
IMPROVED KETOREDUCTASE POLYPEPTIDES FOR THE
STEREOSELECTIVE PRODUCTION OF ( )-3-HYDROXYTHIOLANE 1.
CROSS REFERENCES TO RELATED APPLICATIONS [0001] This
application claims benefit under 35 U.S.C.  119(e) of
application Serial No. 60/957,974, filed August 24,
2007, the contents of which are incorporated herein by
reference. 2 . TECHNICAL FIELD [0002] The present
disclosure relates to engineered polypeptides and uses
of the polypeptides. 3. REFERENCE TO SEQUENCE LISTING,
TABLE OR COMPUTER PROGRAM [0003] The Sequence Listing
concurrently submitted herewith under 37 C.F.R.  1.821
via EFS-Web in a computer readable form (CRF) as file
name 376247-016.txt is herein incorporated by
reference in its entirety. The electronic copy of the
Sequence Listing was created on August 24, 2008, with
a file size of 272 Kbytes. 4 . BACKGROUND [0004]
Enzymes belonging to the ketoreductase (KRED) or
carbonyl reductase class (ECl .1.1.1 84) are useful
for the synthesis of optically active alcohols from
the corresponding prostereoisomeric ketone substrate.
KREDs typically convert a ketone or aldehyde substrate
to the corresponding alcohol product, but may also
catalyze the reverse reaction, oxidation of an alcohol
substrate to the corresponding ketone/aldehyde
product. The reduction of ketones and aldehydes, and
the oxidation of alcohols by enzymes such as KRED
requires a co-factor, most commonly reduced
nicotinamide adenine dinucleotide (NADH) or reduced
nicotinamide adenine dinucleotide phosphate (NADPH),
and nicotinamide adenine dinucleotide (NAD) or
nicotinamide adenine dinucleotide phosphate (NADP) for
the oxidation reaction. NADH and NADPH serve as
electron donors, while NAD and NADP serve as electron
acceptors. It is frequently observed that
ketoreductases and alcohol dehydrogenases accept
either the phosphorylated or the non-phosphorylated
co-factor (in its oxidized and reduced state). [0005]
KRED enzymes can be found in a wide range of bacteria
and yeasts (for reviews: Kraus and Waldman, Enzyme
catalysis in organic synthesis VoIs. 1&2.VCH Weinheim
1995; Faber, K., Biotransformations in organic
chemistry, 4th Ed. Springer, Berlin Heidelberg New
York. 2000; Hummel and KuIa, 1989, Eur. J. Biochem.
184:1-13). Several KRED genes and enzyme sequences
have been reported, e.g., Candida magnoliae (Genbank
Ace. No. JC7338; GI: 11360538) Candidaparapsilosis
(Genbank Ace. No. BAA24528.1; GI:28 15409),
Sporobohmyces salmonicolor (Genbank Ace. No. AF160799;
GL6539734). [0006] In order to circumvent many
chemical synthetic procedures for the production of
key compounds, ketoreductases are being increasingly
employed for the enzymatic conversion of different
keto substrates to chiral alcohol products. These
applications can employ whole cells expressing the
ketoreductase for biocatalytic ketone and aldehyde
reductions, or purified enzymes in those instances
where presence of multiple ketoreductases in whole
cells would adversely affect the stereopurity and
yield of the desired product. For in vitro
applications, a co-factor (NADH or NADPH) regenerating
enzyme such as glucose dehydrogenase (GDH), formate
dehydrogenase etc., is used in conjunction with the
ketoreductase. Examples using ketoreductases to
generate useful chemical compounds include asymmetric
reduction of 4-chloroacetoacetate esters (Zhou, J. Am.
Chem. Soc, 1983, 105:5925-5926; Santaniello, J. Chem.
Res. (S) 1984:132-133; U.S. Patent Nos. 5,559,030; US
Patent No. 5,700,670 and US Patent No. 5,891,685),
reduction of dioxocarboxylic acids (e.g., US Patent
No. 6,399,339), reduction of tert-butyl (S)
chloro-5-hydroxy-3-oxohexanoate (e.g., U.S. Patent No.
6,645,746 and WO 01/40450), reduction
pyrrolotriazine-based compounds (e.g., US application
No. 2006/0286646); reduction of substituted
acetophenones (e.g., US Patent No. 6,800,477); and 



reduction of ketothiolanes (WO 2005/054491). [0007] It
is desirable to identify other ketoreductase enzymes
that can be used to carryout conversion of various
keto and aldehyde substrates to its corresponding
chiral alcohol products. 5. SUMMARY [0008] The present
disclosure provides ketoreductase polypeptides having
the ability to reduce 3- ketothiolane (hereafter
referred to as "the substrate") to
(i?)-3-hydroxythiolane (hereafter referred to as "the
product"), the polynucleotides encoding such
polypeptides, and methods for using the polypeptides.
Generally, the engineered ketoreductase polypeptides
of the disclosure have an improved property as
compared to the naturally-occurring wild-type
ketoreductase enzymes obtained from Lactobacillus
kefir ("L. kefir"; SEQ ID NO:4), Lactobacillus brevis
("L. brevis"; SEQ ID NO:2), and Lactobacillus minor (
"L. minor " ; SEQ ID NO:142) in converting the defined
keto substrate to the corresponding chiral alcohol
product. Improvements in enzyme activity can include
increases in stereoselectivity, enzymatic activity,
thermostability, solvent stability, reduced product
inhibition, or combinations thereof. [0009] In some
embodiments, the ketoreductase polypeptides of the
disclosure comprise an amino acid sequence in which
the amino acid residue corresponding to position 145
of a reference sequence of SEQ ID NO:2, 4 or 142 is
not an acidic residue, i.e., glutamic acid or aspartic
acid. As such, theresidue corresponding to position
145 is a non-acidic residue. In some embodiments, the
ketoreductase polypeptides of the disclosure have an
amino acid sequence in which the residue corresponding
to position 145 is a polar residue. In some
embodiments, this residue corresponding to X145 is a
serine. [0010] In some embodiments, the ketoreductase
polypeptides of the disclosure have an amino acid
sequence that is at least about 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%,
or more identical to a reference sequence based on SEQ
ID NO:2 or SEQ ID NO:4 or SEQ ID NO: 142 (or a region
or domain thereof, such as residues 90-21 1) having at
the residue corresponding to X145 a serine, with the
proviso that the ketoreductase polypeptide amino acid
sequence has at the residue corresponding to X145 a
polar residue. In some embodiments, the residue
corresponding to residue X145 is a serine. In some
embodiments, the ketoreductase polypeptide is based on
the sequence formulas of SEQ ID NO: 143, 144, or 145,
or a domain thereof, such as residues 90-21 1, in
which the residue corresponding to X145 is a polar
residue, particularly serine. In some embodiments, the
ketoreductase polypeptides can additionally have one
or more amino acid residue differences in the amino
acid sequence, or the defined domain or region, as
compared to the reference sequence, such as the
reference sequences of SEQ ID NO:4, 2, or 142. In some
embodiments, the amino acid sequence differences in
the domain can comprise non-conservative,
conservative, as well as a combination of
non-conservative and conservative amino acid
substitutions. Various amino acid residue positions
where such changes can be made are described herein.
[0011] In some embodiments, the ketoreductase
polypeptides described herein are capable of
stereoselectively reducing the substrate to the
product with at a higher stereomeric excess than the
wildtype enzyme from L. kefir (i.e., SEQ ID NO:4). In
some embodiments, the ketoreductase polypeptides
described herein are capable of stereoselectively
reducing the substrate ketothiolane to the product
(i?)-3-hydroxythiolane with at least about 70%
stereomeric excess. [0012] In some embodiments, the
disclosure provides highly stereoselective
ketoreductase polypeptides that can reduce the
substrate to the product in greater than about 90%
stereomeric excess (s.e.). Exemplary ketoreductase
polypeptides with such high stereoselectivity include,
but are not limited to, the polypeptides comprising
the amino acid sequences corresponding to SEQ ID NO:
6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32,
34, 36, 38, 40, 42, 44, 46, 48, 50, 52, 54, 56, 58,
60, 62, 



64, 66, 68, 70, 72, 74, 76, 78, 80, 82, 86, 88, 90,
92, 94, 96, 100, 102, 104, 106, 108, 110, 112, 126,
128, 130, and 134. [0013] In some embodiments, the
disclosure provides stereoselective ketoreductase
polypeptides that can reduce the substrate to the
product in greater than about 98% s.e. Exemplary
polypeptides withsuch stereoselectivity include, but
are not limited to, the polypeptides comprising the
amino acid sequences corresponding to SEQ ID NO: 6, 8,
10, 18, 20, 22, 24, 26, 28, 30, 34, 36, 38, 40, 42,
50, 52, 54, 58, 62, 66, 70, 72, 76, 78, 80, and 134.
[0014] In some embodiments, the engineered
ketoreductase polypeptide can have increased enzymatic
activity as compared to the wild-type ketoreductase
enzyme in reducing the defined keto substrate to the
product. The amount of the improvement can range from
1.5 times the enzymatic activity of the corresponding
wild-type ketoreductase enzyme, to as much as 2 times,
5 times, 10 times, 20 times, 25 times, 50 times, 75
times, 100 times, or more enzymatic activity. In
specific embodiments, the engineered ketoreductase
enzyme exhibits improved enzymatic activity in the
range of 1.5 to 50 times, 1.5 to 100 times greater
than that of the wild-type ketoreductase enzyme.
Exemplary polypeptides that are capable of converting
the substrate to the product at a rate that is
improved over wild-type enzyme, include but are not
limited to, polypeptides comprising the amino acid
sequences corresponding to SEQ ID NO: 6, 8, 10, 12,
14, 16, 18, 20, 22, 24, 26, 30, 32, 38, 40, 42, 44,
46, 48, 50, 52, 54, 56, 58, 60, 64, 66, 68, 70, 74,
76, 78, 80, 86, 88, 90, 92, 104, 106, 110, 112, 124,
126, 130, and 134. [0015] In some embodiments, the
disclosure provides ketoreductase polypeptides that
have improved activity and stability over the
wild-type enzyme, and can reduce the substrate to the
product in greater than about 95% s.e. Exemplary
polypeptides with such capabilities include, but are
not limited to, polypeptides comprising the amino acid
sequences corresponding to SEQ ID NO: 6, 8, 12, 14,
22, 24, 26, 30, 32, 38, 42, 44, 46, 50, 52, 56, 58,
60, 64, 66, 68, 70, 74, 76, 78, 80, 82, 86, 88, 90,
92, 104, 106, 110, 112, and 134. [0016] In some
embodiments, the ketoreductase polypeptides of the
disclosure are improved as compared to wild-type with
respect to their thermostability, as determined by an
increase in the rate of enzymatic activity as compared
to wild-type under high temperatures. Exemplary
ketoreductase polypeptides with improved stability,
include but are not limited to, polypeptides
comprising amino acid sequences corresponding to SEQ
ID NO: 6, 8, 12, 14, 22, 24, 26, 32, 34, 36, 38, 42,
44, 46, 50, 52, 56, 58, 60, 64, 66, 68, 70, 74, 76,
78, 80, 82, 86, 88, 90, 92, 104, 106, 110, 112, 124,
and 134. [0017] In another aspect, the present
disclosure provides polynucleotides encoding the
engineered ketoreductases described herein or
polynucleotides that hybridize to such polynucleotides
under highly stringent conditions. The polynucleotide
can include promoters and other regulatory elements
useful for expression of the encoded engineered
ketoreductase, and can utilize codons optimized for
specific desired expression systems. Exemplary
polynucleotides include, but are not limited to, the
nucleotide sequences corresponding to SEQ ID NO: 5, 7,
9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29, 31,33, 35,
37, 39, 41, 43, 45, 47, 49, 51, 53, 55, 57, 59, 61,
63, 65, 67, 69, 71, 73, 75, 77, 79, 81, 83, 85, 87,
89, 91, 93, 95, 97, 99, 101, 103, 105, 107, 109, 111,
113, 115, 117, 119, 121, 123, 125, 127, 129, 131, and
133. [0018] In another aspect, the present disclosure
provides host cells comprising the polynucleotides
and/or expression vectors for purposes of manipulation
and expression of the ketoreductase polypeptides. The
host cells may be L. kefir, L. brevis, or L. minor, or
they may be a different organism. The host cells can
be used for the expression and isolation of the
engineered ketoreductase enzymes described herein, or,
alternatively, they can be used directly for the
conversion of the 3- ketothiolane substrate to the
chiral (i?)-3-hydroxythiolane product. [0019] Whether
carrying out the method with whole cells, cell
extracts or purified ketoreductase 



enzymes, a single ketoreductase enzyme may be used or,
alternatively, mixtures of two or more ketoreductase
enzymes may be used. [0020] As noted above, the
ketoreductase enzymes described herein are capable of
catalyzing the reduction reaction of the keto group in
the compound of structural formula (I),
3-ketothiolane, to the corresponding chiral alcohol
product of structural formula (II),
(i?)-3-hydroxythiolane, [0021] As such, in some
embodiments, the present disclosure provides a method
for reducing 3- ketothiolane ("the substrate") to
(i?)-3-hydroxythiolane ("the product"), which method
comprises contacting or incubating the substrate with
a ketoreductase polypeptide of the disclosure under
reaction conditions suitable for reducing or
converting the substrate to the product. In some
embodiments of this method, the substrate is reduced
to the product with a stereomeric excess at least
greater than about 65% or at least greater than
wild-type. [0022] In some embodiments of this method,
the substrate is reduced to the product in greater
than about 90% s.e., wherein the ketoreductase
polypeptides comprise amino acid sequences
corresponding to SEQ ID NO: 6, 8, 10, 12, 14, 16, 18,
20, 22, 24, 26, 28, 30, 32, 34, 36, 38, 40, 42, 44,
46, 48, 50, 52, 54, 56, 58, 60, 62, 64, 66, 68, 70,
72, 74, 76, 78, 80, 82, 86, 88, 90, 92, 94, 96, 100,
102, 104, 106, 108, 110, 112, 126, 128, 130, and
134.[0023] In some embodiments of this method, the
substrate is reduced to the product in greater than
about 98% s.e., wherein the ketoreductase polypeptides
comprise an amino acid sequences corresponding to SEQ
ID NO: 6, 8, 10, 18, 20, 22, 24, 26, 28, 30, 34, 36,
38, 40, 42, 50, 52, 54, 58, 62, 66, 70, 72, 76, 78,
80, and 134. [0024] In some embodiments of this method
for reducing the substrate to the product, the
substrate is reduced to the product at an improved
rate of at least 1.5 times, 2 times, 3 times 4 times,
5 times, 10 times, 20 times or more as compared to the
wild-type enzyme (SEQ ID NO:4), wherein the
ketoreductase polypeptides comprise amino acid
sequences corresponding to SEQ ID NO: 6, 8, 10, 12,
14, 16, 18, 20, 22, 24, 26, 30, 32, 38, 40, 42, 44,
46, 48, 50, 52, 54, 56, 58, 60, 64, 66, 68, 70, 74,
76, 78, 80, 86, 88, 90, 92, 104, 106, 110, 112, 124,
126, 130, and 134. [0025] In some embodiments, the
methods relate to use of the ketoreductase
polypeptides in the synthesis of other compounds, such
as drug compounds. In some embodiments, the methods
relate to use of the ketoreductase polypeptides in the
synthesis of antibiotic sulopenem (CP-70,429), having
the following structural formula (III): [0026] Thus,
in some embodiments, in a method for the synthesis of
the antibiotic of structural formula (III) (i.e.,
CP-70,429), a step in the method can comprise
contacting the substrate of formula (I) with any of
the ketoreductases described herein, under reaction
conditions suitable for converting or reducing the
substrate of structural formula (I) to the product of
structural formula (II). The compound of structural
formula (II) in stereomeric excess of at least 70%,
80%, 90%, 95%, 96%, 97%, 98%, or 99% or more can be
used in the preparation of the compound of formula
(III). 6. BRIEF DESCRIPTION OF THE DRAWINGS [0027]
FIG.l illustrates the role of ketoreductases (KRED) in
the conversion of the substrate compound of formula
(I), 3-ketothiolane, to the corresponding chiral
alcohol product of formula (II),
(i?)-3-hydroxythiolane. In this reaction, the
substrate is reduced biocatalytically to the
corresponding ( )-alcohol. This reduction uses a KRED
of the disclosure and a co-factor such as NADPH. A
glucose dehydrogenase (GDH) can be used to
covert/recycle NADP+ to NADPH. Glucose isconverted to
gluconic acid, which in turn is converted to its
sodium salt (sodium gluconate) with the addition of
sodium hydroxide. Example 9 provides a non-limiting
method for conducting the reaction. 7. DETAILED
DESCRIPTION 7.1 Definitions 



[0028] As used herein, the following terms are
intended to have the following meanings. [0029]
"Ketoreductase" and "KRED" are used interchangeably
herein to refer to a polypeptide having an enzymatic
capability of reducing a carbonyl group to its
corresponding alcohol. More specifically, the
ketoreductase polypeptides described herein are
capable of stereoselectively reducing the compound of
formula (I), supra to the corresponding product of
formula (II), supra. The polypeptide typically
utilizes a cofactor reduced nicotinamide adenine
dinucleotide (NADH) or reduced nicotinamide adenine
dinucleotide phosphate (NADPH) as the reducing agent.
Ketoreductases as used herein include naturally
occurring (wild type) ketoreductases as well as
nonnaturally occurring engineered polypeptides
generated by human manipulation. [0030] "Coding
sequence" refers to that portion of a nucleic acid
(e.g., a gene) that encodes an amino acid sequence of
a protein. [0031] "Naturally-occurring " or
"wild-type" refers to the form found in nature. For
example, a naturally occurring or wild-type
polypeptide or polynucleotide sequence is a sequence
present in an organism that can be isolated from a
source in nature and which has not been intentionally
modified by human manipulation. [0032] "Recombinant"
when used with reference to, e.g., a cell, nucleic
acid, or polypeptide, refers to a material, or a
material corresponding to the natural or native form
of the material, that has been modified in a manner
that would not otherwise exist in nature, or is
identical thereto but produced or derived from
synthetic materials and/or by manipulation using
recombinant techniques. Non-limiting examples include,
among others, recombinant cells expressing genes that
are not found within the native (non-recombinant) form
of the cell or express native genes that are otherwise
expressed at a different level. [0033] "Percentage of
sequence identity" and "percentage homology" are used
interchangeably herein to refer to comparisons among
polynucleotides and polypeptides, and are determined
by comparing two optimally aligned sequences over a
comparison window, wherein the portion of the
polynucleotide or polypeptide sequence in the
comparison window may comprise additions or deletions
(i.e., gaps) as compared to the reference sequence
(which does not comprise additions ordeletions) for
optimal alignment of the two sequences. The percentage
may be calculated by determining the number of
positions at which the identical nucleic acid base or
amino acid residue occurs in both sequences to yield
the number of matched positions, dividing the number
of matched positions by the total number of positions
in the window of comparison and multiplying the result
by 100 to yield the percentage of sequence identity.
Alternatively, the percentage may be calculated by
determining the number of positions at which either
the identical nucleic acid base or amino acid residue
occurs in both sequences or a nucleic acid base or
amino acid residue is aligned with a gap to yield the
number of matched positions, dividing the number of
matched positions by the total number of positions in
the window of comparison and multiplying the result by
100 to yield the percentage of sequence identity.
Those of skill in the art appreciate that there are
many established algorithms available to align two
sequences. Optimal alignment of sequences for
comparison can be conducted, e.g., by the local
homology algorithm of Smith and Waterman, 1981, Adv.
Appl. Math. 2:482, by the homology alignment algorithm
of Needleman and Wunsch, 1970, J . MoI. Biol. 48:443,
by the search for similarity method of Pearson and
Lipman, 1988, Proc. Natl. Acad. Sci. USA 85:2444, by
computerized implementations of these algorithms (GAP,
BESTFIT, FASTA, and TFASTA in the GCG Wisconsin
Software Package), or by visual inspection (see
generally, Current Protocols in Molecular Biology, F.
M. Ausubel et al., eds., Current Protocols, a joint
venture between Greene Publishing Associates, Inc. and
John Wiley & Sons, Inc., (1995 Supplement) (Ausubel)).
Examples of algorithms that are suitable for
determining percent sequence identity and sequence
similarity are the 



