long-term replication of HIV-
rtTA resulted 1n virus vanants that no longer depend on dox
for replication. This reduced dox-dependence was associ-
ated with an amino acid substitution 1n the rtTA protein
either at position 19 (glycine to glutamic acid; G19E) or at
position 37 (glutamic acid to lysine; E37K). We developed
an HIV-rtTA variant with safety-lock mutations (G19F and
E37L) 1n the rtTA gene to block these undesired evolution-
ary routes. This novel variant showed improved genetic
stability and did not lose dox-control 1n long-term cultures
with dox (see example 2).

As a vaccine, replication of HIV-rtTA would be tempo-
rally switched on to induce anti-viral immune responses.
Subsequent dox-withdrawal impose alternative evolutionary
pressure on the virus than long-term culturing with dox.
Specifically, there 1s a risk of rtTA variants with a tTA-like
phenotype, which are active without dox and inhibited by
dox, appearing in dox-washout experiments, whereas such
variants are counter selected in the presence of dox. We
therefore followed evolution of HIV-rtTA 1n multiple, inde-
pendent virus cultures that were transiently activated by dox.
The virus did indeed lose dox-control 1n a significant num-
ber of cultures after dox-withdrawal. We 1dentified a typical
amino acid substitution at position 56 1n the rtTA protein,
which was found to be responsible for the dox-independent
replication. This mutation had never been observed 1n long-
term cultures with dox. We developed a novel rtTA variant
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that blocks this undesired evolutionary route and thus
improves the genetic stability and safety of HIV-rtTA.

Materials and Methods

Virus cultures. The HIV-rtTA infectious molecular clone
1s a derivative of the HIV-1 LAI proviral plasmid (Peden et
al. 1991) and was described previously (Das et al. 2004b;
Verhoef et al. 2001). HIV-rtTA used 1n this study contains
the mactivating Y26A mutation 1n the Tat gene, five nucleo-
tide substitutions 1 the TAR hairpin motif, the
ITTA ~ocv 45007 g€ (Das et al. 2004a) 1n place of the nef

gene, and the LTR-2AtetO promoter configuration (Marzio
et al. 2001; Marzio et al. 2002).

SupTl T cells were cultured at 37° C. and 3% CO, 1n
RPMI1640 medium containing 10% fetal bovine serum
(FBS), 100 units/ml penicillin, and 100 ug/ml streptomycin.
SupTl cells were transfected with HIV-rtTA molecular
clones by electroporation. Briefly, 5x10° cells were washed
in RPMI1640 with 20% FBS and mixed with 5 ug of DNA
in 250 ul RPMI1640 with 20% FBS. Cells were electropo-
rated 1n 0.4-cm cuvettes at 250 V and 975 uF and subse-
quently resuspended in RPMI1640 with 10% FBS. The
CA-p24 level 1n the cell-free culture supernatant was deter-
mined by antigen capture enzyme-linked immunosorbent
assay (ELISA) (Back et al. 1996).

The evolution experiment was started with transfection of
15 ng HIV-rtTA proviral plasmid into 1.5x10” SupT1 cells.
Cells were split into 12 independent cultures and dox (Sigma
[)-9891) was added to imitiate viral replication. Three days
after transfection, dox was removed from the cultures by
washing the cells twice with medium, each followed by a 30
min incubation at 37° C. and 5% CO, to allow release of dox
from cells. Cells were subsequently resuspended 1n medium
and cultured without dox. If virus replication was apparent
as 1indicated by the formation of syncytia, the virus contain-
ing culture supernatant was passaged onto fresh SupT1 cells.
Infected cell samples were used to analyze the proviral rtTA
sequence.

Proviral DNA analysis of evolved sequences. HIV-rtTA
infected cells were pelleted by centrifugation and washed
with phosphate-builered saline. Total cellular DNA was
solubilized by resuspending the cells n 10 mM Tris-HCI
(pH 8.0)-1 mM EDTA-0.5% Tween 20, followed by incu-
bation with 200 ug/ml of proteinase K at 56° C. for 60 min
and 95° C. for 10 min. The proviral rtTA genes were PCR
amplified with  primers tTAl  (3'-ACAGCCAT-
AGCAGTAGCTGAG-3") (SEQ ID NO:1) and tTA-rev2
(5'-GATCAAGGATATCTITGTCTTCGT-3") (SEQ ID
NO:2), and sequenced with the bigdye terminator cycle
sequencing kit (Applied Biosystems).

Construction of novel rtTA expression plasmids and HIV-
rtTA variants. The plasmid pCMV-rtTA contains the rtTA2-
S2 gene 1n the expression vector pUHD141-1/X (Urlinger et
al. 2000). To introduce the P56S mutation, the proviral PCR
product with this mutation was digested with Xbal and Smal
and used to replace the corresponding fragment 1n pCMV-
rtTA. To generate rtTA variants with the G19F and E37L
mutations and different amino acids at position 56, muta-
genesis PCR was performed on pCMV-rtTA -, 5~ £3-7 (€X-
ample 2) with the sense primer random-rtTA-56 (5'-
AAGCGGGCCCTGCTCGATGCCCTGNNKATCGA-
GATGCTGGACAGGC-3', with K corresponding to G or T,
and N corresponding to G, A, T or C) (SEQ ID NO:25) plus
the antisense primer CMV2  (S-TCACTGCAT-
TCTAGTTGTGGT-3") (SEQ ID NO:135). Mutant rtTA
sequences were cloned as Apal-BamHI fragments into
PCMV-rtTA ;o 177 NOvel rfTA sequences were cloned
into  the shuttle vector pBlue3'LTRext-deltalU3-
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ItTA ocy 4o007-2A1tO (Das et al. 2004a) using the Xcml
and Ndel sites and subsequently cloned into the HIV-rtTA
molecular clone as BamHI-Bgll fragments. All constructs
were verifled by sequence analysis.

rtTA activity assay. pLTR-2AtetO-luc expresses firetly
luciferase from the LTR-2AtetO promoter derived from the
HIV-rtTA molecular clone (Marzio et al. 2001; Marzio et al.
2002). pCMV-T7tetO-luc, previously named pUHCI13-3

(Gossen & Bujard, 1992), contains seven tetO elements

located upstream of a minimal CMV promoter and the firetly
luciferase gene. The plasmid pRL-CMV (PROMEGA®), 1n

which the expression of Renilla luciferase 1s controlled by
the CMYV promoter, was used as an internal control to allow
correction for differences in transiection efliciency. Hel a
X1/6 cells are dertved from the Hel.a cervix carcinoma cell
line and harbor chromosomally integrated copies of the
CMV-7tetO firefly luciferase reporter construct (Baron et al.
1997). HeLLa X1/6 and C33 A cervix carcinoma cells (ATCC
HTB31) (Auersperg, 1964) were cultured at 37° C. and 5%
CO, 1 Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% FBS, minimal essential medium
nonessential amino acids, 100 units/ml penicillin, and 100
ug/ml streptomycin.

C33A and HeLa X1/6 cells were grown in 2-cm” wells to
60% contluency and transiected by the calcium phosphate

precipitation method. 1 ug of DNA mixture in 15 ul water
was mixed with 25 ul of 50 mM HEPES (pH 7.1)-250 mM

NaCl-1.5 mM Na,HPO, and 10 ul of 0.6 M Ca(Cl,, incu-
bated at room temperature for 20 min and added to the
culture medium. The DNA mixture consisted of 0.4 ng
pCMV-rtTA, 20 ng pLTR-2AtetO-luc or pCMV-7tetO-luc,
0.5 ng pRL-CMYV, and 980 ng pBluescript as carrier DNA
for C33A cells, or 8 ng pCMV-rtTA, 2.5 ng pRL-CMYV, and
990 ng pBluescript for HelLLa X1/6 cells. Transtected cells
were cultured for 20 hours at different dox concentrations,
washed with DMEM, and subsequently cultured for 24
hours with fresh medium containing dox (the same concen-
trations as before the wash step). Cells were then lysed in
Passive Lysis Buller (PROMEGA®), and firefly and Renilla
luciferase activities were determined with the Dual-Lucifer-
ase Reporter Assay (PROMEGA®) using a GloMax micro-
plate luminometer (PROMEGA®). The expression of firefly
and Renilla luciterase was within the linear range and no
squelching effects were observed. The activity of the rtTA
variants was calculated as the ratio of the firefly and Remlla
luciferase activities, and corrected for between-session
variation.

Results

Evolution of HIV-rtTA after transient dox administration.
To test the genetic stability of HIV-rtTA upon removal of the
ellector dox, we started 12 independent virus cultures 1n
SupTl T cells with dox (FIG. 20B). Viral replication
resulted 1n the production of CA-p24 and the appearance of
syncytia 1n all cultures. At day 3, we washed the cultures to
remove dox, which resulted 1n silencing of viral replication
as was obvious from the decrease in CA-p24 levels and the
disappearance of syncytia in all cultures. However, CA-p24
levels started to increase again at day 10-20, and continued
culturing resulted 1n high CA-p24 levels and formation of
large syncytia. At the peak of infection, the virus was
passaged onto fresh SupT1 cells and cultured without dox.
All viruses were able to i1mtiate a spreading infection,
indicating that they had lost dox-control. Total cellular DNA
with integrated proviruses was 1solated from the cultures and
the rtTA gene was PCR-amplified and sequenced. In all
cultures, the virus had acquired a point mutation (CCA to
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UCA) 1n the rtTA gene that resulted 1n a Proline to Serine
substitution at position 56 (P568S).

Similar results were obtained with HIV-rtTA o, 5125, an
improved HIV-rtTA variant with two rtTA mutations (VI
and G138D) (example 1). The evolved viruses started to
replicate without dox 1n 10 of the 12 cultures (FIG. 20C).
Nine virus cultures had acquired the P56S mutation,
whereas one culture had obtained the previously described
G19E mutation (example 2). In the two remaining cultures,
CA-p24 levels stably decreased after dox removal and no
viral replication was observed upon prolonged culturing. At
day 64, these cultures were split and continued with and
without dox. While the cultures without dox remained
negative for CAp24, spreading infections were apparent in
the cultures with dox (FIG. 20C). Thus, the virus 1n these
two cultures remained dox-dependent and can be readily
reactivated.

