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TITLE
Na+/K+-ATPase-Specific Peptide

Inhibitor$/Activators of Src and Src Family Kinases

Inventors: Zi-Jian Xie, Joseph 1. Shapiro, Jiang Tian

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of United States Provisional Application
No. 60/855,482, filed October 31, 2006, the disclosure of which is incorporated herein by

reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] This invention was made with Government support and the Government
has rights in this invention under the National Institutes of Health Grants HL-36573 and
HL-67963, awarded by the National Heart, Lung and Blood Institute, United States Public
Health Service, Department of Health and Human Services.

TECHNICAL FIELD AND
INDUSTRIAL APPLICABILITY OF THE INVENTION

[0003] The identified peptides are useful as therapeutics and/or as a protomer for
developing better therapeutics for treatments of cancer and other diseases in which Src and
Src family kinases afe either highly elevated or genetically and/or functionally reduced.
These disease states include, but not limited to, leukemia, prostate and breast cancers,
ischemia/reperfusion injury, uremic cardiomyopathy, hypertension, cardiac fibrosis, and
comprised myocardial contractility. Moreover, as evidenced by the identified peptides, it
is feasible to utilize the newly disovered Na+/K+-ATPase/Src receptor complex as a target
for developing novel receptor agonists and antagonists as well as new Src and Src family

kinase inhibitors and activators.

BACKGROUND OF THE INVENTION
[0004] Cardiotonic steroids (CTS) consist of a group of chemicals that specifically
bind to the Na+/K+-ATPase. They include plant-derived digitalis drugs such as digoxin
and ouabain and vertebrate-derived aglycone such as bufalin and mérinobufagenin.
-Recent studies have identified both ouabain and marinobufagenin as endogenous steroids

whose production and secretion are regulated by multiple physiological and pathological
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stimuli including angiotensin II and epinephrine in humans. These steroids can activate
protein kinases and regulate cell growth, gene expression, intracellular calcium, and
reactive oxygen species (ROS) concentrations, thus playing important roles in the control
of renal and cardiovascular functions, protection of ischemia/reperfusion injury and

stimulation or inhibition of cell growth.

[0005] Src family kinases are 52—62-kDa membrane-associated nonreceptor
tyrosine kinases and they participate in several tyrosine phosphorylation-related signaling
pathways in response to various extracellular ligands. Src, for example, contains at least
three important protein interaction domains. The SH3 domain binds to polyproline motifs
and the SH2 domain interacts with the phosphorylated tyrosine residues. The kinase
domain reacts with the nucleotide and phosphorylates the substrate. Binding of protein
ligands to the SH3 or SH2 domain can activate Src. Proteins that bind with kinase domain
of Src were also reported to be capable of regulating Src activity.

[0006] Na+/K+-ATPase, the molecular machinery of the cellular sodium pump,
belongs to a family of evolutionarily ancient enzymes that couple the hydrolysis of ATP to
membrane ion translocation. It is now believed that the Na+/K+-ATPase has dual
functions. It not only pumps Na+ and K+ across cell membranes, but also relays the
extracellular CTS signal to intracellular compartments via activation of different protein
kinases.

[0007] Specifically, the inventors discovered that the Na+/K+-ATPase interacts
with Src and Src family kinases to form a functional receptor. Bindirig of ouabain to this
receptor activates Src, which in turn phosphorylates various effectors, resulting in the
assembly and activation of different pathways including the Ras/Raf/ERK1/2 and
phosphplipase C/protein kinase C cascades as well as increases in intracellular Ca2+ and
cellular ROS production. The activation of these signaling pathways eventually leads to
changes.-in cardiac and renal functions, stimulation of cell proliferation and tissue fibrosis,
protection of tissue against ischemia/reperfusion injury and inhibition of cancer cell
growth. These effects occur in a tissue/cell-specific manner.

[0008] Because Src and Src family kinases play an important role in cellular signal
transduction, many researchers are engaged in searching for kinase-specific and pathway-
specific inhibitors. So far, many inhibitors have been developed, and most of them are
developed as ATP analogs that compete for ATP binding to these kinases, resulting in

inhibition of kinase activity. However, the lack of pathway specificity is a major



WO 2008/054792 PCT/US2007/023011

disadvantage of the current Src inhibitors. Since Src and Src family kinases are essential
for many cellular functions, a generic inhibition could compromise the overall benefit of
the treatment. In the past, this has been evident by severe side effects of these inhibitors in
animal studies. In addition, some of these inhibitors exhibit cross-activity toward receptor
tyrosine kinases.

[0009] Cardiotonic steroids have been used as drugs to treat congestive heart
failure and other cardiac diseases because they increase intracellular Ca2+ and thus
contractility. However, these chemicals not only activate Na+/K+-ATPase-related cellular
signaling pathways, but also inhibit the ion pumping function of Na+/K+-ATPase. The
latter contributes to their clinical side effects and limits the clinical applications of these
drugs. Endogenous cardiotonic steroids are hormones that regulate renal and
cardiovascular functions. Over-stimulation of the newly discovered Na+/K-+-ATPase/Src
by these hormones is known to cause high blood pressure and induce abnormal cell
proliferation in renal epithethial cells as well as induce tissue fibrosis.

[00010] Considering the above-mentioned concerns, it is clear that there remains a
need in the art for a method of developing a pathway (e.g., Na+/K+-ATPase)-specific Src
inhibitor or activator that can be used to block endogenous CTS-activated Src pathways or
stimulate the Na+/K+-ATPase-associated Src to mimic the CTS effect without inhibiting
the ion pumping function of Na+/K+-ATPase. Moreover, there is a need for targeting the
newly discovered Na+/K+-ATPase/Src receptor complex to develop novel agonists or
antagonists of the receptor so that the receptor function of Na+/K+-ATPase/Src complex
can be either stimulated for treating diseases such as congestive heart failure and
ischemia/reperfusion injury or inhibited for treating diseases such as tissue fibrosis and
cancer. |

[00011] There is also a need for assays to monitor Src interaction with the Na+/K+-
ATPase and kinase enzymatic activities that are sensitive, simple to use, and adaptable to
high-throughput screening methods.

[00012] There is also a need for a method for isolatirig operationally defined ligands
involved in protein-protein interactions and for optimally identifying an exhaustive set of
modular domain-containing proteins implicated in binding with the ligands.

[00013] If such a method were available, however, such a method would be useful
for the isolation of any polypeptide having a functioning version of any functional domain
of interest.

[00014] Such a general method would be of tremendous utility in that whole
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families of related proteins each with its own version of the functional domain of interest
could be identified. Knowledge of such related proteins would contribute greatly to our
understanding of various physiological processes, including cell growth or death,
malignancy, renal/cardiovascular function and immune reactions, to name a few.

[00015] Such a method would also contribute to the development of increasingly
more effective therapeutic, diagnostic, or prophylactic agents having fewer side effects.

[00016] According to the present invention, just such a method is provided.

SUMMARY OF THE INVENTION
[00017] In one aspect, provided herein is a method for regulating Src and its
downstream signaling pathway comprising binding between Src and Na+/K-+-ATPase.
[00018] In another aspect, provided herein is a receptor for inducing ouabain-
provoked signal transduction comprising a complex of the Na+/K+-ATPase/Src or Src
family kinase.
[00019] In another aspect, provided herein is a target comprising interacting sites
between the Na+/K+-ATPase and Src or Src family kinases.
[00020] In another aspect, provided herein is a pharmaceutical composition for
regulation of various signaling pathways involved in control of cell growth, mobility,
production of reactive oxygen species (ROS), por-collagen synthesis, and muscle
contraction, the éomposition comprising one or more Src and Src family kinases,
inhibitors or activators. In certain embodiments, the composition comprises one or more
peptides or peptide fragments that inhibit or stimulate the signaling function of Na+/K+-
ATPase and do not inhibit the ion pumping function of Na+/K+-ATPase. Also, in certain
embodiments, the inhibitors do not directly compete with ATP.
[00021] In another aspect, provided herein is an Src inhibitor or activator
comprising Na+/K+-ATPase or Src sequence which interfers with the interaction between
Src and Na+/K+-ATPase, acts via a different mechanism from ATP analogues, and is
pathway (Na+/K+-ATPase) specific.
[00022] In another aspect, provided herein is a therapeutic composition comprising
at least one peptide Src inhibitor or activator as described herein.
[00023] In another aspect, provided herein is a method for developing small
molecules that mimic the peptide inhibitor or activator , acts via a different mechanism
from ATP analogues, and is pathway (Na+/K+-ATPase) specific.