BLAST and BLAST 2.0 algorithms, which are described in
Altschul et al., 1990, J . MoI. Biol. 215: 403-410 and
Altschul et al., 1977, Nucleic Acids Res. 3389-3402,
respectively. Software for performing BLAST analyses
is publicly available through the National Center for
Biotechnology Information website. This algorithm
involves first identifying high scoring sequence pairs
(HSPs) by identifying short words of length W in the
query sequence, which either match or satisfy some
positive-valued threshold score T when aligned with a
word of the same length in a database sequence. T is
referred to as, the neighborhood word score threshold
(Altschul et al, supra). These initial neighborhood
word hits act as seeds for initiating searches to find
longer HSPs containing them. The word hits are then
extended in both directions along each sequence for as
far as the cumulative alignment score can be
increased. Cumulative scores are calculated using, for
nucleotide sequences, the parameters M (reward score
for a pair of matching residues; always >0) and N
(penalty score for mismatching residues; always <0).
For amino acid sequences, a scoring matrix is used to
calculate the cumulative score. Extension of the word
hits in each direction are halted when: the cumulative
alignment score falls off by the quantity X from its
maximum achieved value; the cumulative score goes to
zero or below, due to the accumulation of one or more
negative-scoring residue alignments; or the end of
either sequence is reached. The BLAST algorithm
parameters W, T,and X determine the sensitivity and
speed of the alignment. The BLASTN program (for
nucleotide sequences) uses as defaults a wordlength
(W) of 11, an expectation (E) of 10, M=5, N=-4, and a
comparison of both strands. For amino acid sequences,
the BLASTP program uses as defaults a wordlength (W)
of 3, an expectation (E) of 10, and the BLOSUM62
scoring matrix (see Henikoff and Henikoff, 1989, Proc
Natl Acad Sci USA 89:10915). Exemplary determination
of sequence alignment and % sequence identity can
employ the BESTFIT or GAP programs in the GCG
Wisconsin Software package (Accelrys, Madison WI),
using default parameters provided. [0034] "Reference
sequence " refers to a defined sequence used as a
basis for a sequence comparison. A reference sequence
may be a subset of a larger sequence, for example, a
segment of a full-length gene or polypeptide sequence.
Generally, a reference sequence is at least 20
nucleotide or amino acid residues in length, at least
25 residues in length, at least 50 residues in length,
or the full length of the nucleic acid or polypeptide.
Since two polynucleotides or polypeptides may each (1)
comprise a sequence {i.e., a portion of the complete
sequence) that is similar between the two sequences,
and (2) may further comprise a sequence that is
divergent between the two sequences, sequence
comparisons between two (or more) polynucleotides or
polypeptide are typically performed by comparing
sequences of the two polynucleotides over a
"comparison window" to identify and compare local
regions of sequence similarity. [0035] In some
embodiments, a "reference sequence" can be based on a
primary amino acid sequence, where the reference
sequence is a sequence that can have one or more
changes in the primary sequence. For instance, a
reference sequence "based on SEQ ID NO:4 having at the
residue corresponding to X145 a serine" refers to a
reference sequence in which the corresponding residue
at X145 in SEQ ID NO:4 has been changed to a serine.
[0036] "Comparison window" refers to a conceptual
segment of at least about 20 contiguous nucleotide
positions or amino acids residues wherein a sequence
may be compared to a reference sequence of at least 20
contiguous nucleotides or amino acids and wherein the
portion of the sequence in the comparison window may
comprise additions or deletions (i.e., gaps) of 20
percent or less as compared to the reference sequence
(which does not comprise additions or deletions) for
optimal alignment of the two sequences. The comparison
window can be longer than 20 contiguous residues, and
includes, optionally 30, 40, 50, 100, or longer
windows. [0037] "Substantial identity " refers to a
polynucleotide or polypeptide sequence that has at
least 80 



percent sequence identity, at least 85 percent
identity and 89 to 95 percent sequence identity, more
usually at least 99 percent sequence identity as
compared to a reference sequence over a comparison
window of at least 20 residue positions, frequently
over a window of at least 30-50 residues, whereinthe
percentage of sequence identity is calculated by
comparing the reference sequence to a sequence that
includes deletions or additions which total 20 percent
or less of the reference sequence over the window of
comparison. In specific embodiments applied to
polypeptides, the term "substantial identity" means
that two polypeptide sequences, when optimally
aligned, such as by the programs GAP or BESTFIT using
default gap weights, share at least 80 percent
sequence identity, preferably at least 89 percent
sequence identity, at least 95 percent sequence
identity or more (e.g., 99 percent sequence identity).
Preferably, amino acid residue positions which are not
identical differ by conservative amino acid
substitutions. [0038] "Corresponding to", "reference
to" or "relative to" when used in the context of the
numbering of a given amino acid or polynucleotide
sequence refers to the numbering of the residues of a
specified reference sequence when the given amino acid
or polynucleotide sequence is compared to the
reference sequence. In other words, the residue number
or residue position of a given polymer is designated
with respect to the reference sequence rather than by
the actual numerical position of the residue within
the given amino acid or polynucleotide sequence. For
example, a given amino acid sequence, such as that of
an engineered ketoreductase, can be aligned to a
reference sequence by introducing gaps to optimize
residue matches between the two sequences. In these
cases, although the gaps are present, the numbering of
the residue in the given amino acid or polynucleotide
sequence is made with respect to the reference
sequence to which it has been aligned. [0039]
"Stereoselectivity " refers to the preferential
formation in a chemical or enzymatic reaction of one
stereoisomer over another. Stereoselectivity can be
partial, where the formation of one stereoisomer is
favored over the other, or it may be complete where
only one stereoisomer is formed. When the
stereoisomers are enantiomers, the stereoselectivity
is referred to as enantioselectivity, the fraction
(typically reported as a percentage) of one enantiomer
in the sum of both. It is commonly alternatively
reported in the art (typically as a percentage) as the
enantiomeric excess (e.e.) calculated therefrom
according to the formula [major enantiomer - minor
enantiomer]/[major enantiomer + minor enantiomer].
This can also be referred to as stereomeric excess
(s.e.). Where the stereoisomers are diastereoisomers,
the stereoselectivity is referred to as
diastereoselectivity, the fraction (typically reported
as a percentage) of one diastereomer in a mixture of
two diastereomers. [0040] "Highly stereoselective "
refers to a ketoreductase polypeptide that is capable
of converting or reducing the substrate to the
corresponding ( )-product with at least about 85%
stereomeric excess. [0041] "Improved enzyme property "
refers to a ketoreductase polypeptide that exhibits an
improvement in any enzyme property as compared to a
reference ketoreductase. For the engineered
ketoreductase polypeptides described herein, the
comparison is generally made to the
wild-typeketoreductase enzyme, although in some
embodiments, the reference ketoreductase can be
another improved engineered ketoreductase. Enzyme
properties for which improvement is desirable include,
but are not limited to, enzymatic activity (which can
be expressed in terms of percent conversion of the
substrate), thermal stability, pH activity profile,
cofactor requirements, refractoriness to inhibitors
(e.g., product inhibition), stereospecificity, and
stereoselectivity (including enantioselectivity).
[0042] "Increased enzymatic activity" refers to an
improved property of the engineered ketoreductase
polypeptides, which can be represented by an increase
in specific activity (e.g., product
produced/time/weight protein) or an increase in
percent conversion of the substrate to the product
(e.g., percent conversion of starting amount of
substrate to product in a specified time period using
a specified amount of KRED) as compared to the
reference ketoreductase enzyme. Exemplary methods to
determine enzyme activity are provided in the
Examples. Any property relating to enzyme activity 



may be affected, including the classical enzyme
properties ofK m, Vmax or kcat, changes of which can
lead to increased enzymatic activity. Improvements in
enzyme activity can be from about 1.5 times the
enzymatic activity of the corresponding wild-type
ketoreductase enzyme, to as much as 2 times. 5 times,
10 times, 20 times, 25 times, 50 times, 75 times, 100
times, or more enzymatic activity than the naturally
occurring ketoreductase or another engineered
ketoreductase from which the ketoreductase
polypeptides were derived. In specific embodiments,
the engineered ketoreductase enzyme exhibits improved
enzymatic activity in the range of 1.5 to 50 times or
1.5 to 100 times greater than that of the parent
ketoreductase enzyme. It is understood by the skilled
artisan that the activity of any enzyme is diffusion
limited such that the catalytic turnover rate cannot
exceed the diffusion rate of the substrate, including
any required cofactors. The theoretical maximum of the
diffusion limit, or kcat/Km, is generally about 108 to
109 (M 1 s 1) . Hence, any improvements in the enzyme
activity of the ketoreductase will have an upper limit
related to the diffusion rate of the substrates acted
on by the ketoreductase enzyme. Ketoreductase activity
can be measured by any one of standard assays used for
measuring ketoreductase, such as a decrease in
absorbance or fluorescence of NADPH (see Example 6)
due to its oxidation with the concomitant reduction of
a ketone or aldehyde to an alcohol, or by product
produced in a coupled assay. Comparisons of enzyme
activities are made using a defined preparation of
enzyme, a defined assay under a set condition, and one
or more defined substrates, as further described in
detail herein. Generally, when lysates are compared,
the numbers of cells and the amount of protein assayed
are determined as well as use of identical expression
systems and identical host cells to minimize
variations in amount of enzyme produced by the host
cells and present in the lysates. [0043] "Conversion"
refers to the enzymatic reduction of the substrate to
the corresponding product. "Percent conversion" refers
to the percent of the substrate that is reduced to the
product within aperiod of time under specified
conditions. Thus, the "enzymatic activity" or
"activity" of a ketoreductase polypeptide can be
expressed as "percent conversion" of the substrate to
the product. [0044] "Thermostable " refers to a
ketoreductase polypeptide that maintains similar
activity (more than 60% to 80% for example) after
exposure to elevated temperatures (e.g., 40-800C) for
a period of time (e.g., 0.5-24 hrs) compared to the
untreated enzyme. [0045] "Solvent stable" refers to a
ketoreductase polypeptide that maintains similar
activity (more than e.g 60% to 80%) after exposure to
varying concentraions (e.g., 5-99%) of solvent (e.g.,
isopropylalcohol, tetrahydrofuran,
2-methyltetrahydrofuran, acetone, toluene,
butylacetate, methyl tert-butylether, etc.) for a
period of time (e.g., 0.5-24 hrs) compared to the
untreated enzyme. [0046] "pH stable" refers to a
ketoreductase polypeptide that maintains similar
activity (more than e.g., 60% to 80%) after exposure
to high or low pH (e.g., 4.5-6 or 8 to 12) for a
period of time (e.g., 0.5-24 hrs) compared to the
untreated enzyme. [0047] "Thermo- and solvent stable"
refers to a ketoreductase polypeptide that are both
thermostable and solvent stable. [0048] "Derived from"
as used herein in the context of engineered
ketoreductase enzymes, identifies the originating
ketoreductase enzyme, and/or the gene encoding such
ketoreductase enzyme, upon which the engineering was
based. For example, the engineered ketoreductase
enzyme of SEQ ID NO: 134 was obtained by artificially
evolving, over multiple generations the gene encoding
the L. kefir ketoreductase enzyme of SEQ ID NO:4.
Thus, this engineered ketoreductase enzyme is "derived
from" the wild-type ketoreductase of SEQ ID NO.: 4.
[0049] "Hydrophilic Amino Acid or Residue" refers to
an amino acid or residue having a side chain
exhibiting a hydrophobicity of less than zero
according to the normalized consensus hydrophobicity
scale of Eisenberg et al, 1984, J . MoI. Biol.
179:125-142. Genetically encoded hydrophilic amino 



acids include L-Thr (T), L-Ser (S), L-His (H), L-GIu
(E), L-Asn (N), L-GIn (Q), L-Asp (D), L-Lys (K) and
L-Arg (R). [0050] "Acidic Amino Acid or Residue"
refers to a hydrophilic amino acid or residue having a
side chain exhibiting a pK value of less than about 6
when the amino acid is included in a peptide or
polypeptide. Acidic amino acids typically have
negatively charged side chains at physiological pH due
to loss of a hydrogen ion. Genetically encoded acidic
amino acids include L-GIu (E) and L-Asp (D). [0051]
"Basic Amino Acid or Residue" refers to a hydrophilic
amino acid or residue having a side chain exhibiting a
pK value of greater than about 6 when the amino acid
is included in a peptide orpolypeptide. Basic amino
acids typically have positively charged side chains at
physiological pH due to association with hydronium
ion. Genetically encoded basic amino acids include
L-Arg (R) and L-Lys (K). [0052] "Polar Amino Acid or
Residue" refers to a hydrophilic amino acid or residue
having a side chain that is uncharged at physiological
pH, but which has at least one bond in which the pair
of electrons shared in common by two atoms is held
more closely by one of the atoms. Genetically encoded
polar amino acids include L-Asn (N), L-GIn (Q), L-Ser
(S) and L-Thr (T). [0053] "Hydrophobic Amino Acid or
Residue" refers to an amino acid or residue having a
side chain exhibiting a hydrophobicity of greater than
zero according to the normalized consensus
hydrophobicity scale of Eisenberg et ah, 1984, J. MoI.
Biol. 179:125-142. Genetically encoded hydrophobic
amino acids include L-Pro (P), L-IIe (I), L-Phe (F),
L-VaI (V), L-Leu (L), L-Trp (W), L-Met (M), L-AIa (A)
and L-Tyr (Y). [0054] "Aromatic Amino Acid or Residue"
refers to a hydrophilic or hydrophobic amino acid or
residue having a side chain that includes at least one
aromatic or heteroaromatic ring. Genetically encoded
aromatic amino acids include L-Phe (F), L-Tyr (Y) and
L-Trp (W). Although owing to the pKa of its
heteroaromatic nitrogen atom L-His (H) it is sometimes
classified as a basic residue, or as an aromatic
residue as its side chain includes a heteroaromatic
ring, herein histidine is classified as a hydrophilic
residue or as a "constrained residue" (see below).
[0055] "Constrained amino acid or residue " refers to
an amino acid or residue that has a constrained
geometry. Herein, constrained residues include L-pro
(P) and L-his (H). Histidine has a constrained
geometry because it has a relatively small imidazole
ring. Proline has a constrained geometry because it
also has a five membered ring. [0056] "Non-polar Amino
Acid or Residue" refers to a hydrophobic amino acid or
residue having a side chain that is uncharged at
physiological pH and which has bonds in which the pair
of electrons shared in common by two atoms is
generally held equally by each of the two atoms (i.e.,
the side chain is not polar). Genetically encoded
non-polar amino acids include L-GIy (G), L-Leu (L),
L-VaI (V), L-IIe (I), L-Met (M) and L-AIa (A). [0057]
"Aliphatic Amino Acid or Residue" refers to a
hydrophobic amino acid or residue having an aliphatic
hydrocarbon side chain. Genetically encoded aliphatic
amino acids include L-AIa (A), L-VaI (V), L-Leu (L)
and L-IIe (I). [0058] "Cysteine" . The amino acid
L-Cys (C) is unusual in that it can form disulfide
bridges with other L-Cys (C) amino acids or other
sulfanyl- or sulfhydryl-containing amino acids. The
"cysteinelike residues" include cysteine and other
amino acids that contain sulfhydryl moieties that are
available for formation of disulfide bridges. The
ability of L-Cys (C) (and other amino acids with -SH
containing side chains) to exist in a peptide in
either the reduced free -SH or oxidized disulfide -
bridged form affects whether L-Cys (C) contributes net
hydrophobic or hydrophilic character to a peptide.
While L-Cys (C) exhibits a hydrophobicity of 0.29
according to the normalized consensus scale of
Eisenberg (Eisenberg et al, 1984, supra), it is to be
understood that for purposes of the 



present disclosure L-Cys (C) is categorized into its
own unique group. [0059] "Small Amino Acid or Residue"
refers to an amino acid or residue having a side chain
that is composed of a total three or fewer carbon
and/or heteroatoms (excluding the oc-carbon and
hydrogens). The small amino acids or residues may be
further categorized as aliphatic, non-polar, polar or
acidic small amino acids or residues, in accordance
with the above definitions. Geneticallyencoded small
amino acids include L-AIa (A), L-VaI (V), L-Cys (C),
L-Asn (N), L-Ser (S), L-Thr (T) and L-Asp (D). [0060]
"Hydroxyl- containing Amino Acid or Residue " refers
to an amino acid containing a hydroxyl (-OH) moiety.
Genetically-encoded hydroxyl-containing amino acids
include L-Ser (S) L-Thr (T) and L-Tyr (Y). [0061]
"Conservative" amino acid substitutions or mutations
refer to the interchangeability of residues having
similar side chains, and thus typically involves
substitution of the amino acid in the polypeptide with
amino acids within the same or similar defined class
of amino acids. However, as used herein, in some
embodiments, conservative mutations do not include
substitutions from a hydrophilic to hydrophilic,
hydrophobic to hydrophobic, hydroxyl-containing to
hydroxyl-containing, or small to small residue, if the
conservative mutation can instead be a substitution
from an aliphatic to an aliphatic, non-polar to
non-polar, polar to polar, acidic to acidic, basic to
basic, aromatic to aromatic, or constrained to
constrained residue. Further, as used herein, A, V, L,
or I can be conservatively mutated to either another
aliphatic residue or to another non-polar residue. The
table below shows exemplary conservative
substitutions.[0062] "Non-conservative substitution "
refers to substitution or mutation of an amino acid in
the polypeptide with an amino acid with significantly
differing side chain properties. Non-conservative
substitutions may use amino acids between, rather than
within, the defined groups listed above. In one
embodiment, a non-conservative mutation affects (a)
the structure of the peptide backbone in the area of
the substitution (e.g., proline for glycine) (b) the
charge or hydrophobicity, or (c) the bulk of the side
chain. [0063] "Deletion " refers to modification to
the polypeptide by removal of one or more amino acids
from the reference polypeptide. Deletions in an amino
acid sequence can comprise removal of 1 or more amino
acids, 2 or more amino acids, 3 or more amino acids, 4
or more amino acid, 5 or more amino acids, 6 or more
amino acids, 8 or more amino acids, 10 or more amino
acids, 15 or more amino acids, or 20 or more amino
acids, up to 10% of the total number of amino acids,
up to 15% of the total number of amino acids, or up to
20% of the total number of amino acids making up the
reference enzyme while retaining enzymatic activity
and/or retaining the improved properties of an
engineered ketoreductase enzyme. Deletions can be
directed to the internal portions and/or terminal
portions of the polypeptide. In various embodiments,
the deletion can comprise a continuous segment or can
be discontinuous. [0064] "Insertion " refers to
modification to the polypeptide by addition of one or
more amino acids as compared to a reference
polypeptide. In some embodiments, the improved
engineered ketoreductase enzymes comprise insertions
of one or more amino acids to the naturally occurring
ketoreductase polypeptide as well as insertions of one
or more amino acids to other improved ketoreductase
polypeptides. Insertions can be in the internal
portions of the polypeptide, or to the carboxy or
amino terminus. Insertions as used herein include
fusion proteins as is known in the art. The insertion
can be a contiguous segment of amino acids or
separated by one or more of the amino acids in the
naturally occurring polypeptide. [0065] "Fragment "
refers to a polypeptide that has an amino-terminal
and/or carboxy-terminal deletion, but where the
remaining amino acid sequence is identical to the
corresponding positions in 



the sequence. Fragments can be at least 14 amino acids
long, at least 20 amino acids long, at least 50 amino
acids long or longer, and up to 70%, 80%, 90%, 95%,
98%, and 99% of the full-length ketoreductase
polypeptide. In some embodiments, the full length
ketoreductase can be an full length engineered or wild
type ketoreductase (e.g., SEQ ID NO:2 and 4). [0066]
"Isolated polypeptide " refers to a polypeptide which
is substantially separated from other contaminants
that naturally accompany it, e.g., protein, lipids,
and polynucleotides. The termembraces polypeptides
which have been removed or purified from their
naturally-occurring environment or expression system
(e.g., host cell or in vitro synthesis). The improved
ketoreductase enzymes may be present within a cell,
present in the cellular medium, or prepared in various
forms, such as lysates or isolated preparations. As
such, in some embodiments, the improved ketoreductase
enzyme can be an isolated polypeptide. [0067]
"Substantially pure polypeptide " refers to a
composition in which the polypeptide species is the
predominant species present (i.e., on a molar or
weight basis it is more abundant than any other
individual macromolecular species in the composition),
and is generally a substantially purified composition
when the object species comprises at least about 50
percent of the macromolecular species present by mole
or % weight. Generally, a substantially pure
ketoreductase composition will comprise about 60 % or
more, about 70% or more, about 80% or more, about 90%
or more, about 95% or more, and about 98% or more of
all macromolecular species by mole or % weight present
in the composition. In some embodiments, the object
species is purified to essential homogeneity (i.e.,
contaminant species cannot be detected in the
composition by conventional detection methods) wherein
the composition consists essentially of a single
macromolecular species. Solvent species, small
molecules (<500 Daltons), and elemental ion species
are not considered macromolecular species. In some
embodiments, the isolated improved ketoreductases
polypeptide is a substantially pure polypeptide
composition. [0068] "Stringent hybridization " is used
herein to refer to conditions under which nucleic acid
hybrids are stable. As known to those of skill in the
art, the stability of hybrids is reflected in the
melting temperature (Tm) of the hybrids. In general,
the stability of a hybrid is a function of ion
strength, temperature, G/C content, and the presence
of chaotropic agents. The Tm values for
polynucleotides can be calculated using known methods
for predicting melting temperatures (see, e.g.,
Baldino et al., 1989, Methods Enzymology 168:761-777;
Bolton et al., 1962, Proc. Natl. Acad. Sci. USA
48:1390; Bresslauer et al., 1986, Proc. Natl. Acad.
Sci USA 83:8893-8897; Freier et al., 1986, Proc. Natl.
Acad. Sci USA 83:9373-9377; Kierzek et al.,
Biochemistry 25:7840-7846; Rychlik et al., 1990,
Nucleic Acids Res 18:6409-6412 (erratum, 1991, Nucleic
Acids Res 19:698); Sambrook et al., supra; Suggs et
al., 1981, In Developmental Biology Using Purified
Genes (Brown et al., eds.), pp. 683-693, Academic
Press; and Wetmur, 1991, Crit Rev Biochem MoI Biol
26:227'-259; all publications incorporate herein by
reference). In some embodiments, the polynucleotide
encodes the polypeptide disclosed herein and
hybridizes under defined conditions, such as
moderately stringent or highly stringent conditions,
to the complement of a sequence encoding an engineered
ketoreductase enzyme of the present disclosure.[0069]
"Hybridization stringency" relates to hybridization
conditions, such as washing conditions, in the
hybridization of nucleic acids. Generally,
hybridization reactions are performed under conditions
of lower stringency, followed by washes of varying but
higher stringency. The term "moderately stringent
hybridization" refers to conditions that permit
target-DNA to bind a complementary nucleic acid that
has about 60% identity, preferably about 75% identity,
about 85% identity to the target DNA, with greater
than about 90% identity to target-polynucleotide.
Exemplary moderately stringent conditions are
conditions equivalent to hybridization in 50%
formamide, 5x Denhart's solution, 5xSSPE, 0.2% SDS at
42C, followed by washing in 0.2xSSPE, 0.2% SDS, at
42C. "High 