P36S mutation causes a tTA-like phenotype. The repeated
selection of the P56S mutation i multiple, independent
cultures strongly suggests 1ts linkage to the observed loss of
dox-control. To demonstrate that this amino acid substitution
1s indeed responsible for an altered rtTA phenotype, we
cloned the P36S-mutated rtTA gene into the expression
plasmid pCMV-rtTA and assayed 1ts activity 1n a regular
Tet-on system. The rtTA expression plasmid was transiected
into C33A cells together with a reporter plasmid 1n which
luciterase expression i1s controlled by the viral LTR-2AtetO
promoter (Marzio et al. 2001; Marzio et al. 2002). Trans-
fected cells were cultured for two days at different dox
concentrations. We subsequently determined the intracellu-
lar luciferase level, which reflects rtTA activity (FIG. 21A).
Wild-type rtTA shows no activity without dox or with a low
dox level (10 ng/ml), and its activity gradually increases at
higher dox concentrations. In contrast, the P56S variant
exhibits a very high activity without dox, and 1ts activity 1s
inhibited, instead of activated, by increasing dox concentra-
tions. This phenotype 1s similar to that of the transcriptional
activator tTA, which differs from rtTA by four amino acids,
including an Alanine instead of Proline at position 56
(Urlinger et al. 2000). The high activity of the P56S varnant
in the absence of dox explains 1ts appearance 1n the dox-
washout experiments, whereas 1ts low activity with dox
explains why we never observed this mutation 1n long-term
cultures of HIV-rtTA 1n the presence of dox.

We also analyzed rtTA activity in C33A cells transfected
with a luciferase reporter under the control of a minimal
CMYV promoter coupled to an array of seven tetO elements
(Gossen & Bujard, 1992), and in HelLa X1/6 cells that
contain stably itegrated copies of this CMV-7tetO lucifer-
ase construct (Baron et al. 1997). In both assays, we
observed similar results as with the viral LTR-2AtetO pro-
moter construct (FIGS. 21B and 21C), demonstrating that
the tTA-like phenotype of rtTA ... 1s not dependent on the
type of promoter, nor on the episomal or chromosomal state
of the reporter gene.

HIV-rtTA ;5 =37, Can lose dox-control by a P56S muta-
tion. We have previously constructed an HIV-rtTA vanant
with the safety-lock mutations G19F and E37L that prevent
the virus from losing dox-control during long-term culturing
with dox (example 2). We now tested the stability of
HIV-rtTA 6~ 37, 1n the dox-washout experiment. This
virus did lose dox-control in only one of the 12 cultures, and
all other cultures did not show any replication 1n the absence
of dox (FIG. 20D). Sequence analysis revealed that the
escape variant had acquired the P56S mutation. This result
demonstrates that although HIV-rtTA,o~ =1~ showed a
lower tendency to lose dox-control than the original virus
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without safety-lock mutations (FIG. 20B), the escape route
at position 56 1s preferably blocked in order to further
improve the genetic stability of the virus.

Safety-lock mutation at position 56. The P56S mutation 1s
caused by a single nucleotide substitution (CCA to UCA).
Such single nucleotide transitions (pyrimidine-pyrimidine or
purine-purine substitutions) occur at a much higher fre-
quency than single nucleotide transversions (pyrimidine-
purine substitutions) or multiple nucleotide changes during
HIV-1 reverse transcription (Berkhout et al. 2001; Berkhout
& de Ronde, 2004). This mutational bias strongly intluences
the course of virus evolution (Keulen et al. 1996; Keulen et
al. 1997). Accordingly, the undesired evolutionary route at
position 56 1s blocked by introducing alternative amino acid
codons that require multiple nucleotide changes for HIV-
ritTA to lose dox-control. In fact, we have successtully
blocked the escape routes at positions 19 and 37 by such
safety-lock mutations, which demonstrate the eflectiveness
of this strategy (example 2). To block all three observed
escape routes of HIV-rtTA at the same time, the position 56
satety-lock mutation 1s 1deally combined with the positions
19 and 37 mutations. To 1dentily suitable amino acid sub-
stitutions, we made rtTA expression plasmids with all pos-
sible amino acids at position 56 1 combination with the
G19F and E37L mutations, and assayed their activity 1n
HelLa X1/6 cells.

The activity of these 20 rtTA variants varies considerably
(FIG. 22A). Like the S variant, the A, C and H vanants
exhibit a tTA-like phenotype, since their activity 1s relatively
high in the absence of dox and drops with increasing dox
levels. Except for the F and M variants that are completely
iactive, the other variants exhibit an rtTA phenotype, since
their activity increases with a rising dox level. However, the
basal and 1induced activities of these variants (at O and 1000
ng/ml dox, respectively) differ sigmificantly. Because the L
variant shows an rtTA phenotype with a very low basal
activity, we introduced this variant into HIV-rtTA and tested
viral replication 1n SupT1 T cells. This virus did not replicate
without dox, but also not with dox (data not shown),
indicating that the induced activity of the L variant (~O 3%
of the wild-type rtTA activity at 1000 ng/ml dox) 1s not
suilicient for HIV-rtTA replication. This 1s 1n agreement with
our observation that the wild-type rtTA does not support
viral replication at 10 ng/ml dox (~0.4% rtTA activity; wt in
FIG. 22A) and rfTA 5, o~ 1~ does not support replication at
100 ng/ml dox (~0.4% rtTA activity; P variant 1n FIG. 22A).
All these results indicate that the E, F, L and M variants with
both their basal and induced activities lower than 0.4% will
not support viral replication. We therefore colored the
codons corresponding to these amino acids and the stop
codons in black (FIG. 22B). The basal activity of the A, C,
G, H, N, S, and Y variants 1s higher than 0.4%. Since the
corresponding HIV-rtTA viruses are at risk of replicating
without dox, their codons are dark grey (but not totally
black). The other variants that show a low basal activity
(<0.4%) and a high induced activity (>0.4%) result 1n
dox-dependent viruses, and their codons are light grey.

In the codon table, every change in row or column
represents a single nucleotide substitution. Apparently, the
only position 56 codon that preserves dox-dependence (light
grey) and requires more than a single nucleotide mutation to
be converted to a codon that allows replication without dox
(dark grey) 1s the AUA codon encoding an Isoleucine.
However, the activity of the I variant at 1000 ng/ml dox 1s
only 1% of the wild-type level (FIG. 22A), which may result
in a poorly replicating virus. The K and Q variants, which
show a dox-dependent activity similar to the P variant
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(rtTA 5, o7 =3-7 ), require at least one nucleotide transversion
to be converted to a dox-independent vanant. It has been
shown that transversions occur less frequently than transi-
tions during HIV-1 reverse transcription (Berkhout et al.
2001; Berkhout & de Ronde, 2004). For instance, we did
frequently observe a P36S mutation (caused by a CCA to
UCA transition), but never a PS6A mutation (would require
a CCA to GCA ftransversion) i the dox-washout experi-
ment, although both mutations would cause a similarly high
activity in the absence of dox (FIG. 22A). Theretfore, 1ntro-
duction of an AAG (K) or CAG (QQ) codon at rtTA position
56 blocks the appearance of dox-independent virus variants
upon dox-withdrawal.

Blocking loss of dox-control by triple satety-lock rtTA
variant. We constructed HIV-rtTA molecular clones carrying
triple safety-lock mutations G19F, E37L and P56K or P56Q),
and tested their replication mm SupTl T cells with and
without dox (FIG. 23). Both viruses replicated in a dox-
dependent manner. However, whereas replication of HIV-
ITTA - o7 2177 psesr- Was as ellicient as the double safety-lock
variant HIV-rtTA; o 377, HIV-ItTA G or 2372 psso TPII-
cated less efliciently. We therefore focused our studies on the
HIV-1tTA ;67 #3177 psez variant and tested the genetic sta-
bility of this virus in long-term cultures with dox and in
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no viral replication 1n the cultures without dox, administra-
tion of dox did result 1n spreading infections, which indicate
that the virus 1n all cultures stayed dox-dependent, and the
undetectable CA-p24 levels 1n dox minus cultures were not
due to loss of proviral genomes or total silencing of the viral
promoter. Thus, replication of HIV-tTA ;o7 £377 psez StAys
dox-dependent 1 both long-term cultures with dox and
transiently activated cultures, demonstrating that the triple
safety-lock mutations at rtTA positions 19, 37 and 36
completely block the loss of dox.

Conclusions

Our virus evolution experiments demonstrate that HIV-
rtTA 1s at risk of escaping from dox-control by an amino acid
substitution in rtTA at position 19, 37 or 36. To generate a
sate HIV-rtTA virus, all three evolutionary routes are prei-
crably blocked. We have previously blocked the position 19
and 37 routes by safety-lock mutations (e.g., G19F and
E37L) that require multiple nucleotide changes to lose
dox-control (example 2). We here demonstrate that the
position 56 escape route 1s efliciently blocked by the ntro-

duction of an alternative amino acid at position 56 (e.g.,
P56K or P56Q)) that requires at least one nucleotide trans-
version to convert rtTA mto a dox-independent variant.

TABL.

(L]

1

Naturally evolved and constructed rtTA variants

T T s T R
PRS-V T SR e

Times Natural variation in TetR
Mutations 1n culture A B C D E G H
FREY A209T ° — F F F ¥ F F F
V9l 2 V V vV V. .V V ¥V
F67S 2 S F S S S 8§ V¥V
G138D 7 S G S S S S A
E157K 2 E E E D E E E
R171K R R Q R Q H T
V9l G138D —
V9l E157K —
V9l R171K —
F678 R171K —
VOI F67S — —
F67S G138D — —
F67S E157K — —

VOl Fo675 138D
VOl Fo678 E157K
VOl F675 R171K
VOl 138D E157K
VOl 138D R171K

“ The wild-type rtTA was previously described as rtTA2°-S?2 (Urlinger et al. 2000).
® All variants (V1-V18) contain the F86Y (1in the TetR domain) and A209T (in the VP16 activation domain)

mutations.

dox-washout experiments. We started 24 long-term cultures
with dox and tested virus replication 1n the presence and
absence of dox at several time points (as described previ-
ously 1n example 2). All virus cultures stayed fully dox-
dependent during the 100 days of culture, and sequence
analysis revealed that the safety-lock mutations were stably
maintained in all cultures (data not shown). To test the
genetic stability of HIV-rtTA ;o7 #3771 »ser alter transient
dox administration, we started 24 virus cultures with dox
(FIG. 24). Virus replication resulted in the production of
detectable amounts of CA-p24 and the appearance of syn-
cytia in all cultures. Upon dox-withdrawal at day 3, the
CA-p24 level dropped and syncytia disappeared, and no sign
of viral replication could be detected mn any of the 24
cultures 1n the following months. At day 60, all cultures were
split and continued with and without dox. While there was
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BRIEF DESCRIPTION OF THE DRAWING