[00024] In another aspect, provided herein is a signal transducer comprising
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Na+/K+-ATPase which mediates one or more signaling pathways that are related to cancer
cell growth, cardiac fibrosis , ischemia/reperfusion injury, muscle contraction, or uremic
cardiomyopathy.

[00025] In another aspect, provided herein is a composition comprising a functional
domain found in either Src or the Na+/K+-ATPase alpha 1 subunit, wherein Na+/K+-
ATPase-mediated inhibition of Src is due to the interaction between the N domain of the
alpha subunit or the alpha subunits of other P-type ATPases and the Src kinase domain.
[00026] In another aspect, provided herein is a composition comprising the ND1
peptide, or fragments thereof.

[00027] In another aspect, provided herein is a peptide derived from ND1 which is
sufficient to bind and inhibit Src activity as well as other Src family kinases, including, but
not limited to, Lyn.

[00028] In another aspect, provided herein is a peptide derived from a Src kinase
domain (KD1) or similar domains from other Src family kinases capable of binding with
Na+/K+-ATPase and effective in activating the Na+/K+-ATPase-inhibited Src by
competing the binding motif for Src.

[00029] In another aspect, provided herein is a peptide useful to activate or inhibit
Na+/K+-ATPase pathway-specific Src or Src family kinases.

[00030] In another aspect, provided herein are Src inhibitors and/or activators
comprising a peptide or fragment thereof that targets a region that i) specifically interact
with Na+/K+-ATPase or Src, other than competing for ATP binding, and ii) provides a
pathway-specific modulation of Src activity.

[00031] In another aspect, provided herein are isoform-specific Src inhibitors and/or
activators for individual Src family kinases comprising a kinase having a ‘sequence, or
fragment thereof, developed using one or more alpha subunits of Na+/K+-ATPase that
also bind the kinase domain.

[00032] In another aspect, provided herein is a small molecule comprising the
isoform-specific Src inhibitors and/or activators as described herein.

[00033] In another aspect, provided herein is a rapid screen assay for large scale and
high out-put screen comprising the interaction between Na+/K+-ATPase and at least one
Src or Src family kinase.

[00034] In another aspect, provided herein is a method of treating a protein kinase-
associated disease state, the method comprising administering a therapeutically effective

amount of at least one composition as described herein to a subject in need thereof.
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[00035] In another aspect, provided herein is a method wherein the disease state
involves a non-receptor tyrosine kinase or a receptor tyrosine kinase employing Src or Src
family kinase as an effector. -

[00036] In another aspect, provided herein is a method wherein the disease state
involves a cellular tyrosine kinase comprising Src.

[00037] In another aspect, provided herein is a method wherein the disease state
comprises a cancer or a renal or a cardiovascular-related disease.

[00038] In another aspect, provided herein is a composition of matter comprising: a)
a peptide having a length from five to fifty amino acids, the peptide comprising a motif
selected from the group comprising any of the peptide sequences described herein and b) a
first detectable moiety, wherein the first detectable moiety is associated with the peptide.
[00039] In another aspect, provided herein is a composition comprising or
developed based on the sequence as shown in Fig. 19B [ SEQ ID NO 1].

[00040] In another aspect, provided herein is a composition comprising or
developed based on the sequence as shown in Fig. 20B [ SEQ ID NO 34].

[00041] In another aspect, provided herein is a composition comprising or
developed based on the peptide sequence as shown in Fig. 24A [ SEQ ID NO 2].

[00042] In another aspect, provided herein is a composition comprising or
developed based on the structure information of the interaction between the Na+/K+-
ATPase and Src or Src family kinases.

[00043] In another aspect, provided herein is a small molecule Src inhibitor or
activator developed to target or based on the interaction between the Na+/K+-ATPase and
Src or Src family kinases.

[00044] In another aspect, provided herein is a Src inhibitor or activator developed
based on the interaction between H+/K+-ATPase or other P-ATPases and Src or Src
family kinases.

[00045] In another aspect, provided herein is a method of developing either agonists
or antagonists of the identified Na+/K+-ATPase/Src receptor complex. '

[00046] In another aspect, provided herein is a composition comprising an agonist
or antagonist developed based on the Na+/K+-ATPase/Src complex.

[00047] In another aspect, provided herein is a therapeutic composition comprising
at least one agonist or antagonist as described herein.

[00048] In another aspect, provided herein is a method for manipulating cellular

Na+/K+-ATPase in cultured cells comprising transfecting cells with the A4 siRNA
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expression vector, whereby the expression of Na/K-ATPase in the cloned cells is reduced.
[00049] In another aspect, provided herein is a method for at least partially silencing
the expression of endogenous a1 in cultured cells comprising transfecting cells with the
A4 siRNA expression vector, whereby the expression of a1 in the cloned cells is reduced.
[00050] In another aspect, prdvided herein is a method for depleting endogenous
Na+/K+-ATPase without requiring the use of ouabain to force the expression of the
transfected Na+/K+-ATPase, comprising using A4 siRNA to silence the al expression in

cells derived from a desired species including human and pig.

[00051] In another aspect, provided herein is a An expression vector comprising
GST-NT (amino acid residue 6-90) [SEQ ID NO 51].
[00052] In another aspect, provided herein is an expression vector comprising GST-

CD2 (amino acid residue 152-288) [SEQ ID NO 32]. .

[00053] In another aspect, provided herein is an expression vector comprising GST-
CD3 (amino acid residue 350-785) [SEQ ID NO 53].

[00054] In another aspect, provided herein is a construct comprising GST-H+ /K+-

CD3. [SEQ ID NO 54].

[00055] In another aspect, provided herein is a construct comprising GST-SERCA-
CD3. [SEQ ID NO 55].

[00056] In another aspect, provided herein is a siRNA-based assay configured to

determine the effect of changes in the amount and properties of the Na+/K+-ATPase on
both basal and ouabain-stimulated Src activity.

[00057] In another aspect, provided herein is a1-depleted cells useful for
determining signaling functions of an exogenous/mutant a1 made by transfecting the
knockdown cells with a a1 expression vector in which A4 siRNA-targeted sequence was
silently mutated wherein the exogenous a1 is knocked in and expression of al is restored,
not only the total cellular Na+/K+-ATPase protein but also the Na+/K+-ATPase activity.
[00058] Various objects and advantages of this invention will become apparent to
those skilled in the art from the following detailed description of the preferred

embodiment, when read in light of the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[00059] Figﬁres 1A and B. Interaction between Na+/K+-ATPase and Src in LLC-
PK1 cells.
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[00060] Figure 1A. Colocalization of the Na+/K+-ATPase (red) and Src (green) in
LLC-PK1 cells at a resolution of 1024 X 1024 pixels. Left and center images showed the
membrane localization of the Na+/ K+-ATPase aland Src, respectively, and the merged

image (right) showed the colocalization of these two proteins. Scale bar, 20 pm.

[00061] Figure 1B. Fluorescence resonance energy transfer (FRET) analysis of the
interaction between EYFP-rat al (yellow) and Src-ECFP (cyan) in LLC-PK1 cells. The
boxed area (ROI 1) was photobleached and analyzed for FRET. The inventors also
measured FRET at the circled area (ROI 2) that was not photobleached. The same studies

were performed in 16 cells from 6 independent experiments. Scale bar, 8 um.

[00062] Figures 2A-D. Binding of the purified pig kidney Na+/K+-ATPase (PKE)
to GST-Src. Purified Na+/K+-ATPase was solubilized in 1% Triton X-100. After
centrifugation at 100,000 X g, indicated amounts of the cleared supernatants were
incubated with 5 pg GST-Src in the presence of 0.5% Triton X-100 for 30 min and

followed by four washes with the same buffer:

[00063] Figures 2A and 2B. The Coomassie blue-stained GST-Src and purified
Na+/K+-ATPase (PKE).

[00064] Figure 2C. A representative Western blot from three independent
experiments showing the pulldown products probed with anti-Na+/K+-ATPase al
antibody.

[00065] Figure 2D. The same pulldown assay as in C was performed, and 650 ng

(one-third of the total input) of the purified Na+/K+-ATPase (PKE) was directly loaded as

an input control.