stringency hybridization" refers generally to
conditions that are about 100C or less from the
thermal melting temperature Tm as determined under the
solution condition for a defined polynucleotide
sequence. In some embodiments, a high stringency
condition refers to conditions that permit
hybridization of only those nucleic acid sequences
that form stable hybrids in 0.0 18M NaCl at 65C.
(i.e., if a hybrid is not stable in 0.018M NaCl at
65C, it will not be stable under high stringency
conditions, as contemplated herein). High stringency
conditions can be provided, for example, by
hybridization in conditions equivalent to 50%
formamide, 5x Denhart's solution, 5xSSPE, 0.2% SDS at
42C, followed by washing in 0.IxSSPE, and 0.1% SDS at
65C. Another high stringency condition is hybridizing
in conditions equivalent to hybridizing in 5X SSC
containing 0.1% (w:v) SDS at 65C and washing in O.lx
SSC containing 0.1% SDS at 65C. Other high stringency
hybridization conditions, as well as moderately
stringent conditions, are described in the references
cited above. [0070] "Heterologous" polynucleotide
refers to any polynucleotide that is introduced into a
host cell by laboratory techniques, and includes
polynucleotides that are removed from a host cell,
subjected to laboratory manipulation, and then
reintroduced into a host cell. [0071] "Codon
optimized" refers to changes in the codons of the
polynucleotide encoding a protein to those
preferentially used in a particular organism such that
the encoded protein is efficiently expressed in the
organism of interest. Although the genetic code is
degenerate in that most amino acids are represented by
several codons, called "synonyms" or "synonymous"
codons, it is well known that codon usage by
particular organisms is nonrandom and biased towards
particular codon triplets. This codon usage bias may
be higher in reference to a given gene, genes of
common function or ancestral origin, highly expressed
proteins versus low copy number proteins, and the
aggregate protein coding regions of an organism's
genome. In some embodiments, the polynucleotides
encoding the ketoreductases enzymes may be codon
optimized for optimal production in the host organism
selected for expression.[0072] "Preferred , optimal ,
high codon usage bias codons" refers interchangeably
to codons that are used at higher frequency in the
protein coding regions than other codons that code for
the same amino acid. The preferred codons may be
determined in relation to codon usage in a single
gene, a set of genes of common function or origin,
highly expressed genes, the codon frequency in the
aggregate protein coding regions of the whole
organism, codon frequency in the aggregate protein
coding regions of related organisms, or combinations
thereof. Codons whose frequency increases with the
level of gene expression are typically optimal codons
for expression. A variety of methods are known for
determining the codon frequency (e.g. , codon usage,
relative synonymous codon usage) and codon preference
in specific organisms, including multivariat analysis,
for example, using cluster analysis or correspondence
analysis, and the effective number of codons used in a
gene (see GCG CodonPreference, Genetics Computer Group
Wisconsin Package; CodonW, John Peden, University of
Nottingham; Mclnerney, J. O, 1998, Bioinformatics
14:372-73; Stenico et al., 1994, Nucleic Acids Res.
222437-46; Wright, F., 1990, Gene 87:23-29). Codon
usage tables are available for a growing list of
organisms (see for example, Wada et al., 1992, Nucleic
Acids Res. 20:21 11-21 18; Nakamura et al., 2000,
Nucl. Acids Res. 28:292; Duret, et al., supra; Henaut
and Danchin, "Escherichia coli and Salmonella " 1996,
Neidhardt, et al. Eds., ASM Press, Washington D.C., p.
2047-2066. The data source for obtaining codon usage
may rely on any available nucleotide sequence capable
of coding for a protein. These data sets include
nucleic acid sequences actually known to encode
expressed proteins (e.g., complete protein coding
sequences-CDS), expressed sequence tags (ESTS), or
predicted coding regions of genomic sequences (see for
example, Mount, D., Bioinformatics: Sequence and
Genome Analysis, Chapter 8, Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y., 2001; 



Uberbacher, E. C , 1996, Methods Enzymol. 266:259-281;
Tiwari et al., 1997, Comput. Appl. Biosci.
13:263-270). [0073] "Control sequence " is defined
herein to include all components, which are necessary
or advantageous for the expression of a polynucleotide
or polypeptide of interest. Each control sequence may
be native or foreign to the nucleic acid sequence
encoding a polypeptide. Such control sequences
include, but are not limited to, a leader sequence,
polyadenylation sequence, propeptide sequence,
promoter, signal peptide sequence, and transcription
terminator. At a minimum, the control sequences
include a promoter, and transcriptional and
translational stop signals. The control sequences may
be provided with linkers for the purpose of
introducing specific restriction sites facilitating
ligation of the control sequences with the coding
region of the nucleic acid sequence encoding a
polypeptide. [0074] "Operably linked " is defined
herein as a configuration in which a control sequence
is appropriately placed in a functional relationship
(i.e., at a position relative to) with a
polynucleotide orpolypeptide of interest, such as the
coding sequence in the DNA sequence, such that the
control sequence directs or regulates the expression
of a polynucleotide and/or polypeptide. [0075]
"Promoter sequence" is a nucleic acid sequence that is
recognized by a host cell for expression of a
polynucleotide of interest, such as a coding region.
Generally, the promoter sequence contains
transcriptional control sequences, which mediate the
expression of a polynucleotide of interest. The
promoter may be any nucleic acid sequence which shows
transcriptional activity in the host cell of choice,
including mutant, truncated, and hybrid promoters, and
may be obtained from genes encoding extracellular or
intracellular polypeptides either homologous or
heterologous to the host cell. [0076] "Cofactor
regeneration system" refers to a set of reactants that
participate in a reaction that reduces the oxidized
form of the cofactor (e.g., NADP+ to NADPH). Cofactors
oxidized by the ketoreductase-catalyzed reduction of
the keto substrate are regenerated in reduced form by
the cofactor regeneration system. Cofactor
regeneration systems comprise a stoichiometric
reductant that is a source of reducing hydrogen
equivalents and is capable of reducing the oxidized
form of the cofactor. The cofactor regeneration system
may further comprise a catalyst, for example an enzyme
catalyst, that catalyzes the reduction of the oxidized
form of the cofactor by the reductant. Cofactor
regeneration systems to regenerate NADH or NADPH from
NAD+ or NADP+, respectively, are known in the art and
may be used in the methods described herein. 7.2
Ketoreductase Enzymes [0077] The present disclosure
provides engineered ketoreductase ("KRED") enzymes
that are capable of stereoselectively reducing or
converting 3-ketothiolane ("the substrate") of
structural formula (I): to (i?)-3-hydroxythiolane
("the product") of structural formula (II): and having
an improved property when compared with the
naturally-occurring, wild-type KRED enzyme obtained
from L. kefir (SEQ ID NO:4), L. brevis (SEQ ID NO:2)
or L. minor (SEQ IDNO: 142), or when compared with
other engineered ketoreductase enzymes. Enzyme
properties for which improvement is desirable include,
but are not limited to, enzymatic activity, thermal
stability, pH activity profile, cofactor requirements,
refractoriness to inhibitors (e.g., product
inhibition), stereospecificity, stereoselectivity, and
solvent stability. The improvements can relate to a
single enzyme property, such as enzymatic activity, or
a combination of different enzyme properties, such as
enzymatic activity and stereoselectivity. [0078] The
present disclosure provides engineered ketoreductase
("KRED") enzymes that are capable of stereoselectively
reducing a defined keto substrate to its corresponding
alcohol product and having an improved property when
compared with the naturally-occurring, wild-type KRED
enzyme obtained from L. kefir (SEQ ID NO:2) or L.
brevis (SEQ ID NO:4) or L. minor (SEQ ID NO: 142), or 



when compared with other engineered ketoreductase
enzymes. The ketoreductase polypeptides of the
disclosure have the requirement that the residue
corresponding to position 145 of SEQ ID NO:2 or 4 or
142 is not an acidic residue . In some embodiments,
the ketoreductase polypeptides have, as compared to
the L. kefir or L. brevis or L. minor KRED sequences
of SEQ ID NO:2 or 4 or 142, at the residue
corresponding to position 145 a polar residue. In some
embodiments, the ketoreductase polypeptides have, as
compared to the L. kefir or L. brevis or L. minor KRED
sequences of SEQ ID NO:2 or 4 or 142, at the residue
corresponding to position 145 a serine. [0079] In some
embodiments, as noted above, the engineered
ketoreductase with improved enzyme activity is
described with reference to L. kefir ketoreductase of
SEQ ID NO:4, L. brevis ketoreductase of SEQ ID NO:2,
L. minor of SEQ ID NO: 142, or an engineered
ketoreductase. The amino acid residue position is
determined in these ketoreductases beginning from the
initiating methionine (M) residue (i.e., M represents
residue position 1), although it will be understood by
the skilled artisan that this initiating methionine
residue may be removed by biological processing
machinery, such as in a host cell or in vitro
translation system, to generate a mature protein
lacking the initiating methionine residue. The amino
acid residue position at which a particular amino acid
or amino acid change is present in an amino acid
sequence is sometimes describe herein in terms "Xn" ,
or "position n", where n refers to the residue
position. Where the amino acid residues at the same
residue position differ between the ketoreductases,
the different residues are denoted by an "/" with the
arrangement being, for example, "kefir residue/brevis
residue/minor." In some embodiments, a substitution
mutation, which is a replacement of an amino acid
residue in a corresponding residue of a reference
sequence, for example the wildtype ketoreductase of
SEQ ID NO:2, SEQ ID NO:4, or SEQ ID NO: 142 with a
different amino acid residue is denoted by the symbol
" " .[0080] Herein, mutations are sometimes described
as a mutation "to a" type of amino acid. For example,
residue X7 can be mutated glycine "to a" serine
residue. But the use of the phrase "to a" does not
exclude mutations from one amino acid of a class to
another amino acid of the same class. For example,
residue X7 can be mutated from a glycine to an
arginine. [0081] The polynucleotide sequence encoding
the naturally occurring ketoreductase (also referred
to as "ADH" or "alcohol dehydrogenase") of L. kefir,
L. brevis, or of L. minor, and thus the corresponding
amino acid sequences, are available as Genbank
accession no. AAP94029 GI:33 112056 or SEQ ID NO:3 for
L. kefir; Genbank accession no. CAD66648 GL28400789 or
SEQ ID NO: 1 for L. brevis; and SEQ ID NO: 141 for L.
minor.). [0082] In some embodiments, the ketoreductase
polypeptides herein can have a number of modifications
to the reference sequence (e.g., naturally occurring
polypeptide or an engineered polypeptide) to result in
an improved ketoreductase property. In such
embodiments, the number of modifications to the amino
acid sequence can comprise one or more amino acids, 2
or more amino acids, 3 or more amino acids, 4 or more
amino acids, 5 or more amino acids, 6 or more amino
acids, 8 or more amino acids, 10 or more amino acids,
15 or more amino acids, or 20 or more amino acids, up
to 10% of the total number of amino acids, up to 10%
of the total number of amino acids, up to 15% of the
total number of amino acids, up to 20% of the total
number of amino acids, or up to 30% of the total
number of amino acids of the reference polypeptide
sequence. In some embodiments, the number of
modifications to the naturally occurring polypeptide
or an engineered polypeptide that produces an improved
ketoreductase property may comprise from about 1-2,
1-3, 1-4, 1-5, 1-6, 1-7, 1- 8, 1-9, 1-10, 1-1 1, 1-12,
1-14, 1-15, 1-16, 1-18, 1-20, 1-22, 1-24, 1-26, 1-30,
1-35 or about 1-40 residue modifications of the
reference sequence. In some embodiments, the number of
modifications can be 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 12, 14, 15, 16, 18, 20, 22, 24, 26, 30, 35 or
about 40 amino acid residues. The modifications can
comprise insertions, deletions, substitutions, or
combinations thereof. 



[0083] In some embodiments, the modifications comprise
amino acid substitutions to the reference sequence.
Substitutions that can produce an improved
ketoreductase property may be at one or more amino
acids, 2 or more amino acids, 3 or more amino acids, 4
or more amino acids, 5 or more amino acids, 6 or more
amino acids, 8 or more amino acids, 10 or more amino
acids, 15 or more amino acids, or 20 or more amino
acids, up to 10% of the total number of amino acids,
up to 10% of the total number of amino acids, up to
20% of the total number of amino acids, or up to 30%
of the total number of amino acids of the reference
enzyme sequence. In some embodiments, the number of
substitutions to the naturally occurring polypeptide
or an engineered polypeptide that produces an improved
ketoreductase property can comprise from about 1-2,
1-3, 1-4, 1-5, 1-6, 1-7, 1-8, 1-9, 1-10, 1-1 1, 1-12,
1-14, 1-15, 1-16, 1-18, 1-20, 1-22, 1-24, 1-26, 1-30,
1-35 or about 1-40 amino acidsubstitutions of the
reference sequence. In some embodiments, the number of
substitutions can be 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 12, 14, 15, 16, 18, 20, 22, 24, 26, 30, 35 or
about 40 amino acid residues. [0084] In some
embodiments, the improved property (as compared to
wild-type or another engineered polypeptide) of the
ketoreductase polypeptide is with respect to an
increase of its stereoselectivity for reducing or
converting 3-ketothiolane substrate to
(i?)-3-hydroxythiolane. In some embodiments, the
ketoreductase polypeptide is capable of
stereoselectivey reducing the substrate to the product
with a percent stereomeric excess of at least about
65%, 70%, 75%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%, 99%, 99.9%, or 99.99%.
[0085] In some embodiments, the ketoreductase
polypeptide is capable of stereoselectively reducing
the substrate to the product with a percent
stereomeric excess (s.e.) that is improved as compared
to the wild-type L. kefir or L. brevis or L. minor
KRED (SEQ ID NO:4 or 2 or 142). In some embodiments,
the ketoreductase polypeptide is capable of
stereoselectively reducing the substrate to the
product with a percent stereomeric excess that is at
least about 70%. [0086] In some embodiments, the
ketoreductase polypeptides of the disclosure are
highly stereoselective in that the keductases can
reduce the substrate to the product in greater than
about 90% stereomeric excess (s.e.). Exemplary
ketoreductase polypeptides with such high
stereoselectivity include, but are not limited to, the
polypeptides comprising the amino acid sequences
corresponding to SEQ ID NO: 6, 8, 10, 12, 14, 16, 18,
20, 22, 24, 26, 28, 30, 32, 34, 36, 38, 40, 42, 44,
46, 48, 50, 52, 54, 56, 58, 60, 62, 64, 66, 68, 70,
72, 74, 76, 78, 80, 82, 86, 88, 90, 92, 94, 96, 100,
102, 104, 106, 108, 110, 112, 126, 128, 130, and 134.
[0087] In some embodiments, the ketoreductase
polypeptides of the disclosure are improved as
compared to wild-type (SEQ ID NO:4) with respect to
their rate of enzymatic activity, i.e., their rate or
ability of converting the substrate to the product.
Exemplary polypeptides that are capable of converting
the substrate to the product at a rate that is
improved over wild-type, include but are not limited
to, polypeptides comprising the amino acid sequences
corresponding to SEQ ID NO: 6, 8, 10, 12, 14, 16, 18,
20, 22, 24, 26, 30, 32, 38, 40, 42, 44, 46, 48, 50,
52, 54, 56, 58, 60, 64, 66, 68, 70, 74, 76, 78, 80,
86, 88, 90, 92, 104, 106, 110, 112, 124, 126, 130, and
134. [0088] In some embodiments, the ketoreductase
polypeptides of the disclosure are highly
stereoselective and can reduce the substrate to the
product in greater than about 98% s.e. Exemplary
polypeptides with such stereoselectivity include, but
are not limited to, the polypeptides comprising the
amino acid sequences corresponding to SEQ ID NO: 6, 8,
10, 18, 20, 22, 24, 26, 28, 30, 34, 36, 38, 40, 42,
50, 52, 54, 58, 62, 66, 70, 72, 76, 78, 80, and
134.[0089] In some embodiments, the ketoreductase
polypeptides of the disclosure are improved as
compared to wild-type with respect to their
thermostability, as determined by an increase in the
rate of enzymatic activity as compared to wild-type
under high temperatures. Exemplary ketoreductase
polypeptides with improved stability, include but are
not limited to, polypeptides comprising amino acid
sequences corresponding to SEQ ID NO: 6, 8, 12, 14,
22, 24, 26, 32, 34, 36, 38, 42, 44, 46, 50, 