FIG. 1. Mutation of the rt'TA gene through viral evolution.
(A) In the HIV-rtTA virus, the Tat-TAR axis of transcription
regulation has been 1nactivated by mutation of both Tat and
TAR (crossed boxes). Transcription and replication of the
virus were made dox-dependent by introduction of tetO
clements in the LTR promoter region and replacing the nef
gene by the rtTA gene. This 248-amino acid protein 1s a
fusion of the E. coli Tet repressor (TetR) and the VP16
activation domain (AD) of the herpes simplex virus. The
TetR part can be subdivided in a DNA binding domain (BD)
(a-helices 1-3) and a regulatory core domain (a-helices
5-10) with a dimerization surface (a-helices 7-10). The
F86Y (dark grey triangle) and A209T (black triangle) muta-

tions were present 1n the starting virus and maintained 1n all
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long-term cultures. Light grey triangles indicate additional
amino acid exchanges in rtTA that were observed 1n mul-
tiple, independent cultures of HIV-rtTA_ o<y 42007 (B) The
crystal structure of the TetR homodimer (one monomer 1n
dark grey, the other 1n light grey) complexed with Tc (light
grey) and Mg~* (grey ball) (Hinrichs et al. 1994; Kisker et
al. 1993). Residue 86 1s shown in dark grey. Additional
mutated amino acids (positions 9, 67, 138, and 171) are
shown 1n light grey. Residue 157 1s not shown, because the
segment 156 to 164 1s flexible and not determined in the
TetR crystal structure. A close up of the Tc-binding region 1s
shown at the right. There are seven classes of TetR proteins
(A-E, G, H) with a highly conserved sequence. The high
resolution crystal structure that 1s shown 1s based on class D
(TetR™). rtTA is based on class B (TetR”), which shares 63%

sequence identity with TetR”. The crystal structure of TetR”
at medium resolution revealed an 1dentical polypeptide fold
(Hinrichs et al. 1994). Therefore, we can assume that the
interactions of TetR with Tc and Mg~ will be nearly identical
in both classes. Figures are drawn using the 2TCT coordi-
nates from the Protein Data Bank and the MOL-SCRIPT
(Kraulis, 1991) and RASTER3D (Merritt et al. 1997) pro-
grams.

FIG. 2. Novel rtTA variants show increased activity and
dox-sensitivity 1n diflerent Tet systems. The transcriptional
activity of rtTA varniants was measured in C33 A cells trans-
tected with a plasmid carrying the firefly luciferase reporter
gene under the control of the viral LTR-2AtetO promoter
(LTR-2AtetO; A) or under the control of a minimal CMV-
derived promoter coupled to seven tetO elements (CMV7/-
tetO; B). Furthermore, rtTA activity was measured 1n HelLa
X1/6 cells (Baron et al. 1997) that contain a chromosomally
integrated copy of the CMV-7tetO reporter construct
(CMV'7tetO-1ntegrated; C, D). Vanants V1 to V10 were
compared 1n all three Tet systems (panels A-C) and variants
V11 to V18 in the cells with the integrated reporter (panel
D). Cells were transiected with the indicated rtTA expres-
sion plasmid or pBluescript as a negative control, and a
plasmid constitutively expressing Renilla luciferase to cor-
rect for differences in transfection ethiciency. Cells were
cultured 1n the presence of different dox concentrations
(0-1000 ng/ml). The ratio of the firefly and Renilla luciferase
activities measured 2 days after transfection reflects the rtTA
activity. All values were related to the wild-type (wt) rtTA
activity at 1000 ng/ml dox, which was arbitrarily set at
100%. In (C and D), average values of three transfections are
shown with error bars indicating the standard deviation.

FIG. 3. Transcriptional activity and dox-sensitivity of the
naturally evolved and constructed rtTA vanants. Transfec-
tion assays were performed in HelLa X1/6 cells, see FIG. 2
for details. Transcriptional activity observed at 1000 ng/ml
dox 1s shown as average value of three transfections with
error bars indicating the standard deviation. The wild-type
rtTA activity was set at 100%. Dox-sensitivity 1s compared
with the wild-type rtTA of which the sensitivity 1s arbitrarily
set at 1. For each rtTA vanant, the dox concentration (ng/ml)
that results 1n an activity comparable to that of the wild-type
rtTA activity at 1000 ng/ml dox 1s indicated between brack-
ets. (nd, not determined)

FIG. 4. Mutations do not aflect the intracellular rtTA
protein level. HelLLa X1/6 cells were transiected with the
indicated rtTA expression plasmid (lanes 3 to 6) or pBlue-
script as a negative control (lane 2). Total cellular extracts
were prepared at 2 days after transfection and analyzed on
Western blot that was stamned with polyclonal anti-TetR
rabbit serum (Krueger et al. 2003). Detection of purified
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TetR protein (2 ng) 1s shown 1n lane 1. The position and
molecular weight (in kDa) of the PTA and TetR proteins are
indicated.

FIG. 5. Novel rtTA variants can be activated by dox-like
compounds. The rtTA activity was measured 1n HelLa X1/6
cells, see FIG. 2 for details. Cells were cultured in the
presence ol different concentrations of Tc or Mc (0-10000
ng/ml). The wild-type (wt) rtTA activity at 1000 ng/ml dox
(not shown) was set at 100%. Average values of three
transiections are plotted with error bars indicating the stan-
dard deviation.

FIG. 6. rtTA variants improve HIV-rtTA replication. The
PTA varnants V7 and V14 were cloned into the HIV-PTA
proviral genome. SupT1 cells were transfected with 5 pug of
the molecular clones and cultured 1n the presence of different
dox concentrations (0-1000 ng/ml). Virus replication was
monitored by CA-p24 ELISA on culture supernatant
samples.

FIG. 7. HIV-rtTA replication imnduced by dox-like com-
pounds. SupT1 cells were transfected with 5 ug of the
HIV-PTA clones and cultured in the presence of 500 ng/ml
Tc or Mc. Virus replication was monitored by CA-p24
ELISA on culture supernatant samples.

FIG. 8. Evolution of HIV-rtTA can result in loss of
dox-control. (A) Schematic of the HIV-PTA genome. The
inactivated Tat-TAR elements (crossed boxes) and the intro-
duced rtTA-tetO elements are indicated. rtTA 1s a fusion
protein of the E. col1 Tet repressor (TetR) and the VP16
activation domain (AD) of herpes simplex virus. TetR
contains a DNA-binding domain (DNA BD) (residues 1-44)
and a regulatory core domain (residues 75-207) with a
dimerization surface. (B) Flow-chart of the 24-well evolu-
tion experiment. Further details are provided 1n the text. (C)
Gradual loss of dox-control 1n HIV-PTA, HIV-PTA 2AtetO
(carrying the mmproved 2AtetO promoter configuration
(Marzio et al. 2001; Marzio et al. 2002) and HIV-
ITTA o3 007 (Carrying the LTR-2AtetO promoter and the
improved rtlTA oy 4007 gene (Das et al. 2004a). The
HIV-rtTA ;o7 37 variant developed in this study does not
escape from dox-control. Plotted 1s the number of dox-
dependent cultures as a function of the culture time. Each
experiment was started with 24 independent cultures. (D)
Amino acid substitutions observed 1n HIV-rtTA cultures that
lost dox-control. In all cases, the G19E substitution resulted
from a GGA to GAA codon mutation and the E37K substi-
tution from a GAG to AAG mutation.

FIG. 9. Replication of evolved HIV-rtTA variants. Rep-
lication of the original HIV-rtTA virus, the virus from culture
C6 or from culture C5 (both harvested after 50 days of
culturing) was compared by infecting SupT1 T cells with
equal amounts of virus (5 ng/ml CA-p24) 1n the absence or
presence of dox (1 ug/ml). Sequence analysis revealed that
the C6 virus carried the G19E and E 156K mutations 1n the
rtTA gene, and the C5 virus carried the E37K mutation (FIG.
1D).

FIG. 10. Amino acid substitutions at rtTA position 19 or
3’7 confer the loss of dox-control. The G19E and E37K
mutated rtTA sequences were cloned into the HIV-rtTA
2AtetO proviral genome (Marzio et al. 2001; Marzio et al.
2002). SupT1 cells were transfected with 2.5 ug of the
molecular clones and cultured in the presence of 0-1000
ng/ml dox. Virus replication was monitored by CA-p24
ELISA on culture supernatant samples.

FIG. 11. Replication of HIV-rtTA variants with alternative
amino acids at position 37. SupT1 cells were transiected
with HIV-rtTA 2AtetO proviral plasmids (2.5 ug) carrying
the wild-type(E) or an alternative amino acid (K, D, L, N, F,
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Q, R, S) at rt'TA position 37, and cultured with or without 1
ug/ml dox. All viruses, except for the E37K mutant, have the
alternative G codon (GGU 1nstead of GGA) at rt'TA position
19, which does not aflect viral replication (data not shown),
and the F86Y and A209T mutations (Das et al. 2004a).

FIG. 12. Transcriptional activity of rtTA variants with
alternative amino acids at position 19 or 37. (A and B) rtTA
activity was measured in HelLa X1/6 cells (Baronet al. 1997)
that contain stably integrated copies of the CMV-7tetO
firefly luciferase reporter construct (Gossen et al. 1992).
Cells were transfected with the indicated rtTA expression
plasmid (all rtTA variants contain the F86Y and A209T
mutations that improve rtTA activity (Das et al. 2004a) or
pBluescript as a negative control (-), and a plasmid consti-
tutively expressing Renilla luciferase to correct for differ-
ences 1n transfection efliciency. Cells were cultured 1n the
presence of different dox concentrations (0-1000 ng/ml).
The ratio of the firefly and Renilla luciferase activities
measured two days after transfection reflects rtTA activity.
All values were related to the wild-type (37E 1mn A, and 19G
in B) rtTA activity at 1000 ng/ml dox, which was arbitrarily
set at 100%. Average values of two transfections are plotted
with the error bar indicating the standard deviation. (C and
D) Codon tables of rtTA variants with all possible amino
acids at position 19 or 37. The dox-dependent phenotype 1s
marked 1n light grey, variants active in the absence of dox in
dark grey, and inactive variants in black. See the text for
details.

FIG. 13. Activity of the novel rtTA variant with safety-
lock mutations. (A) The activity of wild-type and safety-lock
rtTA (G19F E37L) was measured 1n HelLa X1/6 cells, see
FIG. § for details. Cells were cultured in the presence of
different dox concentrations (0-1000 ng/ml). All values were
related to the wild-type rtTA activity at 1000 ng/ml dox,
which was arbitrarily set at 100%. Average values of two
transiections are plotted with the error bar indicating the
standard deviation. (B and C) Replication of HIV-
IMTTA focv 45007 and HIV-rtTA -, o~ =377 (Which also carries
the F86Y and A209T mutations (Das et al. 2004a). SupT1
cells were transiected with 5 ug of the molecular clones and
cultured with or without 1 ug/ml dox. Virus replication was
monitored by CA-p24 ELISA on culture supernatant
samples.