[00066] Figures 3A-C. Identification of the Src domains involved in the interaction

with the Na+/K+-ATPase:
[00067] Figure 3A. Schematic presentation of structures of Src.

[00068] Figure 3B. Coomassie blue staining of GST-Src? GST-SH2, GST-SH3,
GST-SH3SH2, and GST-kinase.

[00069] Figure 3C. Binding of GST-Src, GST-SH3SH2, GST-kinase, GST-SH2,
but not GST-SH3, domains to the Na+/K+-ATPase. An aliquot (2 pg) of the purified

Na+/K+-ATPase was used for each binding assay. The same experiments were repeated
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three times.

[00070] Figures 4A-D. Identification of the Na+/K+-ATPase domains involved in

the interaction with Src:

[00071] Figure 4A. Schematic presentation of al subunit of Na+/K+-ATPase. NT,
N-terminus; CD2, cytosolic domain 2; CD3, cytosolic domain 3; PD, phosphorylation

domain; ND, nucleotide-binding domain; CT, C-terminus.

[00072] Figure 4B. A representative Western blot of four independent experiments
shows the binding of purified Src (lacking of first 84 amino acids) to the CD3, but not the
NT of the a1 subunit when 200 ng of Src was used.

[00073] Figure 4C. A Western blot showing that Src was pulled down by GST-
CD3 of Na+/K+-ATPase (Na/K) and H+/K+-ATPase (H/K), but not SERCA from 1 mg
LLC-PK1 cell lysates.

[00074] Figure 4D. A Western blot showing the domain interaction between the
Na+/K+-ATPase and Src. Different GST-fused Na+/K+-ATPase domain constructs were
incubated with either His-tagged SH3SH2 domain or kinase domain of Src, and the

pulldown products were analyzed by Western blot.
[00075] Figures SA-B. Regulation of Src by the Na+/K+-ATPase and GST-CD3:

[00076] Figure 5A. Indicated amount of purified Na+/K+-ATPase (PKE) were in-
cubated with recombinant Src (4.5 U) for 30 min in PBS, then 2 mM ATP/Mg2+ was
added and incubated for another 5 min. After the samples were resolved on SDS-PAGE,
the membranes were probed with antibodies as indicated. * p < 0.05; ** p <0.01

compared with control.

[00077] Figure 5B. GST (100 ng) or different amount of GST-CD3 was incubated
with recombinant Src (4.5 U) for 30 min in PBS. The phosphorylation of Src was
analyzed as in A. Values are mean + SE of at least four independent experiments. * p <

0.05 compared with control.

[00078] Figures 6A-C. Stimulation of the Na+/K+-ATPase/Src complex by
ouabain:
[00079] Figure 6A. The preformed Na+/K+-ATPase/Src complex was treated with

different concentrations of ouabain in the presence of 2 mM ATP/Mg2+ for 5 min, and the
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phosphorylated Src was analyzed using site-specific antibodies as indicated. Values are

mean =+ SE of at least four independent experiments. ** p <0.01 compared with control.

[00080] Figure 6B. Src or Src/Na+/ K+-ATPase complex was treated with 10 pM

ouabain, and the Src activity was measured. ** p <0.01 compared with control.

[00081] Figure 6C. A representative Western blot of four experiments showing the
effects of ouabain and vanadate on the Na+/K+-ATPase/Src complex. A similar
experiment as in A was repeated to assess the effects of either vanadate (Van) or vanadate

plus ouabain (Oua) on Src phosphorylation.

[00082] Figures 7A-D. Activation of Src by freeing the kinase domain from the
Na+/K+-ATPase:

[00083] Figure 7A. A control experiment showing that Src could be cosedimented
with Na+/K+-ATPase. Src (4.5 U) incubated with or without 5 pg Na+/K+-ATPase in 0.5
ml PBS was centrifuged at 100,000 X g for 30 min. The pellets were resuspended in PBS
and subjected to phosphorylation assay as described in Materials and Methods. As an
input control, 4.5 U of Src were directly suspended in PBS and assayed for pY418
phosphorylation. ** p< 0.01.

[00084] Figure 7B. Src (4.5 U) was preincubated with 5 pg of the purified Na+/K+-
ATPase in PBS and then exposed to 10 pM ouabain for 15 min. Both control and

. ouabain-treated Na+/K+-ATPase/Src complexes were then collected by centrifugation,
resuspended in PBS, and subjected to phosphorylation assay as in A. Two representative
Western blots are shown in A and B, and the values are mean + SE of at least three

independent experiments. ** p<0.01.

[00085] Figure 7C. A representative Western blot of four separate experiments
showing that ouabain induced the release of the kinase domain from the Na+/K+-ATPase.
GST-Src, GST-SH3SH2, or GST-kinase was incubated with 1 ug purified Na+/K+-
ATPase for 30 min at room temperature in 500 ul PBS. Complexes were then pulled
down on glutathione beads, washed three times, resuspended in 500 pl PBS, and exposed
to 10 uM ouabain for 15 min. The beads were then washed for three more times using
PBS, and the pulled down Na+/K+-ATPase was analyzed by Western blot using anti- al
antibody

[00086] Figure 7D. A representative Western blot of three independent experiments

10
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showing the activation of Src by GST-kinase domain fusion protein. GST, GST-SH3SH2,
or GST-kinase (5 pg each) was preincubated with 2 pg of the purified Na+/K+-ATPase
for 15 min at room temperature. Recombinant Src (4.5 U) was then added to the mixture
for additional 30 min. Phosphorylation reaction was started by addition of 2 mM ATP/
Mg2+ and Src pY418 was measured as in A.

[00087] Figures 8A-C. Ouabain dissociates Src kinase domain from the Na+/ K+-

ATPase in live cells:

[00088] Figure 8A. A representative trace of ouabain-induced changes in FRET
signal in an LLC-PK1 cell.

[00089] Figure 8B. 293T cells were cotransfected with Src-Rluc and GFP- al.
293T cells transfected with Rluc-GFP fusion protein were used as a positive control, and
cells that cotransfected with Rluc and GFP- Na+/K+-ATPase were used as a negative

control.

[00090] Figure 8C. Ouabain treatment reduced BRET signal between GFP-
Na+/K+-ATPase and Src-Rluc in a dose-dependent manner. Values are mean + SE of at

least four experiments. * p <0.05; ** p <0.01.

[00091] Figures 9A-D. Ouabain-activated Na+/K+-ATPase/Src phosphorylates and

recruits downstream effectors;

[00092] Figure 9A. LLC-PKI1 cells were treated with 1 uM ouabain for 5 min, and
cell lysates were immunoprecipitated with anti- a1 antibody and analyzed for tyrosine

phosphorylated proteins.

[00093] Figure 9B. Both SYF and SYF + Src cells were treated with 100 pM
ouabain for 5 min and analyzed as in A. Representative Western blots of three

experiments are shown in both A and B.

[00094] Figure 9C. Inhibition of Src blocks ouabain-induced recruitment of Src to
the Na+/K+-ATPase signaling complex. LLC-PK1 cells were pretreated with 1 uM PP2 or
PP3 for 15 min and then exposed to 1 uM ouabain for 5 min. Cell lysates were
immunoprecipitated and analyzed. Values are mean + SE of at least four independent

experiments. * p<0.05.

[00095] Figure 9D. Caveolae were isolated and treated with 100 nM ouabain for 5
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min in the presence or absence of 2 mM ATP as previously described (Wang et al., 2004).
Afterward, caveolae were lysed in RIPA buffer, and the lysates were cleared by
centrifugation and immunoprecipitated with anti-caveolin-1 antibody.
Immunoprecipitates were probed for the al, Src, and caveolin-1 by Western blot. A

representative Western blot of three independent experiments is shown.

[00096] Figure 10. Schematic presentation shows the identified interactions
between the Na+/K+-ATPase and Src (A) and how ouabain regulates the Na+/K+-

ATPase/Src receptor complex (B).
[00097] Figures 11A-B. Silencing of the éndogenous Na+/K+-ATPase by siRNA:

[00098] Figure 11A. Total cell lysates (30 pg/lane) from different cell lines were
separated by SDS-PAGE and analyzed by Western blot for the expression of the al
subunit of the Na+/K+-ATPase. A representative Western blot is shown (see quantitative

data in Table 2).