52, 56, 58, 60, 64, 66, 68, 70, 74, 76, 78, 80, 82,
86, 88, 90, 92, 104, 106, 110, 112, 124, and 134.
[0090] In some embodiments, the ketoreductase
polypeptides of the disclosure have improved activity
and stability over wild-type, and can reduce the
substrate to the product in greater than about 95%
s.e. Exemplary polypeptides with such capabilities
include, but are not limited to, polypeptides
comprising amino acid sequences corresponding to SEQ
ID NO: 6, 8, 12, 14, 22, 24, 26, 30, 32, 38, 42, 44,
46, 50, 52, 56, 58, 60, 64, 66, 68, 70, 74, 76, 78,
80, 82, 86, 88, 90, 92, 104, 106, 110, 112, and 134.
[0091] In some embodiments, the ketoreductases of the
disclosure are capable of reducing or converting at
least 100 g/L of ketothiolane to the corresponding
product in less than 24 hrs (e.g., about 20-24 hours)
at room temperature with about 0.8-1.0 g/L of the
ketoreductase polypeptide. Exemplary polypeptides with
such capabilities, include, but are not limited to
polypeptides comprising amino acid sequences
corresponding to SEQ ID NO: 6, 8, 10, 12, 14, 18, 20,
22, 24, 26, 30, 32, 38, 40, 42, 44, 46, 48, 50, 52,
54, 56, 58, 60, 64, 66, 68, 70, 74, 76, 78, 80, 82,
86, 88, 90, 92, 104, 106, 110, 112, 126, 130, and 134.
[0092] In some embodiments, the ketoreductases of the
disclosure are capable of reducing or converting at
least 100 g/L of ketothiolane to product in less than
20 hrs (e.g., 12-20 hrs) at room temperature with
about 0.8-1.0 g/L of the ketoreductase polypeptide.
Exemplary polypeptides with such capabilities,
include, but are not limited to SEQ ID NO: 26, 44, 68,
and 104. [0093] Table 2 below provides exemplary
ketoreductases. All sequences below are derived from
the wild-type L. kefir ketoreductase sequences (SEQ ID
NO: 3 and 4) unless otherwise specified. Each of the
polypeptide sequences in Table 2 are encoded by the
nucleotide sequence having the SEQ ID NO that is one
less than the number in the Table, i.e., the
polypeptide of SEQ ID NO:4 is encoded by the
nucleotide sequence of SEQ ID NO:3. [0094] Table 2 :
List of Sequences and PropertiesIDENTIFYING MOLECULES
THAT MODULATE PROTEIN- PROTEIN INTERACTIONS USING
PROTEASE ACTIVATED REPORTERS FIELD OF THE INVENTION 5
[0001] This invention relates to materials and methods
for determining interaction between molecules of
interest. More particularly, it relates to determining
if a particular substance, e.g., a "test compound,"
modulates the interaction of two or more specific
proteins of interest. Determination involves
monitoring activation of a reporter gene which can be
in a cell, in solution or in an artificial package or
unit containing one or more reactants of interest,
where 10 the activation or lack thereof, results from
modulation or lack of modulation. The determination
generally occurs using transformed or transfected
cells, also featured as an aspect of the invention, as
are the agents used to transform or transfect them. A
cell-free system or a system using an artificial
package or unit carrying one or more reagents of
interest, such as a virus, a virus-like particle, a
liposome and the like, may also be employed. 15
BACKGROUND AND RELATED ART [0002] The study of
protein/protein interaction, as exemplified, e.g., by
the identification of ligands for receptors, is an
area of great interest. Even when a ligand or ligands
for a given receptor are known, there is interest in
identifying more effective or more selective ligands.
G-protein coupled receptors, GPCRs, also known as
seven transmembrane receptors (7TMR), 20 will be
discussed herein as a non-exclusive example of a class
of proteins which can be characterized in this way.
However, any proteins that interact, for example,
members of a metabolic pathway or a cascade, are
suitable for use with the instant assay. [0003] GPCRs
are the largest class of cell surface receptors known
for humans and thus are 



considered a prime application of the invention.
Ligands that modulate signaling by GPCRs 25 include
hormones, neurotransmitters, peptides, glycoproteins,
lipids, nucleotides, and ions. GPCRs also are known to
be sense receptors, e.g., receptors for light, odor, a
pheromone, and taste. Given these diverse and numerous
roles, GPCRs are the subject of intense research, for
example, for chemical defense and bio-defense
applications and for drugs useful in treating various
conditions. Many drug discovery successes have already
occurred. For example, 30 Howard, et al, Trends
Pharmacol. ScL, 22: 132 140 (2001) has estimated that
over 50% of marketed drugs act on such receptors.
[0004] "GPCRs" as used herein, refer to any member of
the GPCR superfamily of receptors. This superfamily is
characterized by a seven-transmembrane domain (7TM)
structure.Examples of these receptors include, but are
not limited to, the class A or "rhodopsin-like"
receptors; the class B or "secretin-like" receptors;
the class C or "metabotropic glutamate-like"
receptors; the Frizzled and Smoothened-related
receptors; the adhesion receptor family or
EGF-7TM/LNB-7TM receptors; adiponectin receptors and
related receptors; and chemosensory receptors
including odorant, taste, vomeronasal and pheromone
receptors. As examples, the GPCR superfamily in humans
includes, but is not limited to, receptor molecules
described by Vassilatis, et al, Proc. Natl. Acad. ScL
USA, 100:4903 4908 (2003); Takeda, et al, FEBS
Letters, 520:97 101 (2002); Fredricksson, et al., MoI.
Pharmacol, 63:1256 1272 (2003); Glusman, et al.,
Genome Res., 11:685 702 (2001); and Zozulya, et al.,
Genome Biol, 2:0018.1 0018.12 (2001). [0005] In brief,
the general mechanism of action of GPCR function is as
follows: 1) a GPCR binds a ligand 2) causing a
conformational change thereby 3) stimulating a cascade
of cellular events that lead to a change in cell
physiology. GPCRs transduce signals by modulating
activity of a plurality of intracellular proteins,
such as, heterotrimeric guanine nucleotide binding
proteins (G proteins) and b arrestins. In the case of
G proteins, the ligand-receptor complex stimulates
guanine nucleotide exchange and dissociation of the G
protein heterotrimer into aand bg subunits. In other
circumstances, a b arrestin can substitute for a G
protein, oppose G protein signaling, synergize G
protein signaling and so on. [0006] Both the GTP-bound
asubunit and the bg heterodimer have been observed to
regulate various cellular effector proteins, including
adenylyl cyclase and phospho lipase C (PLC). In
conventional cell-based assays for GPCRs, receptor
activity is monitored by measuring the output of a G
protein-regulated effector pathway, such as,
accumulation of cAMP, produced by adenylyl cyclase; or
release of intracellular calcium, e.g., stimulated by
PLC activity. [0007] Conventional G protein-based
signal transduction assays have been difficult to
develop for some targets for a variety of reasons. For
example, first, different GPCRs are coupled to
different G protein-regulated signal transduction
pathways. Traditional G protein-based assays are
dependent on knowing the G protein specificity of the
target receptor, or the assays require engineering of
the cellular system to force couple the target
receptor to a selected G protein effector pathway.
Second, since the GPCR superfamily is so large, all
cells express many endogenous GPCRs (as well as other
receptors and signaling factors). Thus, the measured
effector pathways can be modulated by endogenous
molecules in addition to the target GPCR. This
phenomenon can cause false positive or false negative
results, e.g., when attempting to identify selective
modulators of a target GPCR.[0008] Regulation of G
protein activity is not the only result of ligand/GPCR
binding. See, for example, Luttrell, et al., J. Cell
Sci., 115:455 465 (2002), and Ferguson, Pharmacol.
Rev., 53:1 24 (2001), which review activities that can
lead to attenuation or termination of the GPCR signal.
These termination processes are useful to prevent
excessive cell stimulation, 



and to enforce a temporal linkage between an
extracellular signal and the corresponding
intracellular pathway. [0009] In general, binding of
an agonist to a GPCR causes serine and threonine
residues at the C terminus of the receptor molecule to
be phosphorylated by GPCR kinase. Agonistcomplexed C
terminal-phosphorylated GPCRs then interact with
arrestin family members, e.g., aarrestin, b arrestin
or b arrestin 2, which down modulate or arrest
receptor signaling. The binding can inhibit coupling
of the receptor to G proteins, thereby targeting the
receptor for internalization, followed by degradation
and/or recycling. For example, binding of an arrestin,
such as b arrestin 2 to a phosphorylated GPCR can
reduce activity of the target GPCR in different ways.
The simplest mechanism for an arrestin to inhibit
activation of its target is to bind to the
intracellular domain of the GPCR thereby blocking the
binding site for the heterotrimeric G protein and
preventing extracellular signals from activating the
pathway (desensitization). Another regulatory
mechanism employed by arrestins is linkage of the
receptor to elements of the membrane internalization
machinery (e.g., clathrin-mediated endocytosis) which
initiates internalization of the receptor in a coated
vesicle for fusion with an endosome. Once at an
endosome, the receptor can be either targeted for
degradation (e.g., by lysosomes) or can be recycled to
the plasma membrane where it can once again be
activated. [0010] Hence, the binding of a ligand to a
GPCR can be said to "modulate" the interaction between
the GPCR and arrestin proteins, since the binding of
ligand to GPCR causes the arrestin to bind to the
GPCR, thereby modulating its activity. Herein, when
"modulates" or any form thereof is used with respect
to interaction or binding, it refers simply to some
change in the way the two proteins of the invention
interact, when, for example, a test compound or ligand
is present, as compared to how these two proteins
interact, in its absence. Hence, modulate includes
mere binding of two molecules. For example, the
presence of the test compound may strengthen or
enhance the interaction of the two proteins, weaken
it, block it, inhibit it, redirect it, lessen it or
modify it in some way, manner or form which is
detectable, or the test compound may facilitate the
likelihood of interaction and so on.[001 1] In some
circumstances, 7TMR signaling can occur independent of
G proteins. Thus, on 7TMR binding of ligand, b
arrestin instead of G protein is recruited to
precipitate or to initiate a signaling cascade in the
cell. See, for example, Violin & Lefkowitz, Trends
Pharm Sciences 28(8)416-422, 2007 and DeFea, Br J
Pharm 1-12, doi:10.1038/sj.bjp.0707508, 2007 who
summarize the two independent and interdependent
signaling pathways beginning at the activated 7TMR,
and which can involve both a G protein and a b
arrestin; or involve either a G protein or a b
arrestin. [0012] Thus, for example, known antagonists
of a 7TMR activate b arrestin signaling. Propranolol,
a known antagonist of the b adrenergic receptor
(ADRB2) and of G protein signaling, was found to be a
partial agonist of b arrestin signaling, activating b
arrestin-initiated pathways, as observed practicing
the instant invention. [0013] Cell signaling events
responsive to extracellular stimuli are generally
mediated by protein-protein interactions.
Protein-protein interactions therefore are of great
interest to cell physiologists. One tool to monitor
these interactions involves using a split or permuted
reporter activating protein, such as, tobacco etch
virus (TEV) protease. The split portions of the
protease regain activity when co-expressed as a fusion
construct with interacting proteins. Wehr, et al.,
"Monitoring Regulated Protein-protein Interactions
Using Split TEV", Nature Methods, 3:985-993 (2006).
This property has been used in conjunction with
transcriptioncoupled 



reporter systems. [0014] This understanding has led to
alternate methods for assaying activation and
inhibition of GPCRs. One of these methods involves
monitoring interaction with arrestins in an intact
cell carrying transcription machinery. An advantage of
this approach is that no knowledge of G protein
pathways is necessary. See, e.g., U.S. Pat. No.
7,049,076: "Method for Assaying Protein-Protein
Interaction" to Lee at al. Lee et al. teach a reporter
system that requires transcription-coupled reporter
systems. According to Lee et al., a peptidic
transcription factor is cleaved from a first protein
when two proteins interact. The second protein is a
transcription factor that activates a reporter gene.
The factor then accomplishes the reporter function by
transport to the nucleus to effect transcription of a
detectable reporter. Because the method is dependent
on transcription, the method is inoperable, for
example, in platelets, artificial packages or units,
such as liposomes, cochleates, virus-like particles,
and viral particles. [0015] Oakley, et al, Assay Drug
Dev. TechnoL, 1:21 30 (2002) and U.S. Pat. Nos.
5,891,646 and 6,1 10,693, "Methods Of Assaying
Receptor Activity and Constructs Useful in
SuchMethods" to Barak et al., describe assays where
the redistribution of fluorescently- labeled arrestin
molecules in the cytoplasm to activated receptors on
the cell surface is measured. These methods rely on
high resolution imaging of cells to measure arrestin
relocalization and receptor activation. It is
recognized by the skilled artisan that this is a
complex, involved procedure that can be waylaid by the
affinity and interaction of the complementary enzyme
fragments used therein which can compete with the
desired modulator-induced interaction. Hence, the
method suffers from false positives arising from an
auto-reassociation of the enzyme, independent of
ligand binding. A simpler, more robust assay with a
lower incidence of false positives, and which is more
readily adaptable to high throughput screening would
be desirable. [0016] Various other US patents and
patent applications dealing with these points have
issued and have been filed. For example, U.S. Pat. No.
6,528,271, "Inhibition Of b-Arrestin Mediated Effects
Prolongs and Potentiates Opioid Receptor-Mediated
Analgesia" to Bohn et al., features assays to screen
for pain-controlling medications, where inhibition of
b arrestin binding is measured. Published U.S. patent
applications, such as 2004/00021 19, 2003/0157553 and
2003/0143626; and U.S. Pat. No. 6,884,870, describe
different forms of assays involving GPCRs. U.S. Pat.
No. 7,128,915 features similar GPCR technology. U.S.
Pat. No. 7,049,076 mentioned above generally featuring
GPCR activities or screening assays demonstrate the
importance of GPCR research. [0017] Thus, one feature
of the present invention, i.e., providing a simpler
assay for monitoring and/or determining modulation of
specific protein/protein interactions, for example,
receptor-mediated physiology, such as GPCR-mediated
cellular responses, where the proteins include, but
are not limited to, membrane-bound proteins, including
receptors in general, and GPCRs as an important
example, is satisfactory for addressing a desired need
in the art. SUMMARY OF THE INVENTION [0018] The
present invention provides methods to determine if a
test compound modulates a specific protein-protein
interaction of interest. Protein-protein interaction
is a common mechanism of biology whereby a cell can
interact with its surroundings, an extracellular
event, such as, a ligand binding to a receptor, and
can produce an internal response with or without
internalization of the ligand. Internalization may
involve two or more proteins with 



portions on or outside the membrane. Thus, dimer,
heterodimer or multimer formation can produce an
internal response. Intracellular protein-protein
interactions also can be involved insignaling
cascades. A general scheme of the present invention is
applicable to protein-protein interactions of any
type. The interaction may, for example, be between two
membrane-bound proteins, between a membrane-bound
protein and a cytoplasmic protein, between cytoplasmic
proteins, etc. One embodiment features a cytoplasmic
protein that translocates to another organelle, such
as a nucleus, where a reporter is activated to produce
a signal. Preferably a cell-based assay is used, but a
cell-free system, for example, using lysates, membrane
fractions, nuclear fractions, etc., can be used.
Included are artificial packages or units containing
one or more reagents of interest, such as liposomes,
virus-like particles and so on. The present invention
improves on Lee et al. discussed above in that no
transcription is necessary. Results can thus be more
rapidly obtained and can be obtained from cell-based
or cell-free systems. A general description of some
especially preferred embodiments appears below. These
embodiments are merely illustrative and by no means
limit the breadth of the invention described and
claimed herein. [0019] One feature provided by the
present invention comprises contacting at least one
test compound with a cell surface that expresses a
protein of interest. The test compound can be assessed
for its ability to modulate activity of the protein of
interest, e.g., a receptor protein. Expression of the
protein of interest in a cell may result from
transformation or transfection of a selected cell,
e.g., of an insect or mammalian cell line, with: (1) a
nucleic acid molecule or molecules which comprise(s),
(a) a polynucleotide which encodes a first protein of
interest, and (b) a polynucleotide encoding a reporter
activating protein configured with a cleavage site
sensitive to a protease or an active or activatable
portion of a protease, and (2) a nucleic acid molecule
or molecules which comprise(s), (a) a polynucleotide
which encodes a second protein whose interaction with
the first protein of interest changes when a
modulator, e.g., a positive test compound, is present,
and (b) a polynucleotide that encodes a protease or an
active or activatable portion of a protease that is
specific for the cleavage site encoded by nucleic acid
(1). Molecules, e.g., a positive test compound, that
modulate a protein-protein interaction of interest
(between the two proteins of interest) can be assessed
or assayed by adding, for example, when needed,
substrates of reporter activating protein in cells
expressing the first and second proteins of interest
and a reporter system as described herein. [0020]
Thus, a method resulting from the present invention
can be use of a permutable enzyme as readout for a
protein-protein interaction of interest. The
permutable activating protein, such as, an enzyme,
used as a reporter or reporter activating protein may
be in an inactive state that can be activated by
cleavage, for example, by enzymatic activity
associatedwith the second protein of interest. Another
option comprises an inactive reporter activating
protein that is activated when the first and second
proteins of interest interact. Thus, compounds that
modulate interaction of the first and second proteins
of interest can be screened. One accomplishment of
this system permits high throughput identification of
molecules that modulate selected protein-protein
interactions. [0021] An enzyme capable (alone or with
one or more associated molecules) of producing a
readout "peptide A" is present in a form whose
activity can be changed. The enzyme can be either
activated or inactivated by this change. For example,
a cleavage site may be built into the enzyme to
inactivate it upon cleavage, for example, by a second
enzyme coupled with the second protein of interest.
[0022] Alternatively cleavage may result in
activation. The enzyme(s) of choice may be engineered
into a desired host cell using one or more nucleic
acids. For example, a vector 



may comprise a polynucleotide that encodes a selected
molecule as an inactive enzyme that can be activated
by cleaving the inactive enzyme at a cleavage site.
The cleavage site may be naturally occurring, but
preferably the cleavage site is engineered into the
polynucleotide so that it is expressed as a permuted
enzyme. For example, a cleavage site not native to the
protein of that cell and/or a protein not native to
the host cell can be transfected into the host cell.
Alternative embodiments include an enzyme activated by
cleavage either by removing a blocking peptide or by
allowing two polypeptides to change configuration so
that they rearrange to activate enzymatic activity.
[0023] Thus, one embodiment features an active
polypeptide, for example an enzyme. The "enzyme" may
be inactivated by cleavage. For specificity, it may be
desirous to engineer a cleavage site into the enzyme
recognized by a protease that is not native to the
host cell. The cleavage site may be introduced in the
form of a linker that binds, i.e., holds in contact,
two portions or motifs of the "enzyme", the linker may
be a cleavage site native to the "enzyme", for
example, the enzyme with a cleavage site may be from
another cell type or another species and not found in
the host cell, or the cleavage site may be produced by
conservative substitution of one or more amino acids.
Conservative substitutions are as known in the art.
For example charge, size, aromaticity or other traits
may be conserved to maintain activity. The activity
need not be identical to the non-permuted "enzyme",
but must be altered by cleavage at the cleavage site.
A cleavage site may be interposed between two portions
of an enzyme. Cleaving this site may disrupt the
enzyme thus causing inactivation or may allow
catalytic activity to occur, e.g., by removing a
peptide portion that blocks a binding orcatalytic site
or by allowing two portions of a permuted enzyme to
interact in a manner that restores activity. [0024]
Thus, cleavage at the cleavage site can inactivate or
activate the protein that produces a readout. Cleavage
may be accomplished in the presence of a test
compound, for example, when an expression product of a
nucleic acid molecule that comprises a polynucleotide
encoding the second protein of interest interacts with
the first protein of interest thereby initiating
activity of a protease that recognizes and cleaves the
protease sensitive cleavage sequence in the permuted
reporter activating protein. [0025] A second protein
of interest interacts with the first protein of
interest in the presence of, or alternatively in the
absence of, a third molecule. This third molecule is
thus said to modulate protein-protein interaction
between polypeptides A and B. Protein-protein or
peptide-peptide interaction (for purposes of
discussion protein and peptide are used
interchangeably) that is modulated by a third
molecule, e.g., a test compound, is thus efficiently
reported by the system of the present invention.
Molecules that modulate proteinprotein interaction
(between polypeptides designated 1 and 2, first and
second, A and B, and so, which phrases and terms are
used interchangeably herein) can be measured by the
active reporter activating molecule or by adding a
substrate of the active reporter activating protein to
cells expressing the system comprising the proteins of
interest. [0026] The selection of proteins A and B is
a design choice as pairs of molecules known or
suspected to associate, interact and so on can be
used. As discussed herein, a suitable pair is a 7TMR
with either a G protein or a b arrestin. Another
example is a frizzled receptor and a Dishevelled
binding protein; and so on. Yet another example would
be one which operates during and after cell-cell
interaction. Hence, proteins A and B are in cell 1.
When cell 1 is contacted by or with cell 2, that
interaction triggers an action by and in cell 1
revealed by proteins A and B associating, interacting
and so on, and further revealed by the reagents of the



instant invention yielding a discernable and
detectable signal. [0027] Yet another example is for
protein A to be expressed on cell 1 and for protein B
to be expressed on cell 2. That can be accomplished,
for example, by engineering a G protein or a b
arrestin to have an extracellular domain, or by
engineering a reporter activating protein to have an
extracellular domain that is acted on, for example, by
or with cell 1 following activation of cell 1 with a
ligand or drug candidate. Alternatively, endogenous
molecules on the two cells may spontaneously
associate. In another embodiment, the protease and
thereporter activating molecule are configured to be
expressed on the surface of a cell or unit, as
extracellular domains. [0028] In yet another
embodiment, proteins that associate, assemble and so
on to form a composite structure comprise proteins A
and B. The instant assay can be used to identify
molecules that facilitate or prevent association or
assembly. An example would be the formation of a virus
capsid, virus-like particle assembly or ribosome
formation. [0029] In common mechanisms of G
protein-coupled receptors (GPCRs also known as 7TMRs,
which terms are used herein interchangeably), agonist
activation of the GPCR results in recruitment of an
intracellular molecule which is involved in a
signaling pathway, such as initiating, terminating,
synergizing, opposing and so on, such as a G protein
or a b arrestin. Thus, a G protein-coupled receptor
kinase can act on the activated receptor resulting in
phosphorylation of the receptor. The phosphorylated
receptor facilitates b arrestins binding to the
receptor. This mechanism is well conserved for some
GPCRs. In other circumstances, the activated receptor
interacts instead with a b arrestin. [0030] To assess
molecules modulating protein-protein interaction, such
as GPCR activation, a system was designed to assay
protein-protein interactions and tested in a
GPCR-permuted reporter molecule system. For example,
the reporter molecule system can be a
luciferase/luciferin assay system. Generally, the
reporter molecule is an exogenous molecule foreign to
the host cell or signaling mechanism. That minimizes
spontaneous activation of the reporter molecule by and
in the host cell and thus, signal generation, and
hence, false positives. The reporter activating
molecule can be one with a domain structure or one
which can be permuted to yield an inactive reporter
activating protein which has the potential of reporter
activity when manipulated. Hence, the instant
application contemplates the use of a latent reporter
activating molecule. The permuted reporter activating
molecule minimizes spontaneous reporter activating
molecule activity, and hence false positives. For
example, in enzyme fragment complementation assays,
the affinity of the enzyme fragments can override
reaction kinetics with the target molecule, ligand or
molecule being screened so that spontaneous
reassociation of the enzyme fragments into a
functional molecule occurs, thereby contributing to
higher background and/or false positives. The permuted
reporter activating protein of interest can be
engineered to carry a site which when acted on,
enables the permuted reporter activating molecule to
form a functional molecule. That site can be a
protease site. The protease site preferably is one
which is a unique site rarely present or not present
in the host cell or unit in which the component or
components of the method ofinterest reside. That
provides another means to avoid spontaneous
reassociation of intact reporter activating molecule,
and hence minimizes false positives. Specific signal
is obtained only if engaged ligands ultimately induce
the protease into proximity with the inactive reporter
activating protein to cleave same, and only at that
point can an active signal activating or generating
entity be realized. There are a number of proteases
known in the art which can be used in the practice of
the instant invention. For example, proteases from
viral sources can be useful as those generally are
foreign to an intact host cell. One application
comprises a 