FIGS. 14A and 14B. Transcriptional activity and dox-
sensitivity of wild type, naturally evolved and constructed
rtTA variants. Transfection assays were performed 1n Hela
X1/6 cells, see FIG. 2 for details. Transcriptional activity
observed at 1000 ng/ml dox 1s shown as average value of
three transfections with error bars indicating the standard
deviation. The wild-type rtTA activity was set at 100%.
Dox-sensitivity 1s compared with the wild-type rtTA of
which the sensitivity is arbitrarily set at 1. For each rtTA
variant, the dox concentration (ng/ml) that results in an
activity comparable to that of the wild-type rtTA activity at
1000 ng/ml dox 1s indicated between brackets (Part of these
results 1s also shown 1 FIG. 3).

FIG. 14C. rtTA vanants. Each column row depicts suit-
able rtTA variants.

FIG. 15. Novel rtTA varnants can be activated by dox-like
compounds. The rtTA activity was measured 1n HelLa X1/6
cells, see FIG. 2 for details. Cells were cultured in the
presence ol different concentrations of Tc or Mc (0-10000
ng/ml). The wild-type (wt) rtTA activity at 1000 ng/ml dox
(not shown) was set at 100%.

FIG. 16. TetR-based transactivators. (A and B) In the
homodimeric rtTA, each monomer contains an N-terminal
E. coli-derived TetR domain and a C-terminal herpes sim-
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plex virus VP16-derived activation domain. The V91, F678S,
F86Y and G138D mutations that enhance rtTA activity are
all located 1n the TetR domain. sc rtTA 1s a single-chain
version of rtTA. It contains two TetR domains connected
head to tail by a peptide linker and a single activation
domain at the C-terminal end.

FIG. 17. Mutations that enhance rtTA activity do not
improve tTA activity. The transcriptional activity of tTA
variants was measured mm Hela X1/6 cells (Baron et al.
1997) containing chromosomally integrated copies of the
CMV-7tetO luciterase reporter construct. Cells were trans-
tected with the indicated tTA expression plasmids or pBlue-
script (—) as a negative control and a plasmid constitutively
expressing Renilla luciferase to correct for differences 1n
transiection efliciency. Cells were cultured 1n the presence of
different dox concentrations (0-20 ng/ml). The ratio of the
firefly and Renilla luciferase activities measured two days
alter transiection reflects the tTA activity. All values were
related to the original (wild-type) tTA activity 1n the absence
of dox, which was arbitrarily set at 100%. Average values of
two transfections are shown with the error bar indicating the
standard deviation.

FIG. 18. Mutations observed in rtTA can improve sc rtTA
activity. The transcriptional activity of rtTA and sc rtTA was
measured in HelLa X1/6 cells, see FIG. 17 for details. Cells
were cultured in the presence of different dox concentrations
(0-1000 ng/ml). All values were related to the original
(wild-type) sc rtTA activity at 1000 ng/ml dox, which was
arbitrarily set at 100%. Average values of two transfections
are plotted with the error bar indicating the standard devia-
tion.

FIG. 19. Nucleotide and amino acid sequence of rtTA
(SEQ ID NO: 26 and SEQ ID NO: 27). Shown 1s the
nucleotide sequence (upper line) and amino acid sequence
(lower line) of the rtTA2°-S2 variant (Urlinger et al. 2000).

FIG. 20. Evolution of HIV-rtTA after transient dox admin-
istration. (A) Schematic of the HIV-rtTA genome. The
inactivated Tat-TAR elements (crossed boxes) and the 1ntro-
duced rtTA-tetO elements are indicated. rtTA 1s a fusion
protein of the E. coli Tet repressor (TetR) and the VP16
activation domain (AD) of herpes simplex virus. TetR
contains a DNA-binding domain (DNA BD) (amino acids
1-44) and a regulatory core domain (amino acids 75-207)
with a dimerization surface. (B-D) Loss of dox-control in
cultures of HIVrTA after transient activation. SupT1 cells
were transiected with HIV-rtTA and cultured at 100 ng/ml
dox (B), HIV-rtTA o, ~3:5 at 10 ng/ml dox (C), or HIV-
tTA o7 »7, at 1000 ng/ml dox (D). Each experiment was
started with 12 independent cultures (different symbols
represent diflerent cultures). At day 3, dox was washed out
and the cultures were continued with dox-free medium. The
cultures 1n which the virus did not lose dox-control were
split in two parts at day 64 (C) or day 66 (D) and dox was
added to one of the samples. Virus production was moni-
tored by CA-p24 ELISA on culture supernatant samples.

FIG. 21. The P56S mutation causes a tTA-like phenotype.
The activity of wild-type and P56S-mutated rtTA was mea-
sured 1n C33A cells transfected with a reporter plasmid
carrying the firefly luciferase gene under the control of the
viral LTR-2AtetO promoter (LTR-2AtetO; A) or under the
control of a minimal CMYV promoter coupled to an array of
seven tetO elements (CMV7tetO; B). Furthermore, rtTA
activity was measured i HelLa X1/6 cells (Baron et al.
1997) that contain chromosomally integrated copies of the
CMV-7tetO luciferase construct (CMV-7tetO-integrated;
C). Cells were transfected with the indicated rt TA expression
plasmid (both rtTA variants carry the F86Y and A209T

mutations (Das et al. 2004a) or pBluescript as a negative
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control (-), and a plasmid constitutively expressing Renilla
luciferase to correct for differences in transiection efliciency.
Cells were cultured with different dox concentrations
(0-1000 ng/ml). The ratio of the firefly and Renilla luciferase
activities measured two days after transiection reflects the
rtTA activity. All values were related to the wild-type rtTA

activity at 1000 ng/ml dox, which was arbitrarily set at
100%.

FI1G. 22. Activity of rtfTA ;o 3, Variants with all pos-
sible amino acids at position 56. (A) The activity of rt'TA was
measured 1n Hel.a X1/6 cells, see FIG. 21 for details. All
variants carry the G19F, E37L, F86Y and A209T mutations
in combination with different amino acids at position 56.
The wild-type rtTA (wt) carrying only the F86Y and A209T
mutations was included as a control, of which the activity at
1000 ng/ml dox was arbitrarily set at 100%. Average values
of two transfections are shown with the error bar indicating
the standard deviation. (B) Codon table of rfTA; o £1-7
variants with all possible amino acids at position 56. The
corresponding codons of inactive variants are marked 1n
black, of dox-dependent variants 1n light grey, and of vari-

ants that are active without dox 1n dark grey. See the text for
details.

FI1G. 23. Replication of HIV-rtTA 5, o~ z3-; Variants with
different amino acids at position 36. SupT1 cells were
transiected with 5 ug of HIV-rtTA molecular clones encod-
ing different rtTA alleles, and cultured with or without 1
ug/ml dox. All rtTA variants contain the F86Y and A209T
mutations. Virus replication was monitored by CA-p24
ELISA on culture supernatant samples.

FIG. 24. Blocking the loss of dox-control by triple safety-
lock mutations. SupT1 cells were transiected with HIV-rtTA
contaiming  triple  safety-lock  mutations  (HIV-
ItTA 07 z377 psex) at 1000 ng/ml dox and split into 24
independent cultures (different symbols represent different
cultures). At day 3, dox was washed out and the cultures
were continued with dox-free medium. At day 60, all
cultures were split 1 two parts and dox (1000 ng/ml) was
added to one of the samples. Virus production was moni-
tored by CA-p24 ELISA on culture supernatant samples.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 29
<210>
<211>
<212>
<213>
220>

223>

SEQ ID NO 1

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE :

OTHER INFORMATION: Primer tTAl

<400> SEQUENCE: 1

acagccatag cagtagctga g

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

SEQ ID NO 2

LENGTH: 23

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE :

OTHER INFORMATION: Primer tTA rev2

<400> SEQUENCE: 2

gatcaaggat atcttgtctt cgt

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

SEQ ID NO 3

LENGTH: 29

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE :

OTHER INFORMATION: Primer M tTA Fo67S

<400> SEQUENCE: 3

catacccact cctgccecccect ggaaggcga

<210> SEQ ID NO 4
«211> LENGTH: 29
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29



<212 >

<213> ORGANISM: Artificial Sequence

<220>

223> OTHER INFORMATION: Primer tTA G138D

<400>

gtccgeccgtg gaccacttta cactgggcet

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

<400>

tggagacgcce atccacgcet

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

<400>

tgaaatcgag tttctccagg ccacatatga

<210>
<211>
<«212>
<213>
<220>
<223 >

<400>

tcactgcatt ctagttgtgg t

<210>
<211>
«212>
<213>
<220>
<223>

<400>

ccatcgatac cgtcgacata gcagaatagg

<210>
<211>
<«212>
<213>
<220>
<223 >

<400>

cgggaattct tactgctttg atagagaaac

<210>
<211>
«212>
<213>
<220>
<223 >

<400>

TYPE: DNA

FEATURE:

SEQUENCE :

SEQ ID NO

LENGTH: 19
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Primer 1

SEQUENCE :

SEQ ID NO
LENGTH: 30
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Primer 2

SEQUENCE :

SEQ ID NO
LENGTH: 21
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Primer 3

SEQUENCE :

SEQ ID NO
LENGTH: 30
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Primer KVl

SEQUENCE :

SEQ ID NO
LENGTH: 30
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Primer 23'TAT

SEQUENCE :

SEQ ID NO
LENGTH: 24
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Primer tTA-tetOl

SEQUENCE :

4

5

5

6

6

7

v

8

8

5

5

10

10
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-continued

ctccecegggt aactaagtaa ggat

<210> SEQ ID NO 11

<211l> LENGTH: 295

<212> TYPE: DHNA

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

223> OTHER INFORMATION: Primer ¢ (N1)

<400> SEQUENCE: 11

ggtctgaggyg atctctagtt accagagtc

<210> SEQ ID NO 12

<211> LENGTH: 98

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide G19

<400> SEQUENCE: 12
ataaccatgt ctagactgga caagagcaaa gtcataaact ctgctctgga attactcaat

ggtgtcggta tcgaaggcct gacgacaagg aaactcgce

<210> SEQ ID NO 13

<211l> LENGTH: 91

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer

<220> FEATURE:

<221> NAME/KEY: variation

«<222> LOCATION: (45)..(47)