[00099] Figure 11B. P-11 and PY-17 cells were mixed, co-cultured for 24 h,
and then immunostained with anti- al antibody (clone C464.6) as described under

“Experimental Procedures.” The scale bar represents 50 pm.
[000100] Figures 12A-B. Expression of the Na+/K+-ATPase in AAC-19 cells.

[000101] Figure 12 A. Clone AAC-19 was generated by transfecting PY-17 cells
with a rat ol-expressing vector as described under “Experimental Procedures.” Cell lysates
(15 pg from P-11 and AAC-19 and 60 pg from PY-17) were separated by SDS-PAGE
and analyzed by Western blot. The blot was first probed with antibody a6F that
recognizes both pig and rat al subunits, then striped, and reprobed with the anti-

NASE that specifically reacts with rat al.

[000102] Figure 12 B. P-11 and AAC-19 cells were mixed, co-cultured for 24 h,
and immunostained with anti- a1 antibody (clone C464.6) as described under

“Experimental Procedures.” The scale bar represents 50 pm.

[000103] Figure 13. Concentration-dependent effects of ouabain (oua) on the
Na+/K+-ATPase activity. Whole cell lysates from P-11 and AAC-19 cells were prepared
and assayed for the Na+/K+-ATPase activity as described under “Experimental
Procedures.” Data are shown as percentage of control, and each point is presented as

mean + S.E. of four independent experiments. Curve fit analysis was performed by
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GraphPad software.
[000104] Figures 14A-C. Regulation of Src activity by Na+/K+-ATPase:

[000105] Figures 14A and 14B - cell lysates (30 pg/lane) from different cell lines
were separated by SDS-PAGE and analyzed by either anti-c-Src (B-12) or anti-Tyr(P)"-
Src antibody. The quantitative data are mean + S.E. from four separate experiments. *,

p <0.05 versus P-11.

[000106] Figure 14C. Cultured P-11 and TCN23-19 cells were serum-starved for
12 h and immunostained by anti-Tyr(P)""*-Src antibody. The images were collected as

described under “Experimental Procedures.” The scale bar represents 50 pm.

[000107] Figures 15A-D. Regulation of Src activity by the pumping-null Na+/K-+-
ATPase: '
[000108] Figures 15A and 15B. Cell lysates (30 pg/lane) from different cell lines

were separated by SDS-PAGE and analyzed by either anti-c-Src (B-12) or anti-Tyr(P)“s-

Src antibody. The quantitative data are mean + S.E. from four separate experiments. *, p

< 0.05 versus P-11.

[000109] Figure 15C. PY-17 cells were transiently transfected with either an empty
vector (mock), silently mutated wild-type rat al (AAC), or the D371E mutant. After 36 h,
the transfected cells were lysed and analyzed by Western blot using specific antibodies as
indicated. A representative Western blot is shown, and the same experiments were

repeated four times.

[000110] Figure 15D. TCN23-19 cells were transiently transfected with a vector
expressing EYFP-fused a1 D371E mutant (pEYFP-D371E). After 24 h, cells were serum-
starved for 12 h and then immunostained with anti-Tyr(P)*'®-Src antibody. Images from a
representative experiment show that expression of mutant pEYFP-D371E reduced the

418

intensity of red (Tyr(P)" °-Src) fluorescence (comparing the green and nearby non-green

cells). The quantitative data of Tyr(P)*'®

-Src were collected from 40 different microscope
~ vision fields in four independent experiments and expressed as mean + S.E. **, p <0.01.

The scale bar represents 22 um; W/O, without.

[000111] Figures 16A-B. Interaction between Src and the pumping-null Na+/K+-
ATPase:

13



WO 2008/054792 PCT/US2007/023011

[000112] Figures 16A and 16B. TCN23-19 cells were co-transfected with Src-ECFP
and EYFP-rat a1 mutant (D371E) expression vectors. Afier 24 h, FRET analysis was
performed as described under “Experimental Procedures.” Boxed ROl 1 (green) was
photobleached, and the ROI 3 (yellow) membrane area was analyzed for FRET. The
boxed ROI 2 (purple) was selected and served as a non-bleaching control. The

experiments were repeated three times, and a total of 20 cells were analyzed.

[000113] Figure 16C. TCN23-19 cells were transiently transfected as in 4 with
either silently mutated wild-type rat al (44C) or rat a1 pumping-null mutant (D371E)
expression vectors. After 36 h, cell lysates were prepared and subjected to
immunoprecipitation using monoclonal anti-Src (clone GD11) antibody.
Immunoprecipitates were then analyzed by Western blot using either anti-NASE antibody
(for rat a1) or anti-c-Src (SRC2) antibody. The same experiments were repeated three

times, and a representative Western blot is shown. /P, immunoprecipitate.

[000114] Figures 17A-E. Regulation of FAK phosphorylation by Src-interacting
Na+/K+-ATPase:

[000115] Figure 17A. Cultured P-11 and PY-17 cells were serum-starved for 12
h. Cell lysates were then immunoprecipitated using anti-phosphotyrosine antibody
(4G10), and Immunoprecipitates were analyzed by anti-FAK antibody. The

combined quantitative data were from three independent experiments.

[000116] Figure 17B. Cell lysates from different cell lines were separated by
SDS-PAGE and analyzed by anti-Tyr(P)925 -FAK and anti-Tyr(P)m-Src antibodies. The
same membrane was striped and reprobed with anti-c-Src (B-12) antibody. A

representative blot of three independent experiments is shown.

[000117] Figure 17C. Cell lysates were analyzed by anti-pERK1/2 or anti-ERK1/2
antibody. The quantitative data (mean = S.E.) were calculated from four separate

experiments as relative ratio of pERK/ERK.

[000118] Figure 17D. P-11 and PY-17 cells were treated with 1 uM PP2 for 0.5
and 2 h. FAK and Src activation was measured by using the specific antibodies. A

representative Western blot is shown, and the same experiments were repeated three times.

[000119] Figure 17E. PY-17 cells were transiently transfected with either an empty
vector (mock) or the D371E mutant. After 36 h, the transfected cells were lysed and
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analyzed by Western blot using specific antibodies as indicated. A representative
Western blot is shown, and the same experiments were repeated three times. IP,

immunoprecipitate; /B, immunoblot. *, p <0.05 versus P-11.
[000120] Figures 18A-D. Effects of ouabain on Src and ERK1/2:

[000121] Figures 18A and 18B. Cells were exposed to 100 nM ouabain for either 5 or
15 min, and the cell lysates (50 pg/lane) were analyzed by Westem blot for active Src or active
ERK1/2. Blots were probed first with anti-Tyr(P)*"®-Src or anti-pERK antibody, then stripped,
and reprobed for total Src or ERK1/2 to ensure equal loading.

[000122] Figures 18 C and 18D. Cells were treated with indicated concentrations of
ouabain for 5 min, and tdtal cell lysates were analyzed for Tyr(P)**-Src and total Src or
pERK1/2 and total ERK1/2 as in Figs. 18A and 18B. A representative Western blot and
combined quantitative data are shown. The quantitative data (relative ratio of pSrc/Src or
pERK/ERK) from three independent experiments (mean + S.E.) were calculated relative to the
control condition of P-11 cells. *, p < 0.05 versus the respective control condition of each cell

line. con, control.

[000123] Figure 19. Further mapping of specific domains in Na+/K+-ATPase that

interact and inhibit Src:
[000124] Figure 19A. Scheme of Na+/K+-ATPase al and CD3 domain.

[000125] Figure 19B. Amino acid sequence of ND1 [SEQ ID NO 1]
[LTONRMTVAHMWSDNQIHEADTTENQSGVSFDKTSATWLALSRIAGLCNRA
VFQANQ)].

[000126] Figure 19C. In vitro binding assay using GST-tagged a1 truncations and
His-Srec.
[000127] Figure 19D. Sequences showing that ND1 peptide is conserved in different

species and different isoforms of Na/K-ATPase (A part of sequence is shown and full ‘
length sequences can be obtained from Swiss Prot database according to the provided

access No [SEQ ID NOS: 2 - 33].

[000128] Figures 20A-C. Further mapping of specific domains in Src that interact
with Na+/K+-ATPase:

[000129] Figure 20A. Schematic structure of Src and its kinase domain.
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[000130] Figure 20B. Amino acid sequence of KD1 [SEQ ID: 34]
[LRLEVKLGQGCFGEVWMGTWNGTTRVAIKTLKPGTMSPEAFLQEAQVMK
KLRHE].