permuted reporter activating protein gene wherein the
coding sequence for firefly luciferase is tagged onto
or with the C terminal end of a GPCR sequence, and b
arrestin 2 (Ar2 or Arr2) is linked to the tobacco etch
virus (TEV) protease gene. In another embodiment, a
permuted luciferase is tagged to a b arrestin (Ar or
Arr) and a TEV gene is linked to a downstream protein
of a signaling pathway acted on or involved with b
arrestin, or to a receptor such as a 7TMR suspected of
acting independent of G proteins. When plasmids
engineered to express both of the above are expressed
in cells, compounds modulating GPCR-arrestin-2
interaction, recruit the Arr2-protease fusion protein
to the protease recognition site in the permuted
luciferase and the TEV protease cleaves the permuted
luciferase. Effects of the test compounds can be
measured through the change in enzyme activity brought
about by reconstitution of the reporter activating
protein, in this case, the luciferase becomes active
and can generate a detectable signal by acting on a
suitable substrate, such as a luciferin. [003 1] The
invention is not limited to luciferase or even to
enzymes. Activation by cleavage is a known phenomenon,
for example, pro-enzymes. Non-enzymatic reporter
systems are also applicable. For example, a green
fluorescent protein (GFP) can be used. A permuted GFP,
e.g., a GFP with parts rearranged, can serve as the
reporter activating protein and the reporter. Action
by a protease such as TEV or other protease with the
recognition site thereof included in the permuted
polypeptide cleaves the permuted reporter activating
protein/reporter thereby allowing rearrangement that
produces a signal. GFP carries the advantage of itself
being a detectable reporter signaling molecule.
Alternatively, cleavage sites can be introduced into
reporter molecules that do not significantly perturb
the signal. Cleavage resulting from the
protein-protein interaction then results in reduced
reporter signal. Multiple cleavage sites may be
introduced into the reporter construct. [0032]
Tertiary protein structure can be used to provide
guidance to the skilled artisan where cleavage sites
are best placed. For example, where two portions of
the polypeptide have strong contact, separating these
portions by perturbing the sequence would be expected
toreduce or eliminate activity. Upon cleavage, the
portions would be expected to interact, thus restoring
activity. [0033] The first protein of interest may be
a membrane-bound protein, such as a transmembrane
receptor, e.g., a GPCR. Examples of transmembrane
receptors include b-adrenergic receptor (ADRB2),
arginine vasopressin receptor 2 (AVPR2 or V2).
serotonin receptor Ia (HTRl A), m2 muscarinic
acetylcholine receptor (CHRM2), chemokine (C-C motif)
receptor 5 (CCR5), dopamine D2 receptor (DRD2), kappa
opioid receptor (OPRK), or ala-adregenic receptor
(ADRAlA), etc. Membrane-bound receptors are well known
in the art. It is to be understood that in all cases,
the invention is not limited to the specific
embodiments described as examples of the present
invention. For example, molecules such as the insulin
growth factor-1 receptor (IGF-IR), which is a tyrosine
kinase, and proteins which are not normally membrane
bound, like estrogen receptor 1 (ESRl) and estrogen
receptor 2 (ESR2) may be employed in the present
invention. The protease or portion of a protease
associated with protein B may be a tobacco etch virus
nuclear inclusion A (TEV) protease. TEV has a seven
residue recognition site and therefore is more
specific than proteases with smaller, and
statistically more common recognition sites. Other
proteases are also appropriate for use with the
present invention. For example, enterokinase and
factor Xa protease each with a five residue
recognition sequence, thrombin and PureAct or Clean
Cut each with a six residue recognition sequence, and
PreScission(tm) with a seven residue recognition
sequence are also proteases for use in the present
invention. The present invention is not 



limited to use of any specific protease. The protease
must, however, cleave at a site that results in the
generated or altered signal from the reporter. [0034]
The protein which activates the reporter may be any
enzyme that can act on a substrate to produce a
detectable signal. For example, the enzyme may
directly or indirectly increase or decrease
fluorescence or chemiluminescense or may cause a color
change. The reporter substrate may be a biologic, such
as a protein, or may be a chemical whose reaction is
catalyzed by the reporter enzyme. The second protein
of interest may be an inhibitory protein, such as an
arrestin. Arrestins commonly interact with GPCRs to
modulate activity in response to ligand/receptor
interaction. The cell may be a eukaryote or a
prokaryote. The reporter may be an exogenous
component, such as a b galactosidase or a luciferase.
For simplicity, "reporter enzyme," is used as an
equivalent of a reporter activating molecule, reporter
activator, reporter modulating molecule, reporter
modulating protein or reporter activating protein, and
as shorthand for a molecule that effects a change in
reporter output. For example,the reporter enzyme may
enzymatically cause a change in the reporter signal
or, for example, might enzymatically or
non-enzymatically cause a change in signal, such as, a
fluorescence signal. The skilled artisan understands
various reporter systems and proteins that modulate or
activate the reporter signal. [0035] The nucleotide
sequence encoding the first protein may be modified to
increase interaction with the second protein. Such
modifications include, but are not limited to,
replacing all or part of the nucleotide sequence of
the C terminal region of the first protein with a
nucleotide sequence that encodes an amino acid
sequence that has higher affinity for the second
protein than the original sequence. For example, the C
terminal region may be replaced by a nucleotide
sequence encoding the C terminal region of AVPR2,
AGTRLI, F2RL1, CXCR2/IL-8b or CCR4. Such modifications
are known in the art and are an optional feature of
the present invention. [0036] Methods of the present
invention may comprise contacting a plurality of test
compounds with a plurality of samples of cells or
units. Each sample may be contacted by one or more
test compounds. In another embodiment, a cell or unit
carries two different molecules with extracellular
domains carrying different reporter activating
molecules, both of which interact with b arrestin.
Screening is accomplished by determining activity of
reporter, e.g., monitoring enzymatic activity in the
samples to determine whether any compounds or mixtures
of compounds modulate the specific protein/protein
interaction. The method may comprise contacting each
test sample with a single test compound, may comprise
contacting each test sample with a mixture of test
compounds, or may combine these features. Compounds
that inhibit binding of compounds to protein A may be
tested or screened using the present invention. For
example, a known ligand of protein A may be included
in an assay and compounds that modulate binding of the
ligand to the protein can be identified and/or
characterized, as in a competition-type assay. Control
samples may be present in each assay or may be run in
parallel assays. [0037] In some embodiments, the
present invention provides a method to determine if a
test compound modulates one or more of a plurality of
protein interactions of interest. These embodiments,
in general, feature: contacting a test compound with a
plurality of samples of cells that have been
transformed or transfected with: (a) a first nucleic
acid molecule including, (i) a polynucleotide which
encodes a first protein, and a polynucleotide sequence
encoding a cleavage site for a protease, and (ii) a
polynucleotide that encodes a protein which activates
a reporter in the cell; and (b) a second nucleic acid
molecule including, (i) apolynucleotide which encodes
a second protein whose interaction with the first
protein in the 



presence of the test compound of interest is to be
measured, and (ii) a polynucleotide which encodes a
protease or a polypeptide specific for cleaving a
polypeptide at the cleavage site. The first protein
can differ from other first proteins in a plurality of
samples. Then the method comprises determining
activity of the reporter in one or more of the
plurality of samples as a determination of modulation
of one or more protein interactions of interest.
[0038] The second protein may be different in each
sample or the same in each sample. All samples may be
combined in a common receptacle, and each sample may
comprise a different pair of first and second
proteins. Alternatively, each sample may be tested in
a different receptacle. The reporter in a given sample
may differ from the reporter in other samples. The
mixture of test compounds may comprise or be present
in a biological sample, such as cerebrospinal fluid,
urine, blood, serum, pus, ascites, synovial fluid, a
tissue extract, plant or herbal extract, or an
exudate. [0039] In other embodiments, the present
invention provides a recombinant cell, transformed or
transfected with (a) a nucleic acid molecule
including, (i) a polynucleotide which encodes a first
protein, (ii) a polynucleotide encoding a cleavage
site for a protease, a portion of a protease or a
polypeptide with protease activity, and (iii) a
polynucleotide which encodes a protein which activates
a reporter in the cell, and (b) a nucleic acid
molecule which comprises, (i) a polynucleotide which
encodes a second protein whose interaction with the
first protein in the presence of the test compound is
to be measured, and (ii) a polynucleotide which
encodes a protease, a portion of a protease or a
polypeptide with protease activity which is specific
for said cleavage site. [0040] One or both of the
nucleic acid molecules may be stably incorporated into
the genome of a host test cell. The cell also may have
been transformed or transfected with a reporter. The
first protein may be a membrane-bound protein, such as
a transmembrane receptor, for example, a GPCR.
Exemplary transmembrane receptors include ADRB2,
AVPR2, HTRlA, CHRM2, CCR5, DRD2, OPRK, or ADRAlA.
[0041] The protease or portion of a protease may be,
as noted above, is not limited to a tobacco etch virus
nuclear inclusion A protease but can be any protein
that activates the reporter activating protein, and
may be any enzyme that acts upon a substrate to
produce a usable or detectable signal. The second
protein may be an inhibitory protein. The cell may be
a eukaryote or a prokaryote, generally for screening
for pharmaceuticals, a eukaryotic cell will be
preferred. Cells that glycosylate in a manner similar
to the eventual target of apharmaceutical may be
especially preferred. A cell may be cultured or
engineered to provide desired glycosylation
characteristics. Use of prokaryotic cells that do not
match the glycosylation properties of the eventual
proposed target may be useful for screening and
characterization. [0042] The reporter may be
exogenous, for example, a b galactosidase, a GFP or a
luciferase. The nucleotide sequence encoding the first
protein may be modified to increase interaction with
the second protein, e.g., by replacing all or part of
the nucleotide sequence of the C terminal region of
said first protein with a nucleotide sequence that
encodes an amino acid sequence that has higher
affinity for the second protein than the original
sequence. The C terminal region may be replaced by a
nucleotide sequence encoding the C terminal region of,
for example, AVPR2, AGTRLI, F2RL1, CXCR2/IL-8B, CCR4,
or GRPR. [0043] The present invention comprises as an
embodiment, provision of an isolated nucleic acid
molecule including, (i) a polynucleotide which encodes
a protein (ii) a polynucleotide encoding a cleavage
site for a protease, a portion of a protease or a
polypeptide with a 



protease activity, and (iii) a polynucleotide which
encodes a protein which activates a reporter in a cell
or other assay system. The protein may be a
membrane-bound protein, such as is a transmembrane
receptor, for example, a GPCR. Exemplary transmembrane
receptors include ADRB2, AVPR2, HTRlA, CHRM2, CCR5,
DRD2, OPRK, or ADRAlA. The protease or portion of a
protease may be a tobacco etch virus nuclear inclusion
A protease. As noted above, the protein that activates
the reporter may be any protein that interacts with a
substrate to produce a signal and need not be limited
to the TEV example discussed herein. This or another
example of the invention is not to be viewed as
limiting the invention to specific embodiments. [0044]
In some embodiments, the invention features an
expression vector comprising an isolated nucleic acid
molecule which comprises, (i) a polynucleotide which
encodes a protein (ii) a polynucleotide encoding a
cleavage site for a protease, a portion of a protease
or a polypeptide encoding a protease activity, and
(iii) a polynucleotide which encodes a protein which
activates a reporter in the cell, and further being
operably linked to a promoter. [0045] In some
embodiments, the invention features an isolated
nucleic acid molecule that comprises, (i) a
polynucleotide encoding a protein whose interaction
with another protein in the presence of a test
compound is to be measured, and (ii) a polynucleotide
which encodes a protease, a portion of a protease or a
polypeptide with a protease activity which is specific
forthe cleavage site. The protein or the other protein
may be an inhibitory protein, such as an arrestin.
[0046] The invention in some embodiments also features
an expression vector comprising an isolated nucleic
acid molecule which comprises, (i) a polynucleotide
which encodes a protein whose interaction with another
protein in the presence of a test compound is to be
measured, and (ii) a polynucleotide which encodes a
protease or a portion of a protease which is specific
for the cleavage site, said nucleic acid further being
operably linked to a promoter. [0047] An additional
embodiment features a fusion protein produced by
expression of: an isolated nucleic acid molecule that
includes, (i) a polynucleotide which encodes a protein
(ii) a polynucleotide encoding a cleavage site for a
protease, a portion of a protease or a polypeptide
with protease activity, and (iii) a polynucleotide
which encodes a protein which activates a reporter in
the cell, and further being operably linked to a
promoter; or an isolated nucleic acid molecule that
includes, (i) a polynucleotide which encodes a protein
whose interaction with another protein in the presence
of a test compound is to be measured, and (ii) a
polynucleotide which encodes a protease or a portion
of a protease specific for the cleavage site. [0048]
In yet other embodiments, the invention features a
test kit useful for determining if a test compound
modulates a specific protein/protein interaction of
interest. The test kit comprises one or more of the
following: a separate portion of each of (a) a nucleic
acid molecule which comprises, a polynucleotide which
encodes the first protein (i) a polynucleotide
encoding a cleavage site for a protease, a portion of
a protease or a polypeptide with protease activity,
(ii) a polynucleotide which encodes a protein which
activates a reporter gene in the cell, and (b) a
nucleic acid molecule which comprises, (i) a
polynucleotide which encodes a second protein whose
interaction with said first protein in the presence of
a test compound is to be measured, (ii) a
polynucleotide which encodes a protease or a portion
of a protease which is specific for the cleavage site,
and optionally containing means for holding each of
(a) and (b) separately from each other. The kit may
include instructions for use. Alternatively, the kit
may contain cells engineered to express either or both
of the fused proteins of interest. 



[0049] The first protein may be a membrane-bound
protein, such as a transmembrane receptor. A
particular type of transmembrane receptor is a GPCR. A
particular transmembrane protein is a GPCR. Exemplary
transmembrane receptors include ADRB2, AVPR2, HTRlA,
CHRM2, CCR5, DRD2, OPRK, or ADRAlA. The protease,
portion of a protease or polypeptide with protease
activity may be tobacco etch virus nuclear inclusion
Aprotease. The protein which activates said reporter
may be any, for example, protease, which acts on a
detectable reporter activating molecule responsive to
activation by cleavage. The reporter can be any
molecule which yields a detectable signal by the
cleavage product. The second protein may be an
inhibitory protein, such as an arrestin. The kit may
further comprise a separate portion of an isolated
nucleic acid molecule which encodes a reporter
activating gene. The reporter activator may, for
example, be a b galactosidase or a luciferase. The
nucleotide sequence encoding said first protein may be
modified to increase interaction with the second
protein, such as by replacing all or part of the
nucleotide sequence of the C terminal region of said
first protein with a nucleotide sequence which encodes
an amino acid sequence which has higher affinity for
the second protein than does the original sequence.
The nucleotide sequence of said C terminal region may
be replaced by a nucleotide sequence encoding the C
terminal region of, for example, AVPR2, AGTRLI, F2RL1,
CXCR2/IL-8B, and CCR4. [0050] It is contemplated that
any method or composition described herein can be
implemented with respect to any other method or
composition described herein. The use of the word "a"
or "an" when used in conjunction with the term
"comprising" in the claims and/or the specification
may mean "one," but it is also consistent with the
meaning of "one or more," "at least one," and "one or
more than one." Where corresponding components are
described by slightly different wordings, these may
not mean a distinguishing of various embodiments, but
taken together, the various wordings describe the
corresponding elements broadly. [0051] These, and
other, embodiments of the invention will be better
appreciated and understood when considered in
conjunction with the following description and the
accompanying drawings. It should be understood,
however, that the following description, while
indicating various embodiments of the invention and
numerous specific details thereof, is given by way of
illustration and not of limitation. Many
substitutions, modifications, additions and/or
rearrangements may be made within the scope of the
invention without departing from the spirit thereof,
and the invention includes all such substitutions,
modifications, additions and/or rearrangements. BRIEF
DESCRIPTION OF THE FIGURES [0052] The attached
drawings form part of the present specification and
are included to further demonstrate certain aspects of
the present invention. The invention may be
betterunderstood by reference to one or more of these
drawings in combination with the detailed description
of specific embodiments presented herein. [0053]
Figure 1 shows a schematic of one embodiment of the
application wherein a modulator 4 binds a
protease-associated protein 1 causing the protein to
interact with a second protein 2 associated with a
reporter modulator 3 such as a permuted inactive
modulating protein. The modulator 4 represents a
compound modulating protein-protein interaction. In
this example, e.g., Ar or arrestin 2, is fused to an
inactive permuted reporter modulating or activating
protein 3. A protease 7 is associated with a protein
1. A cleavage site 8 is shown between the two segments
of the reporter modulating protein 3. When protease
cleavage occurs following interaction with the
modulator 4, attached to the Protein 1, e.g., a 7TMR,
the reporter 



activating protein activity is reconstituted,
ultimately resulting in a detectable signal,
represented by the light bulb 6. [0054] Figure 2 is a
diagrammatic representation of one protein-protein
interaction assay of the present invention. A
membrane-bound protein 21 with an intracellular
protease 22 attached interacts with a modulator 4. An
inactivated reporter associated protein 23 carries an
inactive reporter 3 or reporter activator 3. Upon
interaction, the protease 22 associated with protein
21 cleaves the cleavage site of the permuted reporter
activating protein 23 thereby allowing rearrangement 5
of the protein portions of the reporter activating
protein 3 when the modulator 4 engages protein 21. The
reporter activator thereby effects reconstitution of
the reporter or reporter activator 3 to elicit or
activate a report. [0055] Figure 3 shows a schematic
of an embodiment where two transmembrane proteins
interact. A molecule 4 causes (modulates) an
interaction between the two membrane proteins, e.g.,
at least one receptor protein. In this drawing, a
protease 22, e.g., (TEV (7 in Figure 1), is attached
to a protein 1 and is brought in proximity with a
permuted reporter activator fusion protein 3 attached
to a second membrane protein 33. Proteolysis at a
cleavage site 8 enabled by the proximity of the
proteins 1, 33 results in activation 5 of the reporter
activating protein 3. [0056] Figure 3 also can be read
to show a schematic application of the technology for
identification of molecules modulating receptor
homodimer or heterodimer formation. Proteins 1 and 33
in this diagram are membrane-bound proteins. Proteins
1 and 33 have been engineered to each include either a
protease 22 or a reporter 3 activated by the protease
22. A molecule 4 modulating the interaction binds,
e.g., protein 1 and/or 33. When 1 and 33 interact, the
protease 22 acts on the reporter activator 3 thereby
effecting a changed signal.Heterodimerization can be
expanded to include traditional homodimerization. For
example, 1 and 33 might be two copies of the same
receptor, but differing in the association with
protease or reporter. As stated elsewhere, the terms
reporter and reporter activator can often be used
interchangeably to describe different embodiments of
the invention. [0057] Figure 4 shows an example
involving protein-protein interaction of intracellular
proteins. Protein 41 is, e.g., a nuclear hormone
receptor, fused to an activator 22, e.g., TEV. A
permuted reporter activating molecule 43 is localized
in the cell nucleus 40. The reporter can be localized
in the nucleus using a basic polypeptide functioning
as a nuclear localization peptide sequence. On binding
ligand, e.g., a hormone (not shown), the NHR fusion 41
translocates to the nucleus where it interacts with
the reporter system. [0058] Figure 5 shows that
regenerated luciferase activity from permuted
luciferase fusion proteins by TEV protease in cells
can be controlled by modifying the protease cleavage
site. Signal-to-noise ratio is thereby controllable.
Two constructs are depicted, ADRB2 is the b2
adrenergic receptor, Luc 234-550 and 2-233 are the two
fragments of luciferase linked by X, the TEV cleavage
site with a variable C terminal amino acid. X can be
serine, S, arginine, R, or valine, V, for example. The
reconstituted luciferase activity was observed from a
permuted luciferase fusion protein in mammalian cells
when both constructs were present in a cell.
Susceptibility to cleavage by TEV can depend on the
specific residues of the cleavage site. RLU here and
elsewhere indicates Relative Luminescence (or Light)
Units. No ligand was used in the experiment. [0059]
Figure 6 shows agonist-induced luciferase activity in
a GPCR-permuted luciferase cell-based assay using the
ADBR2 receptor attached to a permuted luciferase with
different TEV protease cleavage sites, R at the X
position of the TEV cleavage site (left graph) and V
at 