<223> OTHER INFORMATION: ATC, GAA, AAG, ATT, CTG, GCG or AGA

<400> SEQUENCE: 13
agcagggccce gcttgttett cacgtgccag tacagggtag gctgctcaac tcecccagettt

tgagcgagtt tccttgtcegt caggceccttceg a

<210> SEQ ID NO 14

<211> LENGTH: 85

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

«223> OTHER INFORMATION: Primer Random rtTA-19
<220> FEATURE:

<221> NAME/KEY: variation

«222> LOCATION: (61l)..(62)

«223> OTHER INFORMATION: a, ¢ or g

<400> SEQUENCE: 14

ttcaccatgt ctagactgga caagagcaaa gtcataaact ctgctctgga attactcaat
ttkgtcggta tcgaaggcect gacga

<210> SEQ ID NO 15

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

«220> FEATURE:
«223> OTHER INFORMATION: Primer CMV2

<400> SEQUENCE: 15

tcactgcatt ctagttgtgg t

<210> SEQ ID NO 16
<«211> LENGTH: 19

24

29

60

58

60

51

60
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21
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-continued

<212> TYPE: DNA

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

223> OTHER INFORMATION: Primer CMV1

<400> SEQUENCE: 1o

tggagacgcc atccacgcet

<210> SEQ ID NO 17

«211> LENGTH: 67

<«212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

«<220> FEATURE:

«223> OTHER INFORMATION: Primer random rtTA 37
«<220> FEATURE:

<221> NAME/KEY: variation

222> LOCATION: (46)..(47)

«223> OTHER INFORMATION: ¢, a or g

<400> SEQUENCE: 17

agcagggccce gcettgttcett cacgtgceccag tacagggtag gctgmttaac tceccagettt

tgagcga

<210> SEQ ID NO 18

<211> LENGTH: 45

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer M scrtTA-VOI

<400> SEQUENCE: 18

ggctctagat ctcgtttaga taaaagtaaa atcattaaca gcgca

<210> SEQ ID NO 19

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer scrtTA-F67S

<400> SEQUENCE: 19

aggcaccata ctcactcttg cccttta

<210> SEQ ID NO 20

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

«223> OTHER INFORMATION: Primer scrtTA-F86Y

<400> SEQUENCE: 20

aacgctaaaa gttatagatg tgct

<210> SEQ ID NO 21

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

«223> OTHER INFORMATION: Primer scrtTA-G138D

<400> SEQUENCE: 21
cagcgcetgtyg gaccacttta cttta
<210> SEQ ID NO 22

<211> LENGTH: 22
«212> TYPE: DNA

19

60

6/

45

27

24

25

54



3

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

«223> OTHER INFORMATION: Primer 1

<400> SEQUENCE:

taatcatatg tggcctggag aa

<210>
<211>
«212>
<213>
«220>
<223>

<400> SEQUENCE:

31

22

SEQ ID NO 23
LENGTH :
TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: Primer 2

23

aggcgtattg atcaattcaa ggccgaataa g

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

<400> SEQUENCE:

21

SEQ ID NO 24
LENGTH :
TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: Primer 2

24

tcactgcatt ctagttgtgg t

<210>
<211>
«212>
<213>
«220>
<223>
<220>
<221>
<222
223>

<400> SEQUENCE:

16

SEQ ID NO 25
LENGTH :
TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: Primer rtTA-56
FEATURE:
NAME /KEY: variation
LOCATION:

(25) ..(26)

25

OTHER INFORMATION:

a,

C Or ¢

(page 59)

(page 59)

(page 59)
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aagcgggccce tgctcecgatge cctgttkatce gagatgctgg acaggc

<210>
<211>
<212 >
<213>
220>
<22]1>
<222 >

<400> SEQUENCE:

atg
Met
1

ctce
Leu

aag

Cy9Y
ATrg

acc
Thr
65

tct
Sexr

aat
AgSn

ctyg
Leu

gcc
2la
50

cac
His

aga
Arg

gya
Gly

gya
Gly

35

ctg
Leu

CLCcC
Phe

ctg
Leu

gtc
Val
20

gtt

Val

ctce
Leu

SEQ ID NO 26
LENGTH :
TYPE: DNA
ORGANISM:
FEATURE:

NAME /KEY :
LOCATION:

747

Human immunodeficiency wvirus

CDS

(1) ..(747)

26

gac
AsSp
5

ggt
Gly

gay
Glu

gat
Asp

‘ofels
Pro

aag
Lvs

atc
ITle

cag
Gln

gcc
Ala

ctyg
Leu
70

agc
Ser

gaa
Glu

cct
Pro

ctyg
Leu
55

gaa
Glu

dad

gyc
Gly

acc
Thr
40

cCa
Pro

gygc
Gly

gtc
Val

ctg
Leu
25

ctg
Leu

atc
Ile

gayd
Glu

ata
Tle
10

acg
Thr

tac

gay
Glu

tca
Serxr

aac
ASh

aca
Thr

tgg
Trp

atg
Met

tgg
Trp

75

tct
Ser

ayy
ATYJ

cac
His

ctyg
Leu
60

caa
Gln

gct
Ala

ddd

gtg
val
45

gac
Asp

gac
Asp

ctg
Leu

ctce
Leu

30

aag

ag9gy
ATg

CLCtC
Phe

gaa
Glu
15

gct
ala

aac
Agn

cat
His

ctyg
Leu

tta
Leu

caa
Gln

aag

cat
His

c99

80

22

31

21

46

48

96

144

192

240



aac
Agn

gct
Ala

ctyg
Leu

aac
Agn

gta
Val
145

cct
Pro

Ctc
Phe

atc
ITle

gcc
Ala

ctt
Leu
225

Ctt
Phe

<210>
<211>
<«212>
<213>
<220>
<223 >

aac
Agn

dadad

gaa
Glu

gca
2la
120

ttg
Leu

acc
Thr

gac
ASpP

ata
Ile

gac
ASpP
210

gac
ASpP

gac
ASpP

gcc
Ala

gtg
Val

aat
Agn
115

ctyg
Leu

gay
Glu

acc
Thr

<99

tgt
Cys
195

gcc
Ala

gac
ASP

ctt
Leu

aag
Lys

cat
His
100

cag
Gln

tac

gaa
Glu

gat
ASDP

cag
Gln
180

gyc
Gly

ctt
Leu

CCLC
Phe

gac
ASDP

PRT

<400> SEQUENCE:

Met Ser Arg Leu

1

Leu

ATrg

Thr

65

Agn

Ala

Leu

Agn

Agn

Leu

2la
50

His

Agn

Glu

2la

Gly
Gly
35

Leu

Phe

Ala

Val

AgSh

115

Leu

Val
20

Val

Leu

His
100

Gln

tca
Ser
85

ctce
Leu

ctce
Leu

gct
2la

cag
Gln

tct
Ser
165

gg4
Gly

ctyg
Leu

gac
Asp

gac
AsSp

atg
Met
245

SEQ ID NO 27
LENGTH :
TYPE :
ORGANISM: Artificial sequence
FEATURE:
OTHER INFORMATION: Fusion protein

248

27

Asp

5

Gly

Glu

AsSp

Pro

Ser
85

Leu

Leu

Ala

Ctce
Phe

ggc
Gly

gcd
Ala

ctyg
Leu

gagy
Glu
150

atg
Met

gcc
Ala

gay
Glu

gat
ASpP

ctt
Leu
230

ctce
Leu

Tle

Gln

Ala

Leu

70

Phe

Gly

Ala

Leu

S7

cgc
Arg

acc
Thr

Ctc
Phe

tcc
Ser
135

cat

Hig

CCcC
Pro

gaa
Glu

dadad

CCC
Phe
215

gat

AsSp

cCcC
Pro

Ser
Glu
Pro

Leu
55

Glu

Arg

Thr

Phe

Ser

tgt
Cys

cgc
ATy

ctyg
Leu
120

gcc
Ala

caa
Gln

cCca
Pro

cCct
Pro

cag
Gln
200

gac
ASP

atg
Met

999
Gly

Gly
Thr
40

Pro

Gly

ATy

Leu
120

2la

gct
Ala

cca
Pro
105

tgt
Cys

gtg
Val

gta
Val

ctt
Leu

gcc
Ala
185

cta

Leu

tta
Leu

ctg
Leu

taa

Val

Leu
25

Leu

Tle

Glu

Ala

Pro
105

Val

ctc
Leu
S0

aca
Thr

cag
Gln

gyc
Gly

gca
2la

ctg
Leu
170

CtcC

Phe

aag
Lys

gac
ASpP

cct
Pro

Tle
10

Thr

Glu

Sexr

Leu

50

Thr

Gln

Gly

ctc
Leu

gay
Glu

caa
Gln

cac
His

aaa
Lys
155

aga

Arg

ctt
Leu

atg
Met

gct
Ala
235

Asnh

Thr

Trp

Met

Trp

75

Leu

Glu

Gln

His

US RE49,583 E
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tca
Ser

aaad

ggc
Gly

Ctt
Phe
140

gay
Glu

caa
Gln

Ctc
Phe

gaa
Glu

ctc
Leu
220

gac
ASpP

Ser

ATYg

His

Leu
60

Gln

Ser

Gly

Phe

cat
His

cag
Gln

CtcC
Phe
125

aca
Thr

gaa
Glu

gca
Ala

ggc
Gly

agc
Ser
205

cCca

Pro

gct
Ala

Ala

Val
45

Asp

Asp

His

Gln

Phe

125

Thr

CcgcC
ATy

tac
Tyr
110

tcc
Ser

ctyg
Leu

aga
ATrg

att
Tle

ctg
Leu
190

gyc
Gly

gcc
Ala

ctt
Leu

Leu

Leu
30

ATrg

Phe

ATrg

Tyr

110

Ser

Leu

gac
ASP
55

gaa
Glu

ctyg
Leu

gyc
Gly

gay
Glu

gagyd
Glu
175

gaa
Glu

999
Gly

gat
ASP

gac
ASpP

Glu
15

2la

AgSh

His

Leu

ASP
o5

Glu

Leu

Gly

944
Gly

acc
Thr

gagd
Glu

tgc
Cys

aca
Thr
160

ctg

Leu

cta
Leu

ccg
Pro

gcc
2la

gat
ASp
240

Leu

Gln

His

80

Gly

Thr

Glu

288

336

384

432

480

528

576

624

672

720

7477

58



59
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-continued

140

Glu

Gln

Phe

Glu

Leu

220

ASpP

Glu

Ala

Gly

Ser

205

Pro

Ala

ATrg

Ile

Leu

120

Gly

Ala

Leu

Glu

Glu

175

Glu

Gly

ASP

ASP

Thr

160

Leu

Leu

Pro

Ala

ASDP
240

tggaattact

tgggagttga

ccctgccaat

catggcaaga

gcgacyggye

aaaatcagct

tgtccgecgt

caaaagagga

ttgagctgtt

tatgtggcct

attttgactt

ctgctgacgc

Ser Ala

Leu Glu

caatggagtc

gcagcctacc

cgagatgctg

ctttetgegy

taaagtgcat

cgcgttectyg

gggccacttt

aagagagaca

cgaccggcag

ggagaaacag

agacatgctc

tcttgacgat

Leu
15

130 135

Val Leu Glu Glu Gln Glu His Gln Val Ala Lys
145 150 155
Pro Thr Thr Asp Ser Met Pro Pro Leu Leu Arg