[000131] Figure 20C. In vitro binding assay using GST-tagged Src truncations and
purified Na+/K+-ATPase.

[000132] Figure 21. Activity assay confirms that ND1 and KD1 are involved in
Na+/K+-ATPase mediated regulation of Src.

[000133] Figures 22A-B. NDI1 is effective in blocking Src activity in live cells:

| [000134] Figure 22A. LLC-PK1 cells were transient-transfected with YFP-tagged
ND1, ND, and CD3 for 24 h.

[000135] Figure 22B. The quantitation data from three experiments. * p<0.05.

[000136] Figure 23. YFP-ND1 inhibits human prostate cancer cell (DU145) growth.

[000137] Figure 24. Mapping of a 20 amino acid peptide (P-3) from NDI that
inhibits Src.

[000138] Figure 24A. Peptide sequence of P-3 [SEQ ID 2]

[SATWLALSRIAGLCNRAVFQ)].

[000139] Figure 24B. The results when purified Src was incubated with P-3 peptide
at 37 °C for 20 min and 2 mM ATP was added for additional 5 min.

[000140] Figure 25. Table 1 - targets and oligo sequences of human Na+/K+-
ATPase-al subunit-specific siRNAs where the target sequences are marked by bold

letters. [SEQ ID NOS. 35-46). (See Fig. 25 - Table 4).

[000141] Figure 26. Table 2 - the relative al subunit protein content and the

composition of DNA constructs used in difference cell lines.
[000142] Figure 27. Table 3 —Na+/K+-ATPase activity in different cell lines.

[000143] Figure 28. Sequences of peptides penetratin (TAT) and helix of
antennapedia (AP). [SEQ ID NOS 47, 48].

[000144] Figure 29. TAT-P3 and AP-P3 inhibit Src and block DU145 cell growth.

[000145] Figure 29A shows the sequences of TAT or AP-tagged Src peptide
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inhibitors (TAT-P3 or AP-P3). [SEQ ID NOS 49, 50].

[000146] Figure 29B shows that the new peptides inhibit Src in vitro.

[000147] Figure 29C shows that a FITC-conjugated TAT-P3 is targeted to the cell
membrane.

[000148] Figure 29D shows that addition of TAT-P3 or AP-P3 to DU145 cells
inhibited cell growth.

[000149] Figures 30A-B shows a table with the SEQ ID NOS 1 - 55.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[000150] Src and Src family kinases are non-receptor tyrosine kinases that play an
important role in regulation of various signaling pathways involved in control of cell -
growth, mobility, and muscle contraction. Moreover, our recent studies have shown that
activation of Na/K-ATPase-associated Src by cardiotonic steroids protects the heart from
ischemia/reperfusion injury. It also inhibits cancer cell growth and stimulates collagen
synthesis in fibroblasts. Because Src family kinases are highly active in many types of
cancer, pharmaceutical companies are interested in developing specific Src and Src-family
kinase inhibitors. Most of the developed inhibitors are ATP analogs that directly compete
with ATP.

[000151] In one aspect, the present invention relates to peptide Src inhibitors that
include Na+/K+-ATPase which binds and inhibits Src. The peptide inhibitors not only act
via a different mechanism from the ATP analogues, but afso are pathway (Na+/K+-
ATPase) specific. Thus, these peptides are useful for the development of effective
therapeutics for cancer and other diseases in which Src or Na+/K+-ATPase/Src activity 1s
abnormal. In addition, this invention relates to peptide Src activators that include a Src
fragment which binds and prevents the Na+/K+-ATPase from inhibiting Src. Like
cardiotonic steroids, these peptide activators can activate the Na+/K+-ATPase-associated
Src. In contrast to cardiotonic steroids; they do not inhibit the pumping function of
Na+/K+-ATPase. Thus, these activators are useful for the development of effective
therapeutics for congestive heart failure, ischemia/reperfusion injury (e.g. myocardial

infarction) and other diseases in which Src or Na+/K+-ATPase/Src activity is abnormal.

[000152] Cardiotonic steroids such as ouabain activates Src, resulting in protein

tyrosine phosphorylation in many different types of cells. The inventors have now
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discovered that Src and the Na+/K+-ATPase interact via multiple domains to form a
functional receptor complex. This interaction effectively keeps Src in an inactive state,

indicating that the Na+/K+-ATPase is an effective Src inhibitor.

[000153] Since Na+/K+-ATPase , as a newly discovered signal transducer, mediates
several signaling pathways that relate with cancer cell growth, cardiac fibrosis,
ischemia/reperfusion injury and uremic cardiomyopathy, the inventors herein have now
discovered that interfering of such interaction between Na+/K+-ATPase and Src provides

useful treatment information for these diseases.

[000154] Detailed mapping of the functional domains in both Src and the Na+/K+-
ATPase alpha 1 subunit reveals that the Na+/K+-ATPase-mediated inhibition of Src is due
to the interaction between the N domain, Specifically the ND1 peptide, of the alpha
subunit and the Src kinase domain, specifically the KD1 peptide. |

[000155] Further analysis reveals that a 20 amino acid peptide (P-3) derived from
ND1 is suffient to bind and inhibit Src activity as well as other Src family kinases such as
Lyn. Moreover, when a cell-penetrating peptide (e.g. TAT or AP) is attached to the Src-
inhibitory peptide, this new peptide is fully capable of entering cells and inhibiting cellular
Src activity. When tested in prostate cancer DU145 cells, these tagged peptide inhibitors
are effective in blocking DU145 cell proliferation. The inventors also found that the KD1
derived from the Src kinase domain could bind with Na+/K+-ATPase and was effective in

activating the Na+/K-+-ATPase-inhibited Src by competing the binding motif for Src.

[000156] Thus, the 'inventors have developed peptides that are useful to either
activate or inhibit Na+/K+-ATPase pathway-specific Src or Src family kinases.
Moreover, the inventors have identified an interacting site (i.e. between the ND1 of a
subunits and KD1 of Src) that can be used as a target for developing other peptide and
small molecule inhibitors or activators that are more potent, tissue specific or have better

pharmacodynamic or pharmacokinetic properties.

[000157] In another aspect, the peptides represent new classes of Src inhibitors
and/or activators. Because these peptides target the region that specifically interact with
Na+/K+-ATPase other than generically competing for ATP binding, they are more
specific and have less cross-reactivity with receptor tyrosine kinases. In addition, these
peptides provide a pathway-specific modulation of Src activity, thus more narrowly

(specifically) targeted. Furthermore, structure-functional studies will produce a more
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potent and specific inhibitor/activator for individual Src family kinases since each has
different KD1 sequence. Since other alpha subunits of Na+/K+-ATPase also bind the
kinase domain, it is possible to develop isoform-specific Src inhibitors. Finally, using the
structural information, it is now possible to develop small molecules that have better

pharmacokinetical and pharmacodynamical properties.

[000158] Sequence-based analysis of the Src inhibitor peptides or crystallization of
the identified interacting domains may reveal the exact interface between Src and the
Na+/K+-ATPase, which shall allow the development of new peptides or small molecules
to either inhibit or activate Src. Using the identified interaction (the Na+/K+-ATPase/Src
interaction or the a subunit N domain/Src kinase domain interaction), a rapid screen assay
can be developed for large scale and high out-put screen of additional peptides and small
molecules. Genetic methods or chemicals or hormones could be used to either up or down
regulate cellular Na+/K+-ATPases, thus inhibiting or activating cellular Src or Src family

kinases.

[000159] In another aspect, the discovered Na+/K+-ATPase/Src receptor complex

serves as a target for developing new agonists and antagonists of this receptor.