the X position (right graph). TEV protease was fused
to arrestin. The x-axis of each graph shows a zero
value (no agonist) and l OmM agonist. [0060] Figure 7
shows a dose-dependent response of luciferase activity
in a GPCR-permuted luciferase cell-based assay in
cotransiently transfected and partial transiently
transfected systems. In the left graph, the valine at
the protease cleavage site construct was used in CHO
cells. Both the ADRB2-luc and Arr-TEV constructs were
transiently cotransfected. In the right graph, the
cells were stably transfected with the R-containing
luciferase construct fused to ADRB2 which were then
transiently transfected with the Arr-TEV construct.
[0061] Figure 8 shows an alternative GPCR-permuted
luciferase assay. The expression constructs carried
ADRB2 bound to the reporter activator and arrestin 2
bound to the protease.The constructs were transiently
transfected into HEK 293 cells. The reaction kinetics
are depicted in the graph with a one hour (A) and a
five hours () reaction incubation. [0062] Figure 9
depicts generation of a HEK cell line stably
expressing an arrestin/permuted enzyme construct
carrying V at the X site which was transiently
transfected with receptor ADRB2-TEV (left graph) and a
CHO cell line stably expressing Arr-luc234S233 and
transiently transfected with the receptor-TEV
construct. [0063] Figure 10 shows an evaluation of a
Per-Luc assay for agonist (isoproterenol) (), partial
agonist ( antagonist plus isoproterenol (T),
antagonist () and a non-specific endogenous receptor (
responses in HEK cells stably expressing an
arrestin/permuted enzyme construct and transiently
transfected with ADRB2-TEV. [0064] Figure 11 shows an
evaluation of a GPCR Per-Luc assay with V2
(vasopressin receptor 2) agonist and inverse agonist.
HEK cells stably transfected with an arrestin/permuted
luciferase construct were transiently transfected with
a V2-TEV construct and induced with the agonist, 8AVP,
arginine vasopressin (left graph). When those cells
were tested with an inverse agonist, a dose dependency
was observed, with the signal mediated by arrestin
rather than a G protein (right graph). [0065] Figure
12 shows several b arrestin-based assays for ADRB2. In
the graph on the right, DiscoveRX HEK cells were
transiently transfected with ADRB2 as per the
manufacturer's instructions and tested with an
antagonist (propranolol) (), agonist isoproterenol)
(A) and a combination thereof () on the left and on
the right with an agonist (), an inverse agonist (A),
right)and a combination thereof (). The assay shown at
right was compared to the instant assay for response
to an antagonist, the isoproterenol agonist and a
combination thereof (left graph). The instant assay at
left provided greater discrimination and higher
specific activity. [0066] Figure 13 shows a b
arrestin-based assay for V2. In the graph, a V2
inverse agonist (SR121463) induced a G
protein-independent, arrestin-dependent signal. [0067]
Figure 14 depicts expression constructs that contain
an overlap of essentially full length, but not
complete copies of luciferase joined as taught herein
to produce a permuted luciferase. CMV is a
cytomegalovirus promoter. Luc2-456 and Luc234-550 are
the essentially full length luciferase fragments. In
this example, GS is a peptide linker composed of
glycine and serine. The TEV cleavage site has a valine
at the C-terminus. [0068] Figure 15 shows an example
of an assay to monitor intracellular protein-protein
interactions. Rapamycin is an immunosuppressive drug
that binds simultaneously to therapamycin-binding
protein (FKBP 12, or FKBP) and the FKBP-rapamycin
binding (FRB) domain of the mammalian target of
rapamycin (mTOR) kinase. mTOR is a murine
serine/threonine protein kinase comprising a rapamycin
binding domain 151 which is a mammalian target of
rapamycin 154. FKBP 152 is the 12 kDa FK506-binding
protein, which 



has a rapamycin binding site. TEV protease is fused to
the rapamycin binding domain of mTOR, FRB 151. The
permuted reporter activating protein is fused to FKBP
152, the rapamycin binding domain of FKBP 12.
Rapamycin 154 reacts with, mediates the binding with
and brings FRB 151 and FKBP 152 into proximity
resulting in the permuted reporter activation. [0069]
Figure 16 depicts an assay configuration where
proteins A 21 and B 23 are two membrane-bound
receptors which dimerize (left to right) spontaneously
or dissociate (right to left) upon binding ligand. The
assay can monitor spontaneous interaction of the two
receptors or induced interaction, where either or both
receptors bind a ligand, which may be the same or
different. Alternatively, proteins A 21 and B 23 may
dimerize spontaneously or without having to bind a
ligand or modulator (not shown). In this embodiment,
the protease and permuted reporter activator portions
of the fusion proteins are expressed at the cell
surface or exterior of the artificial package or unit.
The assay also can be configured to monitor disruption
of interacted receptors, whether spontaneous or
mediated by one or more molecules, as evidenced by a
decay, diminution or loss of signal. [0070] Figure 17
depicts a cellular assay where proteins A 171 and B
172 reside in or on separate cells, which can bind,
abut, interact and so on. Again, either A 171 or B 172
can carry the protease 177 or the permuted signal
activating protein 173. The assay can detect
spontaneous interaction of the two labeled receptors
on the two cells or induced interaction where either
or both receptors bind a ligand, which may be the same
or different, as evidence of cell-cell interaction or
proximity. In this embodiment, the protease 177 and
permuted reporter activator portions 173 of the fusion
proteins are expressed at the cell surface or exterior
of the artificial package. The activated permuted
reporter 175 results from the proteins A 171 and B 173
associating with one another. Alternatively, the
receptor fusion and the intracellular protein fusion
of interest can be present in one cell, and the
inducing event, the ligand and so on that is being
monitored is expressed on a second cell or is the
second cell. The assay also can be configured to
monitor disruption of interacted receptors and cells,
whether spontaneous or mediated by one or more
molecules, as evidenced by a decay, diminution or loss
of signal as the cells separate.DETAILED DESCRIPTION
OF SEVERAL EXEMPLARY EMBODIMENTS [0071] The assay of
the present invention detects protein-protein
interactions without requiring prior knowledge of
compounds modulating the interaction or cell pathways
initiated by the interaction. The assay can detect
interactions of membrane proteins, e.g., formation of
homodimers or heterodimers. The assay can detect
interactions of a membrane protein with a cytoplasmic
protein. The assay can detect interactions of two
cytoplasmic proteins. The assay can detect
translocation of a protein to intracellular space or
to an organelle within the cell. The assay can detect
interaction of two cells or packages or units. Either
of protein A or B may bind a ligand, cofactor or other
compound, molecule or substance, which may or may not
be essential or indispensable for the protein-protein
interaction. [0072] The term, "sequence," has several
uses in the genetic engineering, nucleic acid and
protein arts, as known to the artisan, and can have
different meanings in the context of a sentence,
paragraph, concept, idea, passage and so on. For
example, a sequence can represent the particular
listing of amino acid residues of a polypeptide
(primary structure) or nucleotide bases of a
polynucleotide. In another context, a sequence can
refer to the composite molecule in a generic sense,
such as a polypeptide sequence which refers to the
entire molecule without requiring knowledge of the
primary amino acid structure. A gene sequence can be 



synonymous with a gene and refers to the
polynucleotide per se or in toto. Sequences can refer
to individual polypeptides or polynucleotides, or
portions thereof. Hence, when the phrase, "sequences
are operably linked," is used, that phrase means that
individual genes, domains or transcription units can
be ligated or joined in a functional manner to enable
expression of the individual gene(s), domain(s),
transcription unit(s) and so on resulting from the
joining or ligation. The sequences also can be
portions of a particular expressed gene or protein,
such as the domain(s) of a protein that has a
plurality of functional portions or domains. As known
in the art, the polynucleotides of interest can be
either DNA or RNA, or mixtures thereof, and methods
for making and using of same in the practice of the
instant invention are known in the art. [0073] For
example, Figure 4 shows an assay for modulated
activity of a nuclear hormone receptor. Transport of
the nuclear hormone receptor to the nucleus causes or
instigates a signal by rearrangement of a reporter
activating protein and, optionally, a molecule that is
detectable and thus can serve as a reporter, such as,
fluorescence changes or presence in response to
activity of an activating protein, e.g., luciferase.
The resulting signal can be any detectable change,
e.g., a change in intensity or a change in
excitation/emission parameters.Chemiluminescense is
another common reporter signal. The skilled artisan
will appreciate that either a protease or a permuted
reporter can be engineered to have a nuclear or other
targeting polypeptide. Such a targeting polypeptide
can comprise basic amino acids. Signal would be
modulated upon interaction of both in the targeted
region. [0074] For GPCRs, the present assay is
specific, sensitive, and requires no prior knowledge
of the particular G protein for coupling. The assay is
not influenced by endogenous GPCRs and can be applied
for identifying molecules, including agonists,
antagonists, and inverse agonists (for some
receptors). The assay of the present invention is an
improvement over the assay of Lee et al., avoiding the
need for transcription amplification. The present
invention provides a more immediate and direct
readout. [0075] The present invention provides a
simpler and more robust assay system than that of Lee
et al., in part because the present system does not
require translocation of a reagent to the nucleus and
then transcription to amplify the signal. The readout
can therefore be proximal to the receptor modulation
event. The present invention does not require a
nucleus as does the assay of Lee et al. In fact, one
application of the present invention is detection of
secreted proteins. Either the reporter or protease in
the cytoplasm can activate (or inactivate) signal from
a secreted partner protein. Another embodiment is use
in enucleated cells or in artificial cells, packages
or units. [0076] The present invention is especially
useful for identifying molecules modulating any
protein-protein interaction. The DiscoveRX(tm) assay,
an assay using b arrestin, requires two interacting
protein components to remain together at all times for
signal generation. Most prior GPCR assays are based on
G protein signaling, such as the FLIPR and cAMP
assays. Any molecules affecting Ca++ or cAMP levels
are prone to generate false positive signals. On the
other hand, the instant assay is rapid, robust and
inexpensive, while being independent of enzyme
component association or G proteins signaling, which
can impact sensitivity and specificity. [0077] The
present invention provides a means to assay or screen
any protein-protein interaction by fusing protein A
(or protein B) with a reporter activating protein (a
reporter modulating protein/molecule or reporter
activating protein/molecule is equivalent thereto). An
example of such is a permuted enzyme containing a
proteolytic cleavage site. Protein B is 



fused with a protease. Interaction of protein A and
protein B can be constitutive or induced by a third
molecule. The skilled artisan can use the assay of the
present invention to identifymolecules that augment or
perturb protein protein interactions. Alternatively,
protein A can be fused with a protease and protein B
can be fused with a reporter activating protein.
[0078] A reporter activating protein of the invention
is one which is latent and activatable on interaction
with the protease of the second protein. An approach
of interest is to produce a reporter activating
protein which is a permuted molecule constructed to
contain a protease cleavage site. On cleavage, the
portions of the reporter activating protein can
associate, assemble and so on to produce an active
reporter activating polypeptide or assembly. That
active, for example, enzymatically active, reporter
activating protein then can act on a suitable
substrate, for example, a reporter, to yield a
detectable signal. Hence, for example, when the
permuted, inactive molecule is luciferase, when
cleaved to form a biologically active luciferase, that
luciferase can act on a suitable substrate, such as a
luciferin, to produce a detectable signal, in that
case, luminescence. [0079] In another embodiment, the
reporter activating protein is a reporter. Hence, that
can be viewed as self activation by the reporter
activating protein on cleavage. An example would be a
GFP, which when cleaved, rearranges and generates a
detectable signal independent of a reporter system,
such as a reagent that provides a luciferin when the
reporter activator is a luciferase. [0080] Permuted
reporter activating genes can be constructed in either
an active or inactive form. For example, in developing
this technology, a GPCR-inactive permuted luciferase
fusion was constructed in which the luciferase amino
acid sequence order was changed. The original N
terminal fragment was moved to the C terminus and the
original C terminal fragment was moved to the N
terminus and a protease recognition site was used to
fuse the two order-changed fragments. Interaction of a
GPCR-inactive permuted luciferase fusion protein with
b arrestin 2-TEV protease fusion protein results in
cleavage of the inactive permuted luciferase and
generation of a reconstituted luciferase activity.
Using an alternative strategy, the present inventors
constructed a GPCR-active permuted luciferase fusion
construct in which a protease recognition site is
introduced into the original order of luciferase
sequence without significant effect on luciferase
activity. Interaction of a GPCR-active permuted
luciferase fusion protein with a b arrestin 2-TEV
protease fusion protein results in cleavage of the
active permuted luciferase and produces two inactive
luciferase fragments resulting in loss of activity,
and hence diminution or loss of signal. [0081] The
reporter activating protein can be selected from
permuted protein based reporters such as Gaussia
luciferase; renilla luciferase; b lactamase; b
galactosidase; and fluorescentproteins, such as one of
the green fluorescent proteins (GFP) or DsRed
proteins, etc. containing, for example, a proteolytic
cleavage site, such as, a TEV cleavage site. Although
"enzyme" is used as a general term, the reporter
activating protein is not per se limited to "enzymes"
but to any reporter activating protein that can effect
a change in a signal. For example, binding or
sequestering a fluorescent protein may be a sufficient
signal change without a chemical reaction changing
molecular structure. [0082] As one feature of the
present invention, permuted luciferase variants can be
constructed using different breaking points and with
different overlapping regions to reduce or increase
protease activity, basal luciferase activity or a
reconstituted luciferase activity by a skilled
molecular biologist or protein chemist. Rachel B.
Kapust, et al. Biochemical & Biophysical Research
Communications, 294 (2002) 949-955. [0083] Proteases
are known in the art and can be selected from diverse
sources, e.g., bacteria, 



yeast, fungi, plant, insect, mammal etc. Organisms
require proteases to process peptides and therefore
the biologic world presents many diverse proteases
suitable for use in the present invention. Selection
of appropriate cleavage sites for a desired enzyme
generally can be found in the literature or in product
catalogues. Such protease cleavage sites are
oligopeptides of varying length, such as two amino
acids, three amino acids, four, five, six, seven,
eight, nine, ten or more amino acids, and so on.
[0084] The permuted reporter activating protein can
also be replaced with alternate protease cleavage
sites or linked to one or more inactive
pre-pro-enzymes that can be converted to active
enzymes after cleavage. For example, cleavage sites of
pre-pro-enzymes can be modified to be sensitive to an
enzyme that recognizes a sequence that differs from
the wild type. Alternatively, the cleavage site can be
modified for a particular desired effect, such as
greater specificity, greater susceptibility to
cleavage and so on. [0085] The assay can also be
accomplished using an active enzyme with a protease
cleavage site that is converted to an inactive enzyme
after the cleavage. This feature provides some
simplicity as multiple proteolytic enzymes with
different specificities can then act on the active
enzyme as desired with no or only minimal
re-engineering. [0086] Mammalian cells, such as
HEK293, COS-7, NIH3T3, etc. as well as yeast cells can
be used to establish the protein-protein interaction
permuted reporter activating protein assay. Cell-free
systems can also be used. Such cell-free systems
include lysates, membrane preparation, virus stock,
virus-like particles, liposomes, platelets, membrane
preparations, cochleates, other artificial lipid-based
units or packages that simulate biological membranes
toform a structure than can enclose, attach, carry,
include and so on a biological entity, such as a
transmembrane protein. Organisms can be used, such as
transgenic organisms, in an assay of interest, or can
contribute cells or reagents that can be used in an
assay of interest. [0087] The instant assay also
provides for a detectable reporter. That reporter is
one which is a substrate for the reporter activating
protein of interest. Hence, in the case of permuted
luciferase, a suitable reporter is a luciferin which
when acted on by a luciferase yields a detectable
luminescence signal. Reporter can be intracellular to
provide an assay that avoids cell lysis. For example,
GFP fused to the carboxyl terminus of maltose binding
protein (MBP) is not fluorescent when the MBP signal
sequence is present. When the MBP signal peptide is
removed, fluorescence is observed. Feilmeier et al, J
Bacteriol 182(14)4068-4076, 2000. Hence, a protease
cleavage site can be introduced downstream of the MBP
signal peptide as taught herein to yield an assay that
can be conducted using live cells. [0088] The assay
can be applied to monitor subcellular location and
translocation of a protein interaction complex by
using permuted luciferase or fluorescent proteins.
Figure 4 shows a schematic of such an embodiment.
[0089] The present invention relates to methods for
determining if a substance of interest modulates
interaction of i) a first protein, such as a
membrane-bound protein, e.g., a receptor, such as a
transmembrane receptor, with ii) a second protein,
such as an intracellular molecule, another
transmembrane protein and so on, e.g., member of the
arrestin family. One methodology involves
cotransforming or cotransfecting a cell, which may be
prokaryotic or eukaryotic, with two constructs. The
first construct includes, a first nucleic acid
encoding (a) the first protein, such as a
transmembrane receptor, and (b) a cleavage site for a
protease, and (c) a second nucleic acid encoding a
protein that activates a reporter. The second
construct includes, (a) a nucleic acid which encodes a
second protein whose interaction with the first
protein is measured and/or determined, and (b) a
nucleic acid which encodes a protease, a 



portion of a protease or a polypeptide with a protease
activity that acts on the cleavage site of the first
construct. In some embodiments, one or more of these
constructs may become stably integrated into the
cells. [0090] Features of an embodiment of the
invention are shown, pictorially, in Figure 1. In
brief, a cell is obtained that expresses a first
protein of interest. The protein of interest may
include a proteolytic portion or the proteolytic
portion may associate with a complex upon binding or
release of a bound ligand. An inactive enzyme is
attached to a peptide portion that associates with the
first protein of interest in response to a change in
ligand binding.Proximity of the protease to the
inactive enzyme allows, in this embodiment,
reconstitution of activity of the enzyme, e.g., a
luciferase. The reconstituted activity affects the
report of that protein-protein interaction. [0091] The
example shown in Figure 1 depicts a transmembrane
protein, a TEV cleavage enzyme, a permuted luciferase
and a substrate for luciferase, e.g., a luciferin. The
protein "A" may be an arrestin in this example. The
first protein of interest may be a GPCR. The N and C
terminals of luciferase can be rearranged and can be
linked with a TEV protease cleavage site to generate
an inactive, permuted luciferase. The permuted
luciferase as shown is fused with b arrestin 2. [0092]
Protein A can be fused with a protease. Protein B can
be fused with an inactive permuted reporter activating
protein. A protease recognition and cleavage site
(which is recognized by a protease fused to the
protein A) is inserted into the permuted reporter
activating protein. Protein A and protein B are
brought to proximity, e.g., by a third molecule that
modulates protein A and protein B interaction.
Proteolysis of permuted inactive reporter activating
protein by the fusion protease in proximity results in
fusion of the two fragments of permuted reporter
activating protein to regenerate active reporter
activating protein activity. The activity of reporter
activating protein can be assessed by appropriate
reagents and apparatus using a suitable reporter, such
as, luciferin, using commercially available reagents
and kits. [0093] A GPCR as protein A can be fused with
a TEV protease. Alternatively, that GPCR can be fused
with a permuted reporter activating protein. [0094] In
Figure 1, a molecule that binds to a GPCR causes b
arrestin interaction with the GPCR. Proteolysis of the
cleavage site within permuted luciferase by TEV
protease bound to, or in the proximity of, protein A
generates luciferase protein fragments. The fragments
reconstitute active luciferase which is detected or
the presence of which is inferred using a suitable
reporter for luciferase activity, such as a luciferin
in the cell or in a lysate. [0095] The method can
produce specific signals for receptor proteins such as
GPCRs, which may act with a G protein or a b arrestin.
[0096] The general method as shown in Figure 1 is
applicable generally to GPCRs since beta arrestin
recruitment is a common phenomenon. However, any pair
of molecules that interact, bind, associate and so on
or are suspected of interacting, binding, associating
and so on can be used in the practice of the instant
invention.[0097] An exemplified method uses a b
arrestin signaling pathway and requires no prior
knowledge of specific G protein coupling because the
current assay is not specific to the GPCR or to the
involved G protein. Hence, this assay is desirable for
orphan GPCRs in which the G protein coupling pathway
is unknown. The method produces immediate and
physiologically relevant readouts without
transcriptional amplification as in the assay of U.S.
Pat. No. 7,049,076 (Lee et al). [0098] The materials
and methods also enable monitoring G protein
independent phenomena. 