165 170
Phe Asp Arg Gln Gly Ala Glu Pro Ala Phe Leu

180 185
Ile Ile Cys Gly Leu Glu Lys Gln Leu Lys Cys
195 200
Ala Asp Ala Leu Asp Asp Phe Asp Leu Asp Met
210 215

Leu Asp Asp Phe Asp Leu Asp Met Leu Pro Ala
225 230 235
Phe Asp Leu Asp Met Leu Pro Gly

245
<210> SEQ ID NO 28
<211> LENGTH: 747
<212> TYPE: DNA
<213> ORGANISM: Artificial sequence
<220> FEATURE:
<223> OTHER INFORMATION: Hybrid gene
<400> SEQUENCE: 28
atgtctagac tggacaagag caaagtcata aactctgctc
ggtatcgaag gcctgacgac aaggaaactc gctcaaaagc
ctgtactggce acgtgaagaa caagcgggcce ctgctcgatg
gacaggcatc atacccactc ctgccceccecctg gaaggcgadt
aacaacgcca agtcataccg ctgtgctctce ctctcacatce
ctcggcacce gcccaacaga gaaacagtac gaaaccctgg
tgtcagcaag gcttctcececcect ggagaacgca ctgtacgcetce
acactgggct gcgtattgga ggaacaggag catcaagtag
cctaccaccg attctatgece cccacttetg aaacaagcaa
ggagccgaac ctgccttect tttceggcecctg gaactaatca
ctaaagtgcg aaagcggcgyg gccgaccgac gcccttgacg
ccagccgatg cccttgacga ctttgacctt gatatgctge
tttgaccttg acatgctcce cgggtaa
<210> SEQ ID NO 29
<211> LENGTH: 248
<212> TYPE: PRT
<213> ORGANISM: Artificial sequence
<220> FEATURE:
<223> OTHER INFORMATION: Fusion proteilin
<400> SEQUENCE: 29
Met Ser Arg Leu Asp Lys Ser Lys Val Ile Asn
1 5 10
Leu Asn Gly Val Gly Ile Glu Gly Leu Thr Thr

20 25
Lys Leu Gly Val Glu Gln Pro Thr Leu Tyr Trp
35 40

Arg Ala Leu Leu Asp Ala Leu Pro Ile Glu Met

AYg

His

Leu

Val
45

Asp

Leu Ala

30

Gln

Lys Asn Lys

ATrg

His

His

60

120

180

240

300

360

420

480

540

600

660

720

747

60



Thr
65

Asn

Ala

Leu

AsSn

Val

145

Pro

Phe

Tle

Thr

Leu

225

Phe

50

His

Agn

Glu

ala

130

Leu

Thr

ASpP

Tle

ASpP

210

ASp

ASpP

Ser

Ala

Val

Agn

115

Leu

Glu

Thr

ATrg

Cys

195

Ala

ASP

Leu

His
100

Gln

Glu

ASP

Gln

180

Gly

Leu

Phe

ASP

Pro

Ser

85

Leu

Leu

Ala

Gln

Ser

165

Gly

Leu

Asp

Asp

Met
245

Leu

70

Gly

Ala

Leu

Glu

150

Met

Ala

Glu

ASpP

Leu

230

Leu

61

55

Glu
Arg
Thr
Phe
Ser
135
Hig
Pro

Glu

Phe
215

Asp

Pro

The invention claimed 1s:
1. A method for inducibly expressing a nucleic acid

sequence of interest, the method comprising:

Gly

Arg

Leu

120

Ala

Gln

Pro

Pro

Gln

200

ASP

Met

Gly

Glu

Ala

Pro

105

Val

Val

Leu

Ala

185

Leu

Leu

Leu

Ser

Leu

50

Thr

Gln

Gly

2la

Leu

170

Phe

ASpP

Pro

Trp

75

Leu

Glu

Gln

His

Lys

155

Leu

Met

Ala
235
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-continued

60

Gln

Ser

Gly

Phe

140

Glu

Gln

Phe

Glu

Leu

220

ASD

Asp

His

Gln

Phe

125

Thr

Glu

Ala

Gly

Ser

205

Pro

Ala

providing a nucleic acid construct comprising said nucleic
acid sequence of interest operably linked to an induc-
ible gene expression system that comprises a reverse
tetracycline-controlled transactivator (xtTA) encoding
nucleic acid sequence and/or a single chain rtTA encod-
ing nucleic acid sequence, said rtTA encoding nucleic
acid sequence and/or single chain rtTA encoding
nucleic acid sequence comprising a mutation in a codon

at rtTA amino acid position 9, and/or 19, and/or 37,
and/or 56, and/or 67, and/or 68, and/or 138, and/or 157,

and/or 171, and/or 177, and/or 195;

introducing said nucleic acid construct to a suitable
expression system; and
allowing for inducible expression of said nucleic acid
sequence of interest.

2. The method according to claim 1, wherein said rtTA
encoding nucleic acid sequence and/or single chain rtTA

encoding nucleic acid sequence further comprise a mutation
in a codon at rtTA amino acid position 12, and/or 86, and/or
209.

3. The method according to claim 1, wherein said rtTA
encoding nucleic acid sequence and/or single chain rtTA
encoding nucleic acid sequence comprises a codon at rtTA
amino acid position 19 that differs 1n at least two nucleotides
from a glutamate codon, and/or a codon at rtTA position 37
that difers in at least two nucleotides from an alanine, a
lysine or a serine codon, and/or a glutamine or lysine codon
at rtTA amino acid position 36.

4. The method according to claim 1, wherein said rtTA
encoding nucleic acid sequence and/or single chain rtTA

Phe

ATg

Tyr

110

Ser

Leu

ATrg

Ile

Leu

120

Gly

Ala

Leu

35

40

45

50

55

60

65

Leu
80

ASP
55

Gly
Glu Thr
Leu Glu

Gly

Thr
160

Glu

Glu
175

Leu

Glu Leu

Gly Pro

Asp Ala

ASp Asp

240

encoding nucleic acid sequence comprise a glycine codon at
rtTA amino acid position 19 that differs in at least two
nucleotides from a glutamate codon.

5. The method according to claim 1, wherein said rtTA
encoding nucleic acid sequence and/or single chain rtTA
encoding nucleic acid sequence comprise an alanine, cyste-
ine, phenylalanine, histidine, 1soleucine, leucine, methio-
nine, asparagine, arginine, serine, threonine, valine, trypto-
phan or tyrosine codon at rtTA amino acid position 19 that
differs i at least two nucleotides from a glutamate codon.

6. The method according to claim 1, wherein said rtTA
encoding nucleic acid sequence and/or single chain rtTA
encoding nucleic acid sequence comprise a histidine, a
leucine or an argimine codon at rtTA amino acid position 37
that difers in at least two nucleotides from an alanine, a
lysine or a serine codon.

7. The method according to claim 1, wherein said rtTA
encoding nucleic acid sequence and/or single chain rtTA
encoding nucleic acid sequence comprises a codon at rtTA
amino acid position 9 encoding 1soleucine, and/or a codon at
rtTA amino acid position 19 encoding alanine, cysteine,
aspartate, phenylalanine, histidine, i1soleucine, lysine, leu-
cine, methionine, asparagine, glutamine, arginine, serine,
threonine, valine, tryptophan or tyrosine, and/or a codon at
rtTA amino acid position 37 encoding cysteine, methionine,
glutamine, threonine, histidine, leucine or arginine, and/or a
codon at rfTA amino acid position 56 encoding lysine or
glutamine, and/or a codon at rtTA amino acid position 67
encoding serine, and/or a codon at rtTA amino acid position
68 encoding arginine, and/or a codon at rtTA amino acid
position 86 encoding tyrosine, and/or a codon at rtTA amino
acid position 138 encoding aspartate or serine, and/or a
codon at rtTA amino acid position 157 encoding lysine,
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and/or a codon at rf'TA amino acid position 171 encoding
lysine, and/or a codon at rtTA amino acid position 177
encoding leucine, and/or a codon at rtTA amino acid position
195 encoding serine, and/or a codon at rtTA amino acid
position 209 encoding threonine.

8. The method according to claim 1, wherein said rtTA
encoding nucleic acid sequence and/or single chain rtTA
encoding nucleic acid sequence comprise at least one muta-
tion as depicted in FIG. 14B or FIG. 14C.

9. The method according to claim 1, wherein said rtTA
encoding nucleic acid sequence and/or single chain rtTA
encoding nucleic acid sequence comprise at least one codon
mutation as compared to a rtTA encoding nucleic acid
sequence depicted 1n FIG. 19.

10. The method according to claim 1, wherein said nucleic
acid of interest 1s expressed 1n a higher eukaryotic expres-
s10n system.

11. The method according to claim 10, wherein said
nucleic acid of interest 1s expressed 1 a mammalian cell.

12. The method according to claim 1, wherein said nucleic
acid of interest comprises a viral sequence essential for
replication.

13. The method according to claim 1, wherein said nucleic
acid of interest comprises at least part of an HIV genome
essential for replication.

14. A synthetic or recombinant nucleic acid sequence
comprising a rtTA encoding nucleic acid sequence and/or a
single chain rtTA encoding nucleic acid sequence, which
rtTA encoding nucleic acid sequence and/or single chain
rtTA encoding nucleic acid sequence comprises a mutated
codon at rtTA amino acid position 9, and/or 19, and/or 37,
and/or 56, and/or 67, and/or 68, and/or 138, and/or 157,
and/or 171, and/or 177, and/or 195.

15. The synthetic or recombinant nucleic acid sequence
according to claim 14, wherein said rtTA encoding nucleic
acid sequence and/or single chain rtTA encoding nucleic
acid sequence further comprises a mutation in a codon at
rtTA amino acid position 12, and/or 86, and/or 209.