[000160] EXAMPLE 1

[000161] Binding of Src to Na+/K+-ATPase Forms a Functional Signaling Complex

[000162] The Na+/K+-ATPase interacts with Src to form a functional signaling
complex. |

[000163] Materials And Methods

[000164] PP2, a Src kinase inhibitor, was obtained from Calbiochem (San Diego,

CA). [y-32P]ATP was obtained from New England Nuclear (Boston, MA). The
antibodies used and their sources were as follows: The monoclonal anti-phosphotyrosine
antibody (PY99), the monoclonal anti-Src antibody (B12), the goat anti-rabbit and the goat
anti-mouse secondary antibodies were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). The polyclonal anti-Src pY418 antibody and anti-Src pY529 were from
Biosource International (Camarillo, CA). The monoclonal anti-His antibody was .from
Invitrogen (Carlsbad, CA). Purified recombinant Src and the assay kit for Src kinase
activity, anti-phosphotyrosine antibody, and protein G Agarose were obtained from
Upstate Biotechnology (Lake Placid, NY). Plasmids pGFP2-C, pRluc-N, and DeepBlueC
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were purchased from Biosignal Packard (Montreal, Canada). Plasmids pEYFP-C1 and
pECFP-N1 were purchased from Clontech (Palo Alto, CA), and pGEX-4T-1 and pTrc-His
were from Invitrogen. All secondary antibodies were conjugated to horseradish
peroxidase; therefore, the immunoreactive bands were developed using
chemiluminescence (Pierce, Rockford, IL). Glutathione beads were from Amersham
Bioscience (Uppsala, Sweden). The Optitran nitrocellulose membranes were obtained

from Schieicher & Schuell (Keene, NH).

[000165] Plasmid Constructs

[000166] The preparation of chicken c-Src lacking the SH4 domain and GST-Src
mutants were done (Ma et al., 2000). GST-NT (amino acid residue 6-90) [SEQ ID NO
51], GST-CD2 (amino acid residue 152-288) [SEQ ID NO 52], and GST-CD3 (amino
acid residue 350-785) [SEQ ID NO 53] expression vectors were constructed based on the
sequence of pig kidney Na+/K+-ATPase al subunit (see Figure 3A).

[000167] GST-H+ /K+-CD3 [SEQ ID NO 54] and GST-SERCA-CD3 [SEQ ID NO
55] were constructed based on the rat H+/K+-ATPase cDNA and rat cardiac SERCA 2a
cDNA, respectively. His-tagged Src constructs were generated by excising the
corresponding Src ¢cDNA from the GST-Src vectors and then inserting them into pTrc-His
A vector. Src-ECFP and Src-Rluc for fluorescence resonance energy transfer (FRET) and
bioluminescence resonance energy transfer (BRET) assays were constructed by cloning
the full-length c-Src in frame into pECFP-N1 or pRluc vector. The rat Na+/K+-ATPase
al cDNA was excised from the expression vector provided by Dr. Pressley (Texas Tech
University) and inserted in frame into pEYFP-C1, and the canine Na+/K+-ATPase al
c¢DNA was cloned into pGFP2 vectors. All constructs were verified by DNA sequencing.

[000168] Cell Preparation, Culture, and Transient Transfection

[000169] Pig kidney proximal LLC-PK1, human embryo kidney 293T cells, and
mouse fibroblast SYF and SYF + Src cells were obtained from American Type Culture
Collection (Manassas, VA) and cultured in DMEM medium containing 10% fetal bovine
serum (FBS) and penicillin (100 U/ml)/streptomycin (100 gg/ml). LLC-PK1 cells and
293T cells were serum-starved for 24 h, whereas SYF and SYF + Src cells were cultured
in the medium containing 0.5% FBS for 24 h and used for the experiments. Cells were
transfected with various plasmids using Lipofectamine 2000 (Wang et al., 2004).

Experiments were performed 24 h after transfection unless indicated otherwise.
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[000170] Preparation of Src, Na+/K+-ATPase, GST-fused Proteins, and His-tagged
Proteins
[000171] Src, without the first 85 amino acid residues, was purified from sf-9 cells as

described (Ma et al., 2000) and used in the initial binding assays to ensure that Src binds to
the Na+/K+-ATPase, but not the lipid composition in the purified Na+/K+-ATPase
preparation. In subsequent experiments (e.g., phosphorylation and activity assays),
purified recombinant full-length Src from Upstate Biotechnology was used. Na+/K+-
ATPase was purified from pig kidney outer medulla using the Jorgensen method (Xie et
al., 1996) and the preparations with specific activities between 1200 and 1400 umol

Pi/mg/h were used.

[000172] Under our experimental conditions either 100 pM vanadate or 10 uM
ouabain caused a complete inhibition of the ATPase activity of the purified pig kidney
Na+/ K+-ATPase. GST fusion proteins or His-tagged proteins were expressed in

Escherichia coli BL21 and purified on glutathione beads or nickel column.

[000173] Immunoprecipitation and GST Pulldown

[000174] Cells were lysed in RIPA buffer containing 1% Nonidet P40, 0.25%
sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride,
1 mM sodium orthovanadate, 1 mM NaF, 10 pg/ml aprotinin, 10 pg/ml leupeptin, and 50
mM Tris-HCI (pH 7.4). Cell lysates were cleared by centrifugation at 16,000 x g for 15
min, and the supernatants (1 mg) were either immunoprecipitated with anti- al antibody or
incubated with different GST-fusion proteins. The complexes were then pulled down by

either protein G agarose or glutathione beads (Ma et al., 2000; Haas et al., 2002) and

analyzed by Western blot.
[000175] Src Kinase Activity
[000176] The Src kinase activity was assayed using a commercial kit (Haas et al.,

2000). To determine how Na+/K+-ATPase affects Src kinase activity, the purified Src
(4.5 U) was incubated with 5 pg of the purified Na+/K+-ATPase in the Src assay buffer
for 30 min at room temperature. Afterward, both control Src or the Na+/K+-ATPase-
bound Src were exposed to 10 pM ouabain and Src kinase activity was determined. In
other experiments, the Src pY418 was measured by anti-pY418 antibody to indicate Src
activation (Ma et al., 2000). To do so, the purified Src (4.5 U) was incubated with
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different amounts of the purified Na+/K+-ATPase or GST-Na+/K+ATPase constructs in
phosphate-buffered saline (PBS) for 30 min at 37°C. Afterward, 2 mM ATP/Mg2+ was
added. The reaction continued for 5 min at 37°C and was stopped by addition of SDS

sample buffer.

[000177] In Vitro Binding Assay

[000178] The purified Na+/K+-ATPase was solubilized in 1% Triton X-100 PBS and
centrifuged at 100,000 x g for 30 min. The supernatant was collected for the binding
assay. GST-fusion proteins (5 pg) were conjugated on glutathione beads and incubated
with the solubilized Na+/K+-ATPase in 500 pl PBS in the presence of 0.5% Triton X-100
at room temperature for 30 min. The beads were washed with the same buffer for four
times. The bound Na+/K+ATPase was resolved on 10% SDS-PAGE and detected by
Western blot. Reciprocal binding assay using GST-Na+/K+-ATPase constructs (5 pg) and
purified Src lacking of first 85 amino acids (200 ng) or His-tagged Src constructs (100 ng)
was done similarly. To test if native Na+/K+-ATPase binds Src, the above experiments
were repeated in the absence of Triton X-100. To make the Na+/K+-ATPase/Src
complex, 2-5 ug of the purified Na+/K+ATPase was incubated with 4.5 U of Src (~10 ng)
in PBS in the absence of Triton X-100 at room temperature for 30 min. The complex was
either used for the experiments directly as indicated or collected by centrifugation at
100,000 x g for 30 min. Control experiments showed that the Na+/K+ATPase-bound, but
not the free, Src could be copelleted by the centrifugation.

[000179] FRET Analysis by Acceptor Photobleaching

[000180] Using pECFP-N1 and pEYFP-C1 vectors described above, the enhanced
cyan fluorescent protein (ECFP) was fused to the C-terminus of Src, and the enhanced
yellow fluorescent protein (EYFP) was fused to the N-terminus of rat Na+/K+-ATPase al
subunit. Src-ECFP and EYFP-rat al plasmids were then cotransfected into LLC-PK1
cells. Cells transfected with either ECFP/ EYFP or ECFP/EYFP-rat 0.1 were used as a
control. After 24 h, cells growing on the glass coverslip were fixed with ice-cold
methanol for 15 min at -20°C and washed twice with PBS solution. The coverslip was
then used for FRET measurement with a Leica DMIRE2 confocal microscope (Wetzlar,
Germany). The laser lines of 456 nm and 515 nm were used to illuminate fluorescence,
and the emission intensities were recorded at 465—509 nm for Src-ECFP and 530-570 nm

for EYFP-rat al. The cell that expresses both Src-ECFP and EYFPrat al was chosen to
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perform the FRET analysis. A membrane region of interest (ROI 1) was selected and
photobleached by applying 100% intensity of 515-nm laser. The emission intensities of
Src-ECFP and EYFP-rat al before and after the photobleaching process in the selected
ROI 1 region were used to calculate the FRET efficiency. The FRET efficiency was also

calculated at a nonphotobleached region (ROI 2) and used as a control.