In that case, a b arrestin can be labeled with the
permuted reporter activating protein. A molecule
suspected or known to interact with b arrestin can be
labeled with the suitable protease, such as a GPCR
that demonstrates b arrestin bias. [0099] The present
invention has advantage over enzyme fragment
complementation assays (such as DiscoveRX
PathHunter(tm) b arrestin assay) in which the
interaction partners have to remain engaged or
together to ensure enzyme fragment complementation. On
the other hand, in the present assay, once proteolysis
occurs due to proximity of the reagents, the active
reporter activator is generated, and protein
interaction partners are not required to remain
associated to obtain a properly informative assay.
[0100] Nucleic acid encoding this first fusion protein
and other peptide components can be introduced into a
host cell. Such cell engineering is well known in the
art. Nucleic acid for the various peptides may be
engineered as a single molecule or may be introduced
serially or in parallel. Some of the constructs can
become integrated into a host chromosome, for example,
to obtain stable transfection, practicing materials
and methods known in the art. [0101] In an alternative
system, the two proteins of interest may interact in
the absence of a ligand or test compound. The ligand
or test compound may cause the two proteins to
dissociate, change conformation, or otherwise lessen
or inhibit their interaction. In such a case, the
level of free, functionally active proteolytic enzyme
in the cell decreases in the presence of a positive
test compound, leading to a decrease in proteolysis,
and a measurable decrease in the activity of the
reporter activating protein. [0102] In an exemplary
embodiment, an arrestin is the second protein that
binds to the transmembrane receptor in the presence of
an agonist; however, it is to be understood that since
receptors are but one type of protein, the assay is
not dependent on the use of receptor molecules, and
agonist binding is not the only interaction capable of
being involved. Any protein that interacts with a
second protein will suffice, although the interest is
in transmembrane proteins because of their role in
eliciting cell, organ and tissue reactions onexposure
of the receptor to a modulator that precipitates the
cell bound receptor into an active state. Further,
agonist binding to a receptor is not the only type of
binding which can be assayed. Inverse agonists also
can be tested in the instant assay. One can determine
antagonists, per se, and also determine the relative
strengths of different antagonists and/or agonists in
accordance with the invention. [0103] Other details of
the invention, including specific methods and
technology for making and using the subject matter
thereof, are described below. [0104] As with the
method described herein, the products which are
features of the invention can be simply described. For
example, in the "three part construct," i.e., a
construct having sequences encoding i) a protein, ii)
the cleavage site, and iii) the reporter activating
protein; the protein may be, for example, an
intracellular protein or a membrane-bound protein,
such as a transmembrane receptor, e.g., a member of
the GPCR family. The cleavage site may be any
hydrolysable site whose hydrolysis can be accomplished
by action of a protease of a partner protein of the
protein-protein interaction. Cleavage may directly
produce the report or cleavage may allow rearrangement
of a reporter activating protein to effect report from
another molecule. The third part can instead be a
protease or a polypeptide with protease activity.
[0105] These sequences can be modified so that the C
terminus of the proteins they encode have better and
stronger interactions with the second protein. The
modifications can include, e.g., replacing a C
terminal encoding sequence of the protein, such as a
GPCR, with the C 



terminal coding region for AVPR2, AGTRLI, F2PLI, CCR4,
CXCR2/IL-8 and so on. The gene sequences can be
recoded to optimize translation of the proteins of
interest in a host cell of interest. [0106] The
protein that activates the reporter may be a protein
which acts within the cytoplasm or within an
organelle, such as the nucleus, or it may be a
molecule that sets a cascade of reactions in motion,
resulting in action by another protein. The skilled
artisan is well versed in such cascades as they are
well-studied cellular events. For example,
translocation signals, such as a nuclear translocation
sequence may be incorporated in the reporter enzyme.
Localization sequences are known in the art. [0107] A
second construct, as described supra, includes a
region which encodes a protein that interacts with the
first protein, leading to some measurable phenomenon.
The protein may be an activator, a competitor, an
inhibitor, one that provides a synergistic response
and so on, or, more generically, a "modulator" of the
first protein. Members of the arrestin family
areexemplified, especially when the first protein is a
GPCR, but other protein encoding sequences may be
used, especially when the first protein is not a GPCR.
The second part of these two part constructs encodes
the protease, portion of a protease or a polypeptide
with protease activity, which acts to cleave the
reporter activating protein encoded by the first
construct to yield reporter activating protein capable
of yielding, directly or indirectly, a detectable
signal. [0108] However, these exemplified embodiments
do not limit the invention, as discussed in the
following additional embodiments provided herein, for
example, the protease can be fused to protein A or
protein B as a design choice. Host Cells [0109] As
used herein, the terms "cell," "cell line," and "cell
culture" may be used interchangeably. Host cells may
also refer to a source cell from which a lysate might
be obtained. All of these terms also include their
progeny, which is any and all subsequent generations.
It is understood that all progeny may not be identical
due to deliberate or inadvertent mutations, selection
or differentiation. The host cells may have been
engineered to express a screenable or selectable
marker or reporter which yields a signal when acted on
by the reporter activating protein of the first
construct that is cleaved by the protease that is part
of a fusion protein of the second construct. The
screenable marker or reporter may be introduced to the
host cell or assay system in any manner. [01 10]
Numerous cell lines and cultures are available for use
as a host cell. For example, many can be obtained
through the American Type Culture Collection (ATCC),
which is an organization that serves as an archive for
living cultures and genetic materials. An appropriate
host can be determined by one of skill in the art
based on the vector backbone and the desired result. A
plasmid or cosmid, for example, can be introduced into
a prokaryote host cell for replication of many
vectors. Cell types available for vector replication
and/or expression include, but are not limited to,
bacteria, such as E. coli (e.g., E. coli strain RRl,
E. coil LE392, E. coil B, E. coli X 1776 (ATCC No.
31537), E. coli W31 10 (F, lambda , prototrophic, ATCC
No. 273325), DH5a, JM109, and KC8), bacilli such as
Bacillus subtilis; and other enterobacteriaceae such
as Salmonella typhimurium, Serratia marcescens,
various Pseudomonas species, as well as a number of
commercially available bacterial hosts such as SURE(r)
Competent Cells and SOLOPACK(tm) Gold Cells
(STRATAGENE (r), La Jolla). Incertain embodiments,
bacterial cells such as E. coli LE392 may be used as
host cells for phage viruses. [01 11] Examples of
eukaryotic host cells for replication and/or
expression of a vector include, 



but are not limited to, HeLa, NIH3T3, Jurkat, 293
(HEK), COS, CHO, Saos, and PC12. Other cells such as
yeast cells or insect cells, e.g., Sf9 cells, are also
suitable. It is discretionary upon the skilled artisan
to employ the host cell he or she wishes to use for
the intended purpose. Many host cells from various
cell types and organisms are available and are known
to one of skill in the art. [01 12] Similarly, a viral
vector (including a phage) may be used in conjunction
with either a eukaryotic or prokaryotic host cell,
particularly one that is permissive for replication or
expression of the vector. The host cell is not
necessarily an immortalized cell line. The host cell
may be from a stem cell culture or a primary cell
culture, such as hematopoietic stem cells, vascular ,
epithelial , smooth muscle, splenic, T cell, B cell,
monocyte, etc. The host cell may be transgenic, e.g.,
comprising genetic material from another organism.
Cells incapable of use in the method of Lee et al. are
suitable for the assay of the present invention
because active transcription is not required. For
example, enucleated cells, such as red blood cells or
platelets, are capable of use in the present
invention. [01 13] In the context of the instant
assay, the host cell is meant to include artificial
packages and units, such as liposomes and virus-like
particles, for example. Such structures often mimic or
simulate a cell or parts thereof, which yield an
enclosure with an internal void separate totally or
partially from the exterior by a film, membrane or
other structure. As mentioned, such artificial
packages and units include liposomes, cochleates,
virus-like particles, viruses and so on. Proteins [01
14] The present invention contemplates the use of any
two proteins for which a physical interaction is known
or suspected. In some embodiments, the proteins will
exist or be engineered to exist as fusions proteins, a
first protein fused to a latent or inactive reporter
activating polypeptide, and the second protein fused
to a protease that recognizes a cleavage site in the
first fusion protein, cleavage of which releases the
reporter activating polypeptide or enables activity of
same. [01 15] With respect to the first protein of
interest, the first protein may be, e.g., a naturally
occurring membrane-bound protein, or one which has
been engineered to become membranebound. For example,
the first protein may be a transmembrane receptor such
as a GPCR, or any other transmembrane receptor of
interest, including, but not being limited to,
receptor tyrosine kinases, receptor serine/threonine
kinases, cytokine receptors, and so forth. Further, as
it is well known that portions of proteins will
function in the same manner as the full length first
protein, such active portions of a first protein, such
as the extracellular domain and the transmembrane
domain, are encompassed by the definition of protein
herein. [01 16] As will be evident to the skilled
artisan, the present invention may be used to assay
for interaction with any protein, and is not limited
in its scope to assaying membrane-bound receptors,
such as the GPCRs. For example, the activity of other
classes of transmembrane receptors, including, but not
limited to: receptor tyrosine kinases (RTKs), such as
IGFlR, such as the epidermal growth factor receptor
(EGFR), ErbB2/HER2/Neu or related RTKs; receptor
serine/threonine kinases, such as Transforming Growth
Factor-b (TGFb), activin, or Bone Morphogenetic
Protein (BMP) receptors; cytokine receptors, such as
receptors for the interferon family for interleukin,
erythropoietin, G-CSF, GM-CSF or tumor necrosis factor
(TNF); leptin receptors; and other receptors, which
are not necessarily normally membranebound, such as
estrogen receptor 1 (ESRl), and estrogen receptor 2
(ESR2). In each case, the method may involve
transfecting a cell with a modified receptor
polynucleotide that directs 



the expression of a chimeric or fusion protein
including the receptor of interest, a protease
cleavage site and a reporter activating polypeptide.
The cell may be cotransfected with a second
polynucleotide, e.g., a vector that directs the
expression of a chimeric or fusion protein including
an interacting protein fused to the protease that
recognizes and cleaves the cleavage site of the first
protein. The first and second polynucleotides may be
included in a single molecule, thus avoiding
cotransfection. In the case of RTKs, such as the EGFR,
this interacting protein may consist of an SH2 (Src
homology domain 2) containing polypeptide, such as
phospholipase C (PLC) or a Src homology 2 domain
containing transforming protein 1 (SHCl). In the case
of receptor serine/threonine kinases, such as TGFb,
activin and BMP receptors, this interacting
polypeptide may be a Smad protein or portion thereof.
In the case of cytokine receptors, such as interferon
a, interferon b or interferon g receptors, this
interacting protein may be a signal transducer and
activator of transcription (STAT) protein such as, but
not limited to, Statl or Stat2; or Janus kinase (JAK)
proteins, Jakl, Jak2 or Tyk2; or portions thereof, and
so on. The transfected cell can contain a reporter
acted on by a reporter activating protein. An assay is
then performed in which the transfected cells are
treated with a test compound for a specific period and
the reporter activity is measured at theend of the
test period. If the test compound activates the
receptor of interest, interactions between the
receptor of interest and the interacting protein are
stimulated, leading to cleavage of the protease site
and activation of the reporter activating protein,
which is in turn, results in a measurable change or
increase in reporter activity. [01 17] Other possible
protein pairs include antibody-antigen,
enzyme-substrate, dimerizing proteins, components of
signal transduction cascades, component(s) of a
composite structure, such as a ribosome or a virus,
intercellular interacting molecules on different
cells, such as an antigen presenting cell and an
immune cell for response, such as a T cell, a B cell,
an NK cell, a dendritic cell, a monocyte, a macrophage
and so on, and other protein pairs known to the art.
The protease and protein having a protease recognition
site are interchangeable with respect to which
protein, e.g., A or B, to which each is attached or
associated. Reporters [01 18] Reporters may be any
molecule that changes appearance or function in
response to activity of an active reporter activating
molecule and yields a detectable signal or can be
readily monitored to track those changes. These terms
are meant to be applied loosely. The reporter
activating protein once activated (or in some possible
embodiments, inactivated), causes a detectable change
in the reporter. Detecting this change is used to
determine whether e.g., a test compound has modulated
a protein-protein interaction. Other non-enzyme
reporter activating proteins can be used so long as a
detectable signal is produced. Hence, known reporter
activating proteins can be used, such as
galactosidases, peroxidases, luciferases and so on.
Known reporters can be used, such as galactosidase
substrates, peroxidases substrates, luciferase
substrates, GFP's and so on. Proteases and Cleavage
Sites [01 19] Proteases are well characterized enzymes
that cleave other proteins at a particular site. One
family, the Ser/Thr protease family, cleaves at serine
and/or threonine residues. Other proteases include
cysteine or thiol proteases, aspartic proteases,
metalloproteinases, aminopeptidases, di &
tripeptidases, carboxypeptidases, and peptidyl
peptidases. The choice of these is left to the skilled
artisan and need not be limited to the molecules
described herein. It is well known that enzymes have
catalytic domains and these domains can be used in
place of full length proteases. Such are encompassed
by the invention as well. A specific 



embodiment is the tobacco etch virus nuclear inclusion
A protease (TEV), or an active portionthereof. Other
specific cleavage sites for proteases may also be
used, as is understood by the skilled artisan.
Modification of Proteins [0120] The first protein may
be modified to enhance its binding to the interacting
protein in some embodiments of this assay. For
example, it is known that certain GPCRs bind arrestins
more stably or with greater affinity upon ligand
stimulation and this enhanced interaction is mediated
by discrete domains, e.g., clusters of serine and
threonine residues in the C terminal tail (Oakley, et
al, J. Biol. Chem., 274:32248-32257, 1999 and Oakley,
et al, J. Biol. Chem., 276: 19452-19460, 2001). Using
this as an example, it is clear that the receptor
encoding sequence itself may be modified, so as to
increase the affinity of the membrane bound protein,
such as the receptor, with the protein to which it
binds. Exemplary of such changes are modifications of
the C terminal region of the membrane bound protein,
e.g., a 7TMR, which may involve replacing a portion of
it with a corresponding region of another receptor
that has higher affinity for the binding protein, but
does not impact receptor binding function. [0121] In
addition or alternatively, the second protein may be
modified to enhance its interaction with the first
protein. For example, the assay may incorporate point
mutations, truncations or other variants of the second
protein, e.g., arrestins, that are known to bind
agonist-occupied GPCRs more stably or in a
phosphorylation-independent manner (Kovoor, et al., J.
Biol. Chem., 274:6831-6834, 1999). Such changes can be
made practicing methods known in the art. Assay
Formats [0122] The present invention, in several
embodiments, offers a straightforward way to assess
the interaction of two proteins when expressed in the
same cell, unit or reaction mixture. A first construct
may comprise a sequence encoding a first polypeptide,
concatenated to a polynucleotide encoding a cleavage
site for a protease, a protease portion or a
polypeptide with a protease activity, which is itself
concatenated to a polynucleotide encoding a reporter
enzyme. "Concatenated" describes a situation where the
sequences described are fused to produce a single,
intact open reading frame, which may be translated
into a single polypeptide which contains all the
elements. These may, but need not be, separated by
additional nucleotides which may or may not encode
additional proteins or peptides. A second construct
inserted into the recombinant cells may contain both a
polynucleotide encoding a secondprotein and the
protease, protease portion or polypeptide encoding a
protease activity. Together, these elements form a
basic assay format when combined with a candidate
agent whose effect on target protein interaction is
sought. [0123] However, the invention may also be used
to assay more than one membrane-bound protein, such as
a receptor, simultaneously by employing different
reporters, each of which is stimulated by the
activation of a protein, such as the classes of
proteins described herein. For example, this may be
accomplished by mixing cells transfected with
different receptor constructs and different reporter
activating proteins, or by fusing different enzymes
for each test receptor, and measuring the activity of
each reporter gene upon treatment with the test
compound(s). For example, it may be desirable to
determine if a molecule of interest activates a first
receptor and also to determine if side effects should
be expected as a result of interaction with a second
receptor. In such a case one may, e.g., involve a
first cell line encoding a first receptor and a first
reporter activating protein, such as lacZ, and a
second cell line encoding a second receptor activating
protein and a second reporter, such as GFP. In that
circumstance, a GFP can be permuted as practiced in
the instant invention. One would mix 



the two cell lines, add the compound of interest, and
look for a positive effect on one, with no effect on
the other. [0124] The invention in alternate formats
relates both to assays where a single pair of
interacting proteins is examined, but also to what
will be referred to herein as "multiplex" assays. Such
assays may be carried out in various ways, but in all
cases, more than one pair of proteins is tested
simultaneously. This may be accomplished, e.g., by
providing more than one sample of cells, each of which
has been transformed or transfected, to test each
interacting pair of proteins. The different
transformed cells may be combined, and tested
simultaneously, in one receptacle, or each different
type of transformant may be placed in a different
well, and then tested. Alternatively, a cell can be
manipulated to carry plural labeled first proteins,
such as, transmembrane-based proteins, to determine
whether a ligand or a candidate molecule activates
more than one receptor. [0125] The cells used for the
multiplex assays described herein may be, but need not
be, the same. Similarly, the reporter system used may
be, but need not be, the same in each sample. After
the sample or samples are placed in receptacles, such
as wells of a microarray, one or more compounds may be
screened against possibly the plurality of interacting
protein pairs set out in the receptacles.[0126] Figure
10 is indicative of common results obtained using the
present assay. At low or high concentrations
(depending on whether the modulation is inhibitory or
activating) a test compound may have no effect. As
concentration of the test compound decreases or
increases, the modulatory effect can change. A dose
response curve such as shown in Figure 10 may be used
to assess modulation. A single point can also be
evaluated. For example, the point might be a
predetermined value different from the control or
background, often determined on a statistical basis by
accumulating data or running multiple samples of
"normal' subjects to obtain a sample population mean
value with standard errors and deviations. A constant
may be used as a predetermined difference value.
Generally one uses ratios, e.g., at least 10% from
control, but more often a multiple of control, e.g.,
about 1.5, 2, 2.5, 3, 4, 5, 10, 20, 50, 100, 200, 500,
1000 or more (or reciprocals thereof) times a control
value which may be predetermined in another assay run.
The predetermined threshold to signify modulation is
routinely calculated by the skilled artisan taking
into account balancing type 1 and type 2 errors as the
situation suggests or requires. Kits [0127] Any of the
compositions described herein and combinations thereof
may be provided in a kit. The kits will thus comprise,
in suitable container(s), one or more of the
components, e.g., the vectors or cells of the present
invention, and any additional agents that can be used
in accordance with the present invention. [0128] The
kits may comprise one or more suitably aliquoted
compositions of the present invention. The components
of the kits may be packaged either in aqueous medium
or in lyophilized form or as a concentrate in a
suitable solvent for the solute. The container(s) of
the kits generally will include at least one vial,
test tube, flask, bottle, syringe or other container,
into which a component may be placed or has been
placed, and preferably, suitably aliquotted. Where
there are more than one component in the kit, the kit
also will generally contain a second, third or other
additional container into which the additional
components may be separately placed. However, various
combinations of components may be comprised in a
single container, such as a vial. Also, suitable
diluents may be provided. The kits of the present
invention also will typically include a means for
containing reagent containers in close 



confinement for commercial sale. Such containers may
include injection or blow-molded plastic or foam
containers into which the desired vials are retained,
along with printed instructions.[0129] When components
of a kit are provided in one and/or more liquid
solutions, the liquid solution may be an aqueous
solution, such as a sterile aqueous solution being
particularly useful. However, the components of the
kit may be provided as dried powder(s) or on a solid
support. When reagents and/or components are provided
as a dry powder, the powder can be reconstituted by
the addition of a suitable solvent. It is envisioned
that the solvent, such as sterile water or a suitable
saline or buffer may also be provided in another
container. Examples [0130] Specific embodiments
describing the invention will be seen in the examples
which follow, but the invention should not be deemed
as limited thereto. Example 1 [0131] Figure 1 shows an
embodiment that includes a permuted, inactive
luciferase whose activity is reconstituted by action
of TEV protease on a TEV protease recognition site
contained therein. The first protein, as shown, is
fused with a protease. Example 1 was designed to use
TEV protease activity to reconstitute activity of
permuted luciferase as an embodiment of the second
protein. The second protein, as shown, is fused with
an inactive permuted reporter activating protein,
luciferase. A protease recognition and cleavage site
which is recognized by a protease fused to the protein
of interest was inserted into the permuted reporter
activating protein. The first protein and the second
protein are brought to proximity by a third molecule
that modulates the interaction between the first
protein and the second protein. Proteolysis of
permuted, inactive reporter activating protein by the
fusion protease in proximity results in the cleavage
forming the two fragments of permuted reporter
activating protein to regenerate active reporter
activating protein. The activity of reporter
activating protein can be assessed by appropriate
reagents and apparatus. [0132] Permuted luciferase was
constructed by rearranging firefly luciferase N
terminal amino acids 2 to 233 and C terminal amino
acids 234 to 550 in reverse order, interrupted by a
TEV protease recognition site, ENLYFQX (SEQ ID NO:3).
Cleavage at this site results in reconstituted
activity of the permuted luciferase. The position X
can be any amino acid that dictates TEV protease
recognition affinity and cleavage efficiency. Varying
X has been shown to modulate the enzyme kinetics of
TEV. Similar amino acid substitutions at other sites
of the recognition sequence also can alter kinetics.
Modulating kinetics is advantageous to optimize, for
example, incubation times in the screening process and
background activitythat affects signal/noise
parameters. The permuted luciferase (luc234X233, where
X is the particular amino acid at the N terminus of
the TEV heptapeptide cleavage site, SEQ ID N0:3) was
then fused to the C terminus of a GPCR, ADRB2, to
generate the GPCR-permuted luciferase,
ADRB2-luc234X233, expression plasmid. Example 2 [0133]
Human b arrestin 2-TEV fusion plasmid was constructed
by fusing tobacco etch virus protease A to the C
terminus of b arrestin 2. All DNA fragments were
generated by PCR using appropriate templates.
GPCR-luc234X233 fusion genes were subcloned in
pcDNA3.1(+) with a neomycin selection marker
(Invitrogen) and Arr-TEV fusion genes were subcloned
in pcDNA3.1(+) with a zeocin selection marker
(Invitrogen Cat. #43-0018). Example 3 [0134] CHO-Kl
cells were co-transfected with ADRB2-luc234R233
(Example 1) and Arr- TEV plasmids (Example 2) using
appropriate commercial transfection kits. Forty-eight
hours 