16. The synthetic or recombinant nucleic acid sequence
according to claim 14, wherein said rtTA encoding nucleic
acid sequence and/or single chain rtTA encoding nucleic
acid sequence comprises a codon at rtTA amino acid position
19 that differs 1n at least two nucleotides from a glutamate
codon and/or a codon at rtTA position 37 that differs in at
least two nucleotides from an alanine, a lysine or a serine
codon, and/or a glutamine or lysine codon at rtTA amino
acid position 56.

17. The synthetic or recombinant nucleic acid sequence
according to claim 14, wherein said rtTA encoding nucleic
acid sequence and/or single chain rtTA encoding nucleic
acid sequence comprises a glycine codon at rtTA amino acid
position 19 that differs 1n at least two nucleotides from a
glutamate codon.

18. The synthetic or recombinant nucleic acid sequence
according to claim 14, wherein said rtTA encoding nucleic
acid sequence and/or single chain rtTA encoding nucleic
acid sequence comprises an alanine, cysteine, phenylala-
nine, histidine, 1soleucine, leucine, methionine, asparagine,
arginine, serine, threonine, valine, tryptophan or tyrosine
codon at rtTA amino acid position 19 that differs 1n at least
two nucleotides from a glutamate codon.

19. The synthetic or recombinant nucleic acid sequence
according to claim 14, wherein said rtTA encoding nucleic
acid sequence and/or single chain rtTA encoding nucleic
acid sequence comprises a histidine, a leucine or an arginine
codon at rtTA amino acid position 37 that differs 1n at least
two nucleotides from an alanine, a lysine or a serine codon.

10

15

20

25

30

35

40

45

50

55

60

65

64

20. The synthetic or recombinant nucleic acid sequence
according to claim 14, wherein said rtTA encoding nucleic
acid sequence and/or single chain rtTA encoding nucleic
acid sequence comprises a codon at rtTA amino acid position
9 encoding isoleucine, and/or a codon at rtTA amino acid
position 19 encoding alanine, cysteine, aspartate, phenyl-
alamine, histidine, isoleucine, lysine, leucine, methionine,
asparagine, glutamine, arginine, serine, threonine, valine,
tryptophan or tyrosine, and/or a codon at rtTA amino acid
position 37 encoding cysteine, methionine, glutamine, threo-
nine, histidine, leucine or arginine, and/or a codon at rtTA
amino acid position 56 encoding lysine or glutamine, and/or
a codon at rtTA amino acid position 67 encoding serine,
and/or a codon at rtTA amino acid position 68 encoding
arginine, and/or a codon at rtTA amino acid position 86
encoding tyrosine, and/or a codon at rtTA amino acid
position 138 encoding aspartate or serine, and/or a codon at
rtTA amino acid position 157 encoding lysine, and/or a
codon at rtTA amino acid position 171 encoding lysine,
and/or a codon at rtTA amino acid position 177 encoding
leucine, and/or a codon at rfTA amino acid position 195
encoding serine, and/or a codon at rtTA amino acid position
209 encoding threonine.

21. The synthetic or recombinant nucleic acid sequence
according to claim 14, wherein said rtTA encoding nucleic
acid sequence and/or single chain rtTA encoding nucleic
acid sequence comprises at least one mutation as depicted 1n
FIG. 14B or FIG. 14C.

22. The synthetic or recombinant nucleic acid sequence
according to claim 14, wherein said rtTA encoding nucleic
acid sequence and/or single chain rtTA encoding nucleic
acid sequence comprises at least one mutation as compared
to an rtTA encoding nucleic acid sequence depicted in FIG.
19.

23. A synthetic or recombinant amino acid sequence
encoded by the nucleic acid sequence according to claim 14.

24. A synthetic or recombinant amino acid sequence
comprising a rtTA sequence and/or a single chain rtTA
sequence, which rtTA sequence and/or single chain rtTA
sequence comprises an 1soleucine at position 9, and/or an
alanine, cysteine, aspartate, phenylalanine, histidine, 1soleu-
cine, lysine, leucine, methionine, asparagine, glutamine,
arginine, serine, threonine, valine, tryptophan or tyrosine at
position 19, and/or a cysteine, methionine, glutamine, threo-
nine, histidine, leucine or arginine at position 37, and/or a
lysine or glutamine at position 56, and/or a serine at position
6’7, and/or an arginine at position 68, and/or a tyrosine at
position 86, and/or an aspartate or serine at position 138,
and/or a lysine at position 157, and/or a lysine at position
1’71, and/or a leucine at position 177, and/or a serine at
position 195, and/or a threonine at position 209.

25. In a method of 1inducing expression of a nucleic acid
sequence of interest, the improvement comprising;:

utilizing the synthetic or recombinant nucleic acid

sequence of claim 14 for inducible expression of a
nucleic acid sequence of interest.

26. In a method of inducing expression of a nucleic acid
sequence ol interest, the improvement comprising:

utilizing the amino acid sequence encoded by any one of

the nucleic acid sequences of claim 24 for inducible
expression ol a nucleic acid sequence of interest.

27. In a method of tetracycline-inducible and/or minocy-
cline-inducible expression of a nucleic acid sequence of
interest, the improvement comprising;

utilizing the recombinant nucleic acid sequence compris-

ing an rtTA encoding nucleic acid sequence and/or a
single chain rtTA encoding nucleic acid sequence,
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which rtTA encoding nucleic acid sequence and/or
single chain rtTA encoding nucleic acid sequence com-
prises a mutation or a combination of mutations as
depicted 1n FIG. 15, except for the wild type rtTA and
the F86Y A209T vanant, for tetracycline-inducible
and/or minocycline-inducible expression of a nucleic
acid of interest.

28. A vector comprising the nucleic acid sequence of

claim 14.

29. An imnducible viral replicon, comprising:

the nucleic acid sequence of claim 14, and

at least one viral sequence that 1s essential for replication

under direct or indirect control of said nucleic acid
sequence.

30. The inducible viral replicon according to claim 29,
comprising all viral sequences essential for replication under
direct or indirect control of said nucleic acid sequence.

31. The inducible viral replicon according to claim 29,
which 1s denived from a human immunodeficiency virus.

32. The inducible viral replicon of claim 29, wherein the
nucleic acid sequence 1s 1nserted into the nef gene.

33. The inducible viral replicon of claim 29, further
comprising at least one tetO motif 1n at least one functional
LTR.

34. The inducible viral replicon of claam 33, further
comprising at least 2, 4, 6, or 8 such elements 1n at least one
functional LTR.

35. The inducible viral replicon of claim 29, wherein at
least one LTR 1s modified to avoid reversion to wild type
VIrus.

36. A method for producing a virus dependent upon an
inducing agent for replication, the method comprising:

providing a permissive cell with the inducible viral rep-

licon of claim 29,

culturing said cell 1n the presence of said inducing agent,

and

harvesting said dependent virus from said culture.

37. The method according to claim 36, in which said
dependent virus 1s a human immunodeficiency virus.

38. The method according to claim 36, 1n which said virus
1s an attenuated virus.

39. A virus dependent on an inducing agent for replication
obtainable by the method according to claim 36.

40. The virus according to claim 39, which 1s a human
immunodeficiency virus.

41. A method for the controlled replication of a virus or
a viral replicon, the method comprising:

providing a permissive cell with the inducible viral rep-

licon of claim 29;

culturing said cell 1n the presence of said inducing agent;

and

manipulating the amount of inducing agent present.

42. An 1solated cell comprising the nucleic acid sequence
of claim 14.

43. A method for inducibly expressing a nucleic acid
sequence of interest, the method comprising the steps of.

providing a nucleic acid construct comprising said

nucleic acid sequence of interest operably linked to an
inducible gene expression system that comprises a
reverse tetracycline-contvolled tramnsactivator (rtiA4)
encoding nucleic acid sequence and/ov a single chain
rt14 encoding nucleic acid sequence, said rt1A4 encod-
ing nucleic acid sequence and/ov single chain rtiA
encoding nucleic acid sequence comprising a mutation
in a codon at rtI4 amino acid position 67, optionally
with one orv more additional mutations in a codon at
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rt1A amino acid position 9, 12, 19, 37, 56, 68, 86, 138,
157, 171, 177, 195 or 209;

introducing said nucleic acid construct to a suitable
expression system; and
d allowing for inducible expression of said nucleic acid
sequence of interest.

44. The method according to claim 43, wherein said rt1A
encoding nucleic acid sequence and/or single chain rt1A
encoding nucleic acid sequence comprises a codon at rti4
amino acid position 19 that differs in at least two nucleotides
from a glutamate codon, and/or a codon at vt1A4 position 37
that differs in at least two nucleotides from an alanine, a
lvsine or a serine codon, and/or a glutamine or lysine codon
at vt14 amino acid position 56.

45. The method according to claim 43, wherein said rt14
encoding nucleic acid sequence and/or single chain rti4
encoding nucleic acid sequence comprises a glycine codon
at rt14 amino acid position 19 that differs in at least two
20 nrucleotides from a glutamate codon.

46. The method according to claim 43, wherein said rt14
encoding nucleic acid sequence and/or single chain rti4
encoding nucleic acid sequence comprises an alanine, cys-
teine, phenylalanine, histidine, isoleucine, leucine, methio-

25 nmine, asparagine, arginine, sevine, threonine, valine, tryp-
tophan or tyrosine codon at rt14 amino acid position 19 that
differs in at least two nucleotides from a glutamate codon.

47. The method according to claim 43, wherein said rt14
encoding nucleic acid sequence and/or single chain rtiA

30 encoding nucleic acid sequence comprises a histidine, a
leucine or an arginine codon at vt14 amino acid position 37
that differs in at least two nucleotides from an alanine, a
lvsine or a serine codon.

48. The method according to claim 43, wherein said rt1A

35 encoding nucleic acid sequence and/or single chain rt14
encoding nucleic acid sequence comprises a codon at rti4
amino acid position 9 encoding isoleucine, and/or a codon
at rt14 amino acid position 19 encoding alanine, cysteine,
aspartate, phenyvlalanine, histidine, isoleucine, lysine, leu-

40 cine, methionine, asparagine, glutamine, arginine, serine,
threonine, valine, tryptophan or tyrosine, and/ov a codon at
rt1A4 amino acid position 37 encoding cysteine, methionine,
glutamine, threonine, histidine, leucine or arginine, and/or
a codon at vt14 amino acid position 56 encoding lysine or

45 glutamine, and/or a codon at rtTA amino acid position 67
encoding servine, and/or a codon at rt14 amino acid position
68 encoding arginine, and/or a codon at rtId amino acid
position 86 encoding tyrosine, and/ov a codon at rt14 amino
acid position 138 encoding aspartate ov serine, and/or a

50 codon at rtIA amino acid position 157 encoding lysine,
and/or a codon at vt14 amino acid position 171 encoding
lvsine, and/or a codon at vtIA amino acid position 177
encoding leucine, and/or a codon at rt14 amino acid posi-
tion 195 encoding serine, and/or a codon at vt14 amino acid

55 position 209 encoding threonine.