[000181] FRET Analysis in Live Cells

[000182] LLC-PK1 cells were cotransfected with Src-ECFP and EYFP-rat al and
grown on a glass coverslip for 24 h. The coverslip was then mounted in a metal chamber
and analyzed with a Leica DMIRE2 confocal microscope. The laser lines of 456 nm and
515 nm were used to illuminate fluorescence, and the emission intensities were recorded at
465-509 nm for Src-ECFP and 530~570 nm for EYFP-rat al. The cell that expresses both
Src-ECFP and EYFP- rat al was chosen and illuminated by only 456-nm laser. The cells
express only Src-ECFP or EYFP-rat al were used for correction and determination of the
laser intensity as well as the gain and offset settings. The emission intensities for both
Src-ECFP and EYFP-rat al in selected membrane region was recorded at 465-509 nm
(Fecrp) and 530-570 nm (Feypp), respectively. The FRET efficiency was reflected by the
ratio of Feypp/Fecrp. After 50 s of recording, the same cell was exposed to ouabain and the

recording was continued for indicated time.

[000183] BRET Analysis

[000184] BRET assay was done as described by Lowry et al. (2002). Briefly, 24 h
after transfection with GFP-Na+/K+-ATPase and Src-Rluc or other constructs as
indicated, cells were seeded in triplicate in a 96-well microplate. After treatment with
indicated concentration of ouabain, cells were eprsed to equal volume of BRET analysis
buffer containing 10 uM DeepBlue C, the substrate of Rluc. The emission at 410 nm (for
Rluc) and 515 nm (for GFP) was immediately acquired using a Fluoroskan Ascent FL
(Labsystems, Franklin, MA) with microplate luminometric detection. The BRET ratio was
calculated as follows: (Emission at 515 nm - Background at 515 nm)/(Emission at 410 nm
- Background at 410 nm), where Background signal was assessed in each experiment by

measuring the signal of a sample of nontransfected cells.

[000185] Colocalization Analysis

[000186] LLC-PK1 cells were cultured for 24 h on glass coverslips, briefly washed
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twice with PBS, and then fixed with ice-cold methanol for 15 min. The cells were washed
again with PBS and blocked using SignalEnhancer (Molecular Probes). Rabbit polyclonal
anti-Src antibody and monoclonal anti-Na+/K+ATPase antibody were mixed in 3% BSA
and incubated with the coverslip overnight at 4°C. After three washes with PBS, Alexa
fluor 546-conjugated anti-mouse antibody and Alexa fluor 488-conjugated anti-rabbit
antibody were added and incubated for 1 h at room temperature. The coverslip was
washed again with PBS for three times. The Na+/K+-ATPase was visualized by
excitation at 546 nm and emission at 566620 nm. Src was visualized by excitation at 488
nm and emission at 505-535 nm. To avoid the crosstalk between the two fluorescence
dyes, the inventors used sequential methods featured by Leica confocal microscope to
measure colocalization of the two proteins, in which, the two laser lines 488 nm and 546
nm were applied to the cells alternatively. Colocalization analysis was. performed with

Leica Confocal Software, version 2.5 build 1347.

[000187] Data Analysis
[000188] Data are given as mean + SE. Statistical analysis was performed using the

Student’s t test, and significance was accepted at p < 0.05.

[000189] Results
[000190] Interaction of the Na+/K+ -ATPase with Src
[000191] Ouabain binding to the Na+/ K+-ATPase activated Src kinase in several

different cell lines. In addition, Src could be coimmunoprecipitated with the Na+/K+-
ATPase al subunit and that ouabain regulated this interaction in a time and dose-

dependent manner (Haas et al., 2002).

[000192] The inventors now believe that the signaling Na+/K+-ATPase may interact
with Src to form a signaling complex. To confirm, LLC-PK1 cells were fixed and double-
stained by a monoclonal anti- al and a polyclonal anti-Src antibody. The Na+/K+ATPase

al and Src colocalized in the plasma membrane in LLC-PK1 cells (Figure 1A).

[000193] Pixel analysis indicated that 25.2 + 1.3% of Na+/K+-ATPase in the plasma
membrane colocalized with Src. Similar colocalization between these two proteins was
also observed in 293T cells that overexpressed Src-ECFP. To test whether the Na+/K+-
ATPase and Src interact in LLC-PK1 cells, the inventors transfected the cells with Src-

~ ECFP and EYFP-rat al. Fluorescence resonance energy transfer (FRET) analysis was
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performed in the transfected cells using acceptor photobleaching protocols. Rat al was
chosen for the initial FRET experiments because the inventors have a rat a1-specific
antibody so that the inventors could confirm the expression of the transfected al using
Western blot in addition to monitoring YFP fluorescence. The data showed an energy

transfer from Src-ECFP to EYFP-rat al.

[000194] As shown in Figure 1B, photobleaching of the EYFP-rat al resulted in an
increase in the Src-ECFP signal. The FRET efficiency measured from a total of 16 cells in
six separate experiments ranged from 8.1 to 18.8 (13.2 £ 1.7). In contrast, no FRET was
detected in cells transfected with a pair of either ECFP/EYFP or ECFP/EYFP-rat al.
These data show that the Na+/K+-ATPase and Src are in close proximity, showing a direct

interaction between these two proteins in LLC-PK1 cells.

[000195] To obtain evidence of direct binding, the inventors first performed in vitro
binding assays using the purified pig kidney Na+/K+ATPase (PKE) and GST-Src. It is
important to note that the purified Na+/K+-ATPase is a membrane-attached preparation in
which the a1 and 01 subunits are associated in a 1:1 molar ratio and accounts for more

than 90% of protein contents in the preparation (Figure 2B and Jorgensen, 1974, 1988).

[000196] As depicted in Figure 2C, the 1% Triton X-100-solubilized Na+/ K+-
ATPase bound to GST-Src in a concentration-dependent manner. A significant amount of
al subunit was detected when 0.5 pg of the Na+/K+-ATPase was used in the binding
assay. To quantitate the binding, experiments as shown in Figure 2D were performed.
The data showed that GST-Src pulled down 12 + 2.4% (n = 3) of the input when 2 pg of
the purified Na+/K+-ATPase was used. These data suggest a possibility of direct binding
between Src and the Na+/K+ATPase. To control that the binding was not induced by
solubilization of the Na+/K+-ATPase, the inventors repeated the above experiments with
the purified Na+/K+-ATPase in the absence of detergent, showing the similar interaction
between the Na+/K+-ATPase and GST-Src. To dissect which domains of Src interact
with the Na+/K+-ATPase (for domain structures see Figure 3A), the inventors expressed
and purified the GST-SH2, GST-SH3, GST-SH3 SH2, and GST-kinase domain fusion
proteins (Ma et al., 2000). Using the same in vitro binding assay, the inventors observed
that the purified Na+/K+ATPase bound to the kinase domain, the SH3SH2, and the SH2
domain, but not the SH3 domain (Figure 3C). Because the GST-SH3SH2 pulled down
more Na+/K+-ATPase than that of the GST-SH2, this construct was used in subsequent
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experiments.

[000197] Although it is unlikely that Src or its domain constructs pulled down the
Na+/K+-ATPase via their binding to an intermediate protein component of the purified
enzyme preparations, to rule out this possibility and to identify which domains of the
Na+/K+-ATPase are involved in its interaction with Src, the inventors prepared GST-
fused proteins containing the N-terminus (GST-NT), the second cytosolic loop (GST-
CD2), and the large central loop connecting the transmembrane helices M4 and M5 (GST-
CD3; Figure 4A) of the a1 subunit of the Na+/K+-ATPase because these domains are

known to interact with various proteins.