after transfection, cells were treated with or without
10 mM ADRB2 agonist, isoproterenol, for 2 hours,
Bright-GLO(tm) or Steady-GLO(tm) (Promega) was added
to the cells, and relative luminescence of the lysates
was recorded by an appropriate luminescence reader.
Over three fold increase in luminescence activity was
observed in the presence of isoproterenol. [0135]
Figure 5 shows expression of GPCR/permuted luciferase
with and without Arr2-TEVp. In the data represented in
the graph, the constructs were introduced into cells,
but the transfected cells were not exposed to any
modulator. Thus, the data indicate that when the
cleavage site contains serine, there is some
spontaneous activity, but essentially no background
noise arises when X is R or V. As noted in Figure 6,
when cells expressing the R or V cleavage site were
exposed to agonist, a response was observed. Figure 7
shows dosedependent response of luciferase activity in
cells transiently or stably expressing GPCRluc234V233
and/or Arr-TEV. Example 4 [0136] Figure 8 shows that a
5 hour or a 1 hour incubation period is sufficient for
assaying protein-protein interaction. A dose response
relationship is clearly shown. [0137] An ADRB2-TEV
fusion gene expression plasmid was constructed by
fusing tobacco etch virus protease A to the C terminus
of ADRB2 and inserting the fusion gene intopcDNA3.1(+)
with a zeocin selection marker (Invitrogen Cat
#43-0018). All DNA fragments were generated by PCR
using appropriate templates as known in the art.
[0138] The b arrestin 2-permuted luciferase
(Arr-luc234X233) fusion gene expression plasmid was
constructed by fusing permuted luciferase luc234X233
to the C terminus of b arrestin 2. The TEV protease
cleavage site is ENLYFQ/X, (Rachel B. Kapust, et al.
Biochemical & Biophysical Research Communications, 294
(2002) 949-955) where E and Q generally are invariant,
and in which X can be any amino acid, although G and S
are common amino acids found at that site. Cleavage
occurs between the Q and the X residues. X can
determine cleavage efficiency. In some embodiments,
the TEV protease cleavage site was included in the
permuted luciferase. Background and signal/noise ratio
can be improved by simple routine experimentation. For
example, use of a valine in place of glycine at the X
hydrolysis site for TEV has been found to lower
background in some applications. The fused fusion gene
was cloned in pcDNA3.1(+) with a neomycin selection
marker (Invitrogen). [0139] HEK293 cells were
cotransfected with plasmids ADRB2-TEV and
Arr-luc234V233, where the TEV recognition sequence is
ENLYFQV (SEQ ID NO: 12), using appropriate commercial
transfection kits. Forty-eight hours after
transfection, cells were treated with different
concentrations of ADRB2 agonist, isoproterenol, for 1
and 5 hours, Bright-GLO(tm) (Promega) was added to the
cells, and the relative luminescence units were
recorded on EnVison II(tm). Dose-dependent
luminescence activity was observed after both 1 hour
and 5 hours incubation with isoproterenol. Example 5
[0140] Figure 9, left panel shows ligand-induced
luciferase activity in HEK293 cells stably expressing
Arr-luc234V233 and transiently expressing ADRB2-TEV
fusion proteins. The right panel shows stable
expression of the arrestin-reporter activating protein
construct and transient expression of the
7TMR-protease fusion in CHO cells. [0141] Stable cell
lines expressing GPCR-luc234R233 or Arr-TEV were
generated in HEK293 or CHO cells. Twenty ng/well of
each DNA were used for transfection in a 12-well plate
with Lipofectamine (Invitrogen) for HEK293 and
TranIT-CHO cells. [0142] In the per-luc assay, a
384-well plate format was routinely used. Other plate
formats 



were deemed acceptable formats. CHO cells stably
expressing GPCR-luc234R233 or Arr- TEV were plated at
10,000 cells per well in a tissue culture-treated
surface 384-well white assay plate (Becton Dickinson).
The following day, cells were treated with
agonist,concentrations from 10 mM to 0.7 pM (in 3:1
serial dilutions made in serum-free cell medium).
Steady-Glo Luciferase Assay System (Promega) was used
for measuring luciferase activity. After 2 hours of
agonist treatment, medium was aspirated and 25 ml
luciferase assay reagent were added to each well.
Relative luminescence units (RLUs) were read on
EnVision, a multilabel reader from Perkin Elmer. Data
were plotted and analyzed with PRISM software. [0143]
HEK293 cells stably expressing Arr-luc234V233 were
generated by selection for resistance to neomycin. The
neomycin resistant gene is presented in the
Arr-luc234V233 expression plasmid vector pcDNA3 .1.
Example 6 [0144] Figure 9, right panel shows a dose
response to isoproterenol in a CHO line. Stable cell
lines expressing GPCR-luc234R233 or Arr-TEV were
generated in CHO cells. One mg of each DNA was used in
the trans fection per well in a 12-well plate with the
TransfectIT-CHO transfection kit (Minis Bio, Madison,
WI). Single colonies were harvested from trans
fectants under selection with neomycin or zeomycin.
[0145] The Arr-luc234V233 stable expressing cells were
transfected with the ADRB2-TEV plasmid using
appropriate commercial transfection kits. The cells
transiently expressing ADRB2-TEV and stably expressing
Arr-luc-234V233 were incubated with isoproterenol for
two hours, and Bright-GLO(tm) luciferase reagent was
added to cells. Dose-dependent luciferase activity was
recorded on EnVison II. Example 7 [0146] Figure 10
shows an evaluation of the GPCR Per-Luc assay for
agonist, partial agonist, antagonist, and non-specific
endogenous receptor responses. [0147] HEK293 cells
stably expressing Arr-luc234V233 were transfected with
ADRB2-TEV plasmid using Lipofectamine 2000
transfection reagent (Invitrogen). Forty-eight hours
after transfection, cells were incubated with
different concentrations of the known agonist,
isoproterenol; partial agonist BRL37344
(Sigma-Aldrich); antagonist ICIl 18551 (ICI);
antagonist ICIl 18551 with 200 nM of isoproterenol;
and agonist SlP (sphingosine-1- phosphate) for HEK293
endogenous EDG receptors for two hours, and
Bright-GLO(tm) luciferase reagent was added to the
cells. Dose-dependent luciferase activity was recorded
on EnVison II, as shown in Figure 10.[0148] The EC50
and IC50 values of the assay were similar to values
obtained in FLIPR and cAMP assays. Endogenous receptor
EDG in HEK293 cells and its ligand SlP did not affect
the luciferase activity, whereas other assays such as
FLIPR and cAMP did produce positive signals.
Isoproterenol, an agonist, generated a response. The
partial agonist, BRL37344 presented a graded response.
The antagonist, ICI 18551, inhibited isoproterenol,
but had no activity alone. Therefore, the instant
assay is specific, and as shown in Figure 10 (taken in
conjunction with other comparative data) yields fewer
and reduced false positive signals. Example 8 [0149]
Figure 14 shows an example where a permuted luciferase
was constructed by cloning firefly luciferase N
terminal amino acids 2 to 456 behind C terminal amino
acids 234 to 550 with a TEV protease recognition site,
ENLYFQX, using V for X. The permuted luciferase
(luc234V456) was fused to the C terminus of the GPCR,
ADRB2, to generate the GPCRpermuted luciferase
construct, ADRB2-luc234V456 expression plasmid. [0150]
All DNA fragments were generated by PCR using
appropriate templates. 



ADRB2-luc234V456 fusion genes were cloned in
pcDNA3.1(+) with a neomycin selection marker
(Invitrogen). [0151] CHO-Kl cells were co-transfected
with ADRB2-luc234V456 and Arr-TEV plasmids using
appropriate commercial transfection kits. Forty-eight
hours after transfection, cells were treated with or
without 10 mM ADRB2 agonist, isoproterenol, for 2
hours, Bright-GLO(tm) or Steady-GLO(tm) (Promega) was
added to the cells, and relative luminescence was
recorded by appropriate luminescence readers.
Reconstituted luciferase activity was observed in
response to different doses of isoproterenol. [0152]
HEK293 cells stably expressing Arr-luc234V233 were
selected for resistance to neomycin. The neomycin
resistant gene is presented in the Arr-luc234V233
expression plasmid vector pcDNA3. Luciferase activity
in response to agonist was observed. Example 9 [0153]
Figure 13 shows dose dependency with V2 inverse
agonist. [0154] For this example, HEK293 cells stably
expressing Arr-luc234V233 were transfected with V2-TEV
plasmid using Lipofectamine 2000 transfection reagent
(Invitrogen). Fortyeight hours after transfection, the
cells were incubated with different concentrations of
a compound, SRl 21463 (sanofi Recherche, Toulouse,
FR), considered an antagonist usingstandard assays,
for two hours. Bright-GLO(tm) luciferase reagent was
added to cells. Dosedependent luciferase activity was
recorded on EnVison II. That is increasing levels of
luminescence were observed with increasing amounts of
SRl 21463, more properly defined an inverse agonist.
[0155] In this assay, inverse agonist behaved as an
agonist, as do other inverse agonists. It is known
that an inverse agonist can block the V2 G protein
signal pathway, while promoting b arrestin-mediated
activation of MAPK (Azzi et al, PNAS, 2003, 100:
11406-1 141 1). So the assay of the present invention
can indicate distinct active conformations for G
protein-coupled receptors. [0156] In contrast, in
classical assay systems, inverse agonists of GPCRs
behave as antagonists. This is because inverse
agonists probably bind to and stabilize the inactive
conformation of GPCR for G protein signaling. However,
some inverse agonists both stabilize the inactive form
of GPCR for G protein signaling and also promote b
arrestin recruitment to the GPCR to activate a b
arrestin signaling pathway. Example 10 [0157] Figure 6
shows agonist-induced luciferase activity. [0158] In
this example, permuted luciferase was constructed by
rearranging firefly luciferase N terminal amino acid 2
to 233 and C terminal amino acid 234 to 550 in reverse
order, interrupted by a TEV protease recognition site,
ENLYFQX. The position X can be any amino acid. Amino
acids at this position are known to dictate TEV
protease recognition affinity and cleavage efficiency.
The permuted luciferase (luc234X233) was then fused to
the C terminus of the GPCR, i.e., ADRB2, to generate a
GPCR-permuted luciferase, i.e., the ADRB2- luc234X233
expression plasmid. [0159] Human b arrestin 2-TEV
fusion plasmid was constructed by fusing tobacco etch
virus protease A to the C terminal of b arrestin 2.
DNA fragments were generated by PCR using appropriate
templates. GPCR-luc234X233 fusion genes were subcloned
in pcDNA3. 1(+) with a neomycin selection marker
(Invitrogen) and Arr-TEV fusion gene was subcloned in
pcDNA3.1(+) with a zeocin selection marker (Invitrogen
Cat #43-0018). [01 60] CHO-Kl cells were
co-transfected with ADRB2-luc234R233 and Arr-TEV
plasmids 



using appropriate commercial transfection kits.
Forty-eight hours after transfection, cells were
treated with or without 10 mM of ADRB2 agonist,
isoproterenol, for 2 hours, Bright-GLO(tm) or
Steady-GLO(tm) (Promega) was added to the cells, and
relative luminescence was recordedby appropriate
luminescence readers. Over a three-fold increase in
luminescence activity was observed in the presence of
isoproterenol. Example 11 [0161] Figure 12 shows
results of agonists, antagonists and inverse agonists
using the present invention (Left Panel) and another
assay (Right Panel). The two plots show
differentiation and counter effects of agonist,
antagonist and inverse agonist. The instant assay
provides good specific activity. Example 12 [0162]
Figure 7 shows CHO cells with both ADRB2-permuted
luciferase and Arr-TEV. The data of the left panel,
ADRB2-luc234V233 was made to contain the TEV
recognition site, ENLYFQV. CHO-Kl cells were
cotransfected with ADRB2-luc234V233 and Arr-TEV
plasmids using appropriate commercial transfection
kits. Forty-eight hours after transfection, cells were
treated with different concentrations of ADRB2 agonist
isoproterenol for 2 hours, Bright-GLO(tm) or
Steady-GLO(tm) (Promega) was added to the cells, and
relative luminescence was recorded by appropriate
luminescence readers. Example 13 [0163] Figure 7, the
right panel summarizes data using stably transfected
cells with different cleavage sites. The results are
similar to that of the left panel. Hence, two
GPCR-luciferase constructs having different cleavage
sites responded to agonist. Example 14 [0164] Figure 6
shows agonist-induced signal activity comparing X as R
and X as V. The results are similar showing that X can
be routinely varied. [0165] In this example, permuted
luciferase was constructed by rearranging firefly
luciferase N terminal amino acids 2 to 233 and C
terminal amino acids 233 to 550 in reverse order,
interrupted by a TEV protease recognition site,
ENLYFQ/X. The position X can be any amino acid that
dictates TEV protease recognition affinity and
cleavage efficiency. V and R are shown. The permuted
luciferase (luc234X233) was then fused to the C
terminus of the GPCR, i.e., ADRB2, to generate the
GPCR-permuted luciferase, i.e. ADRB2-luc234X233
expression plasmid.[0166] In this example, human bb
arrestin 2-TEV fusion plasmid was constructed by
fusing tobacco etch virus protease A to the C terminus
of b arrestin 2. All DNA fragments were generated by
PCR using appropriate templates. GPCR-luc234X233
fusion genes were subcloned in pcDNA3. 1(+) with a
neomycin selection marker (from Invitrogen) and the
Arr-TEV fusion gene was subcloned in pcDNA3 .1(+) with
a zeocin selection marker (Invitrogen Cat. #43-0018).
[0167] CHO-Kl cells were cotransfected with the
ADRB2-luc234R233 and Arr-TEV plasmids using
appropriate commercial transfection kits. After 48
hours, cells were treated with or without 10 mM of
ADRB2 agonist for 2 hours, Bright-GLO(tm) or
Steady-GLO(tm) (Promega) was added to the cells, and
relative luminescence units were recorded by
appropriate luminescence readers. Over three-fold
higher levels of luminescence activity was observed in
the presence of isoproterenol. Example 15 [0168]
Figure 11, the left panel shows results with 8-AVP
agonist in cells transiently expressing V2-TEV. 



[0169] In this example, HEK293 cells stably expressing
Arr-luc234V233 were transfected with V2-TEV plasmid
using Lipofectamine 2000 transfection reagent
(Invitrogen). After 48 hours, the cells were incubated
with different concentrations of agonist 8-AVP (Arg8
vasopressin, a known agonist of the V2 vasopressin
receptor) for two hours, and Bright- GLO(tm)
luciferase reagent was added to cells. Dose-dependent
luciferase activity was recorded on EnVison II.
Example 16 [0 170] HEK293 cells stably expressing
Arr-luc234V233 were transfected with V2-TEV plasmid
using Lipofectamine 2000 transfection reagent
(Invitrogen). After 48 hours, the cells were incubated
with different concentrations of inverse agonist for
two hours, and Bright- GLO(tm) luciferase reagent was
added to cells. Dose-dependent luciferase activity was
recorded on EnVison II. [0171] In this assay, the
inverse agonist behaves as an agonist. It is known
that some inverse agonists block a V2 G-protein signal
pathway, but promote b arrestin-mediated activation of
MAPK (Azzi et al, PNAS, 2003 100:1 1406-1 141 1). So
the assay can assess distinct active conformations of
G protein-coupled receptors.Example 17 [0172] Figure
11, the right panel shows V2 inverse agonist-produced
dose-dependent luciferase activity by promoting b
arrestin interaction with a V2 receptor. [0173] In
this example, HEK293 cells stably expressing
Arr-luc234V233 were transfected with V2-TEV plasmid
using Lipofectamine 2000 transfection reagent
(Invitrogen). After 48 hours, the cells were incubated
with different concentration of inverse agonist for
two hours, and Bright-GLO(tm) luciferase reagent was
added to the cells. Dose-dependent luciferase activity
was recorded on EnVison II. [0174]Other features of
the invention will be clear to the skilled artisan and
need not be reiterated here. The artisan can make
various modifications without departing from the
spirit and scope of the instant invention. [0175] All
references cited herein are herein incorporated by
reference in entirety.CLAIMS: 1. A method to identify
a compound that modulates interaction of a first
protein and a second protein comprising: i) providing
a first protein attached to an inactive reporter
activating protein and a second protein attached to a
protease, wherein said protease is capable of cleaving
a cleavage site in said reporter activating protein
thereby activating said reporter activating protein;
ii) providing said compound, and optionally a
reporter; iii) allowing said protease to cleave said
cleavage site; and iv) monitoring reporter signal from
said activated reporter activating protein or said
reporter whose signal is altered by activity of said
reporter activating protein; wherein a change in the
reporter signal is indicative of said protein-protein
interaction. 2. The method of claim 1 wherein said
reporter activating protein is a reporter. 3. The
method of claim 1 wherein the first protein forms a
fusion protein with said reporter activating protein.
4. The method of claim 1 further comprising providing
a molecule known to modulate the protein-protein
interaction, wherein said compound modulates
interaction of said molecule with said protein-protein
interaction. 5. The method of claim 1 wherein the
reporter activating protein is an enzyme. 6. The
method of claim 1 wherein the reporter activating
protein is a protein that causes a 



change of fluorescence of the reporter. 7. The method
of claim 1 wherein the first protein is a membrane
protein. 8. An assay system comprising: i) a first
protein comprising a latent reporter activating
protein; and ii) a second protein comprising a
protease; and optionallyiii) a reporter whose signal
is changed by said reporter activating protein;
wherein said latent reporter activating protein is
activated by cleavage by said protease and association
of said first protein with said second protein allows
cleavage of said reporter activating protein. 9. The
system of claim 8 wherein said reporter activating
protein is said reporter. 10. The system of claim 8
wherein said reporter is activated or inactivated by
rearrangement of polypeptide fragments of said
reporter activating protein. 11. The system of claim 8
wherein said first protein, said second protein or
both are membrane proteins. 12. The system of claim 11
wherein said membrane protein is a receptor protein.
13. The system of claim 12 wherein said receptor
protein is a seven transmembrane receptor (7TMR). 14.
The system of claim 8 wherein said protease has a
recognition sequence having at least 4 amino acids.
15. The system of claim 8 wherein said protease has a
recognition sequence having at least 5 amino acids.
16. The system of claim 8 wherein said protease has a
recognition sequence having at least 6 amino acids.
17. The system of claim 8 wherein said protease has a
recognition sequence having at least 7 amino acids.
18. The system of claim 8 wherein said protease is a
tobacco etch virus (TEV) protease. 19. The system of
claim 8 wherein said reporter is a luciferin.20. The
system of claim 8 wherein said reporter is a
fluorescence protein. 2 1. The system of claim 20
wherein said reporter is a green fluorescence protein
(GFP). 22. The system of claim 11 wherein said first
protein and said second protein are membrane proteins.
23. The system of claim 8 wherein said first protein,
said second protein or both are cytoplasmic proteins.
24. The system of claim 23 wherein said first and said
second proteins are cytoplasmic proteins. 25. The
system of claim 8 wherein said second protein
comprises said reporter. 26. The system of claim 25
wherein said reporter protein is a permuted reporter
protein that is activated or inactivated by contact
with said first protein. 27. The system of claim 8
wherein association requires translocation of said
first protein or said second protein to a cellular
compartment or organelle. 28. The system of claim 27
wherein translocation of said first protein or said
second protein to the nucleus causes change of
reporter signal. 29. The system of claim 8 wherein
said reporter or said protease comprises a nuclear
targeting polypeptide. 30. The system of claim 29
wherein said targeting polypeptide comprises basic
amino acids. 