49. The method according to claim 43, wherein said rt14
encoding nucleic acid sequence and/or single chain rtiA
encoding nucleic acid sequence comprises at least one
mutation as depicted in FIG. 14B or FIG. 14C.

60  50. The method according to claim 43, wherein said rt14
encoding nucleic acid sequence and/or single chain rtiA
encoding nucleic acid sequence comprises at least one
codon mutation as compared to a rt14 encoding nucleic acid
sequence depicted in FIG. 19.

65 1. The method according to claim 43, wherein said
nucleic acid of interest is expressed in a higher eukaryotic
expression system.
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52. The method according to claim 51, wherein said
nucleic acid of interest is expressed in a mammalian cell.

53. The method according to claim 43, wherein said
nucleic acid of interest comprises a viral sequence essential
for replication.

54. The method according to claim 43, wherein said
nucleic acid of interest comprises at least part of an HIV
genome essential for rveplication.

55. A synthetic or recombinant nucleic acid sequence
comprising a vt1A4 encoding nucleic acid sequence and/or a
single chain vt1d encoding nucleic acid sequence, which
rt14 encoding nucleic acid sequence and/or single chain
rt1A4 encoding nucleic acid sequence comprises a mutated
codon at vt14 amino acid position 67, optionally with one or
movre additional mutations in a codon at rtI4 amino acid
position 9, 12, 19, 37, 56, 68, 86, 138, 157, 171, 177, 195 or
209.

56. The synthetic or recombinant nucleic acid sequence
according to claim 55, wherein said vt14 encoding nucleic
acid sequence and/or single chain vt1A encoding nucleic
acid sequence comprises a codon at vt14 amino acid posi-
tion 19 that differs in at least two nucleotides from a
glutamate codon and/ov a codon at vtiA position 37 that
differs in at least two nucleotides from an alanine, a lysine
or a serine codon, and/or a glutamine or lysine codon at
rt14 amino acid position 56.

57. The synthetic or recombinant nucleic acid sequence
according to claim 535, wherein said rt1A4 encoding nucleic
acid sequence and/or single chain rtIA encoding nucleic
acid sequence comprises a glycine codon at vt14 amino acid
position 19 that differs in at least two nucleotides from a
glutamate codon.

58. The synthetic or recombinant nucleic acid sequence
according to claim 35, wherein said rvt14 encoding nucleic
acid sequence and/or single chain vt1A encoding nucleic
acid sequence comprises an alanine, cysteine, phenyiala-
nine, histidine, isoleucine, leucine, methionine, asparagine,
arginine, sevine, threonine, valine, tryptophan ov tyrosine
codon at rt14 amino acid position 19 that differs in at least
two nucleotides from a glutamate codon.

59. The synthetic or recombinant nucleic acid sequence
according to claim 535, wherein said rt1A4 encoding nucleic
acid sequence and/or single chain rtIA encoding nucleic
acid sequence comprises a histidine, a leucine ov an argi-
nine codon at rt14 amino acid position 37 that differs in at
least two nucleotides from an alanine, a lysine or a serine
codon.

60. The synthetic or recombinant nucleic acid sequence
according to claim 35, wherein said vt14 encoding nucleic
acid sequence and/or single chain vt1A encoding nucleic
acid sequence comprises a codon at vt14 amino acid posi-
tion 9 encoding isoleucine, and/or a codon at vt14 amino
acid position 19 encoding alanine, cysteine, aspartate, phe-
nyvlalanine, histidine, isoleucine, lysine, leucine, methionine,
asparagine, glutamine, arginine, servine, threonine, valine,
tryptophan or tyrosine, and/or a codon at rt1A4 amino acid
position 37 encoding cysteine, methionine, glutamine, threo-
nine, histidine, leucine or arginine, and/or a codon at rti4
amino acid position 56 encoding lysine or glutamine, and/or
a codon at rt14 amino acid position 67 encoding serine,
and/or a codon at rt14 amino acid position 68 encoding
arginine, and/ov a codon at vtIA amino acid position 856
encoding tvrosine, and/or a codon at vt1d amino acid
position 138 encoding aspartate or servine, and/or a codon
at vt14 amino acid position 157 encoding lysine, and/or a
codon at rt14 amino acid position 171 encoding lysine,
and/or a codon at vt14 amino acid position 177 encoding
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leucine, and/or a codon at vtIA amino acid position 195
encoding sevine, and/or a codon at rt14 amino acid position
209 encoding threonine.

61. The synthetic or recombinant nucleic acid sequence
according to claim 55, wherein said rt1A4 encoding nucleic
acid sequence and/or single chain vt1A encoding nucleic
acid sequence comprises at least one mutation as depicted
in FIG. 14B or FIG. 14C.

62. The synthetic or recombinant nucleic acid sequence
according to claim 35, wherein said vt1A encoding nucleic
acid sequence and/or single chain rvt1A encoding nucleic
acid sequence comprises at least one mutation as compared
to an vt14 encoding nucleic acid sequence depicted in FIG.
19.

63. A synthetic or recombinant amino acid sequence
encoded by the nucleic acid sequence according to claim 55.

64. In a method of inducing expression of a nucleic acid
sequence of interest, the improvement comprising: utilizing
the synthetic or recombinant nucleic acid sequence of claim
55 for inducible expression of a nucleic acid sequence of
interest.

65. A vector comprising the nucleic acid sequence of
claim 55.

66. An inducible viral replicon, comprising: the nucleic
acid sequence of claim 33, and at least one viral sequence
that is essential for rveplication under divect ov indirect
control of said nucleic acid sequence.

67. The inducible viral replicon accovding to claim 66,
comprising all viral sequences essential for veplication
under dirvect or indirvect control of said nucleic acid
sequence.

68. The inducible virval replicon accorvding to claim 66,
which is derived from a human immunodeficiency virus.

69. The inducible viral veplicon of claim 66, wherein the
nucleic acid sequence is inserted into the nef gene.

70. The inducible viral replicon of claim 66, further
comprising at least one tetO motif in at least one functional
LTR

71. The inducible viral replicon of claim 70, further
comprising at least 2, 4, 6, or 8 such elements in at least one

functional LTR.

72. The inducible viral veplicon of claim 66, wherein at
least one LTR is modified to avoid reversion to wild type
VIFus.

73. A method for producing a virus dependent upon an
inducing agent for replication, the method comprising:

providing a permissive cell with the inducible viral veplicon

of claim 66, culturing said cell in the presence of said
inducing agent, and harvesting said dependent virus from
said culture.

74. The method according to claim 73, in which said
dependent virus is a human immunodeficiency virus.

75. The method accovding to claim 73, in which said virus
is an attenuated virus.

76. A virus dependent on an inducing agent for replication
obtainable by the method according to claim 73.

77. The virus according to claim 76, which is a human
immunodeficiency virus.

78. A method for the controlled veplication of a virus or
a viral replicon, the method comprising: providing a per-
missive cell with the inducible viral rveplicon of claim 66;
culturing said cell in the presence of said inducing agent and
manipulating the amount of inducing agent present.

79. An isolated cell comprising the nucleic acid sequence

of claim 35.
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80. A transactivator, having the DNA sequence (5'- 3’

orientation):

(SEQ ID NO: 28)

atgtctagactggacaagagcaaagtcataaactctgctcectggaattact
caatggagtcggtatcgaaggcctgacgacaaggaaactegetcaaaagc
tgggagttgagcagcctaccctgtactggcacgtgaagaacaagecgggcc
ctgctcgatgccocctgccaatcgagatgectggacaggcatcatacccactc
ctgcccoccocctggaaggcgagtcatggcaagactttectgocggaacaacgcca
agtcataccgctgtgctctoctetcacategocgacggggetaaagtgeat
ctcggcacccgccocaacagagaaacagtacgaaaccctggaaaatcaget
cgcgttcoctgtgtcagecaaggcttectooctggagaacgcactgtacgetc
tgtccgeccgtgggccactttacactgggctgecgtat tggaggaacaggayqg
catcaagtagcaaaagaggaaagagagacacctaccaccgattctatgcec
cccacttctgaaacaagcaattgagctgttcgaccggcagggagccgaac
ctgccttecttttocggoctggaactaatcatatgtggocctggagaaacag
ctaaagtgcgaaagcggcgggccgaccgacgeccttgacgattttgactt
agacatgctcccagccocgatgcocttgacgactttgaccttgatatgctgce
ctgctgacgctcttgacgattttgaccttgacatgectoccccgggtaa.

81. A transactivator, having the amino acid sequence:

MSRLDKSKVINSALELINGVGIEGLTTRKLAQKL-

GVEQPILYWHVKNKRALLDALPIEMIL.  DRHHTH-
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SCPLEGESWQODFLRNNAKSYRCALLSHRDGAKVH-
LGIRPTEKQYETLENQLAFL CQQOGEFSLENALYAL-
SAVGCHFTLGCVLEEQEHQVAKEERETPTTIDSM P-
PLLKQAIELFDRQ  GAEPAFLFGLELIICGLEKQL-
KCESGGPIDALDDEDLDMILPADALDDEDILDMI -
PADALDDFDLDMLPG*(SEQ ID NO: 29).

82. A method for inducibly expressing a nucleic acid
sequence of interest, the method comprising the steps of.

providing a nucleic acid construct comprising said
nucleic acid sequence of interest operably linked to an
inducible geme expression system that comprises a
reverse tetracycline-controlled tramnsactivator (rt14)
encoding nucleic acid sequence and/ov a single chain
rt14 encoding nucleic acid sequence, said rt1A4 encod-
ing nucleic acid sequence and/ov single chain rt1A
encoding nucleic acid sequence comprising a mutation
in a codon at rtIA amino acid position 67;

introducing said nucleic acid construct to a suitable
expression system; and

allowing for inducible expression of said nucleic acid
sequence of interest.

83. A synthetic or recombinant nucleic acid sequence
comprising a vt14 encoding nucleic acid sequence and/or a
single chain vt1d encoding nucleic acid sequence, which
rt1A encoding nucleic acid sequence and/ov single chain
rt1A4 encoding nucleic acid sequence comprises a mutated
codon at vt14 amino acid position 67,
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