[000198] As shown in Figure 4B, Src interacted with GST-CD3 and GST-CD2, but
- not GST-NT. To further test if the binding is specific to the Na+/K+-ATPase, the
inventors made GST fusion proteins of the CD3 from rat gastric H+/K+-ATPase and rat
heart sarcoplasmic reticulum Ca2+-ATPase 2a (SERCA). The data showed that the GST-
CD3 from the H+/K+-ATPase, but not the SERCA, pulled down Src from the LLC-PK1
cell lysates (Figure 4C).

[000199] To map the specific domain interactions between the Na+/K+-ATPase and
Src, the inventors prepared His tagged kinase domain and SH3SH2 domain fusion
proteins. Employing the same binding assay, the inventors found that the GST-CD3
interacted with the kinase domain, but not the SH3SH2 domain of Src. In contrast, the
CD2 interacted with the SH3SH2 domain, but not the kinase domain (Figure 4D). Taken
together, the above results indicate that Na+/K+ATPase. can directly interact with Src
through the CD2 and CD3 domains of the al subunit.

[000200] Regulation of Src by the Na'/K+ -ATPase

[000201] Because binding of SH3SH2 domain to a regulatory protein is sufficient to
activate Src, the inventors tested whether binding of Src to the Na+/K+-ATPase results in
Src activation. When purified recombinant Src was incubated with different amounts of
the purified Na+/K+-ATPase in the presence of ATP/Mg2+ in detergent-free PBS
solution, the autophosphorylation of Src at Tyr418 (pY418), an indication of Src
activation, was reduced in a concentration dependent manner (Figure SA). Because the
inventors observed the same results when the experiments were repeated in the presence of
100 uM vanadate that completely inhibited the hydrolysis of ATP by the Na+/K+-ATPase,

the effect of the Na+/K+ATPase on Src is likely due to the interaction between these two
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proteins, but not the reduction of ATP. To further test this hypothesis, the inventors
determined the effect of CD3 on Src. Because the Wiskott-Aldrich syndrome protein is
reported to inhibit Src by binding to the kinase domain, the inventors reasoned that
interaction between the CD3 and the kinase domain might be sufficient to keep Src in an
inactive state. Indeed, as shown in Figure 5B, GST-CD3, but not GST, acted as the
purified Na+/K+-ATPase, caused a dose-dependent inhibition of the Src pY418.

[000202] Because the above data suggest that the Na+/K+-ATPase may bind Src and
keep it in an inactive state, the inventors now believe that the Na+/K+-ATPase/Src
complex may constitute a functional complex for ouabain and act in a manner similar to
that of G protein-coupled receptor/G protein complex; namely, binding of ouabain to this
complex releases the trapped Src kinase domain, resulting in Src activation and subsequent
tyrosine phosphorylation of downstream effectors. To test, the inventors incubated the
recombinant Src with the purified Na+/K+-ATPase in detergent-free PBS solution in the
presence or the absence of ouabain. Western blot analysis indicated that addition of

ouabain significantly increased the pY418 in a dose-dependent manner (Figure 6A).

[000203] To confirm that changes in pY418 correlates with Src activity, the
inventors also measured the Src-mediated tyrosine phosphorylation using a commercial
available kinase assay kit. As shown in Figure 6B, although the Na+/K+-ATPase kept Src
in an inactive state, addition of ouabain restored the kinase activity. The inventors also
determined if vanadate affected the activity of this Na+/K+-ATPase/Src complex. As
shown in Figure 6C, although 10-100 uM vanadate completely inhibited the ATPase
activity, it showed no effect on Src pY418. More importantly, ouabain was still able to

stimulate pY418 of Src in the presence of vanadate.

[000204] To test whether ouabain activates Src by dissociating it from the interacting
Na+/K+-ATPase, the inventors incubated Src with the purified Na+/K+-ATPase. Because
the purified Na+/K+-ATPase is attached to the membrane, it can be pelleted by
centrifugation at 100,000 X g for 30 min. Centrifugation was sufficient to sediment Src
only when it was bound to the Na+/K+-ATPase. Western blot analysis also showed that
the cosedimented Src was kept in an inactive state (Figure 7A), which is consistent with
the findings presented in Figure 5. Because only the Na+/K+-ATPase-bound Src can be
pelleted down, the inventqrs reasoned that the recovered Src would be reduced in ouabain-

treated samples if ouabain dissociates Src from the Na+/K+-ATPase.
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[000205] Surprisingly, when the same analysis was conducted after the samples were
treated with ouabain before centrifugation, the inventors found that ouabain had no effect
on total Src cosedimented with the Na+/K+-ATPase, yet increased the amount of Src
pY418 (Figure 7B). Because the inventors have shown that multiple domains are involved
in Src interaction with the Na+/K+ATPase, the above findings led us to test if ouabain
dissociates only a single (kinase) domain from the interacting Na+/K+-ATPase. To do so,
1 pug of the purified Na+/K+ATPase was incubated with GST-Src, GST-SH3SH2, or GST
kinase in detergent-free PBS solution, and the complexes were collected by centrifugation.

Afterward, the complexes were exposed to 10 uM ouabain.

[000206] As depicted in Figure 7C, ouabain showed no effect on the binding of
either full-length Src or the SH3SH2 domain to the Na+/K+-ATPase, but dissociated the
kinase domain from the Na+/K+-ATPase, which is in accordance with the findings
presented in Figure 5. The fact that ouabain had no effect on the binding of the SH3SH2
domain to the Na+/K+-ATPase apparently explains why ouabain did not change the
overall binding of Src to the enZyme. To further test if releasing of the kinase domain is
sufficient to activate Src, the inventors preincubated the GST-kinase fusion protein with
the Na+/K+-ATPase before adding full-length Src to compete for the kinase domain
binding sites. Western blot analysis showed that GST-kinase, but not GST or GST-
SH3SH2, significantly increased Src pY418 (Figure 7D). Taken together, these findings
provide strong support for the notion that ouabain activates the Na+/K+-ATPase/Src

complex by freeing the trapped kinase domain of Src.

[000207] QOuabain Activates the Na+/K+-ATPase/Src Complex and Stimulates

Protein Tyrosine Phosphorylation in Live Cells

[000208] If ouabain activates the Na+/K+-ATPase/Src complex by releésing the
kinase domain in live cells, the inventors now believed that ouabain would increase the
distance between the kinase domain and the interacting Na+/K+-ATPase because the freed
kinase domain will bind and phosphorylate its effectors. This could result in the reduction
of FRET signal between coexpressed Src-ECFP and EYFP-rat al. To test, the inventors
performed live cell FRET as well as BRET analysis.

[000209] As shown in Figure 8A, excitation of ECFP at 456 nm caused emissions in
both ECFP spectrum (detected between 465 and 509 nm as FECFP) and EYFP spectrum
(detected between 530 and 570 nm as FEYFP) in control cells, indicating a potential
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FRET between Src-ECFP and EYFP-rat al. To test if ouabain stimulates the release of
the kinase domain, the same cell was then exposed to ouabain and measured for both
ECFP and EYFP intensity. As shown in Figure 8A, once the cells were exposed to 100
uM ouabain, there was a time-dependent decrease in Frypp and a concomitant increase in
Fecrp, indicating that ouabain caused a reduction in FRET between Src-ECFP and EYFP-
rat al. As a control, the same experiments were repeated in cells transfected with ECFP

and EYFP, and no detectable FRET was observed.

[000210] Because ECFP has to be excited in order to perform FRET analysis,
photobleaching and spectral bleedthrough do occur during the experiments, complicating
data analysis, especially in live cells. In addition, because ouabain-insensitive rat al was
used for FRET analysis, the inventors wanted to test if ouabain-sensitive al also functions
similarly to the rat al. Therefore, the inventors performed the BRET analysis using GFP
canine o1 and Src-Renilla luciferase (Src-Rluc) to corroborate the above findings. Both
constructs were transiently transfected into 293 T cells and a construct of GFP-fused Rluc
was used as a positive control. Human 293T cells were chosen for BRET analysis because

these cells could be more easily transiently transfected under our experimental conditions.

[000211] As shown in Figure 8B, coexpression of GFP-canine al and Src-Rluc
yielded a BRET ratio comparable to that of the positive control, indicating that Src
interacts with the Na+/K+-ATPase in live cells. Significantly, when the transfected cells
were exposed to different concentrations of ouabain, ouabain caused a dose-dependent
decrease in the BRET ratio. Significant decrease was detected when 10 nM ouabain was
used (Figure 8C). These data are consistent with the known ouabain sensitivity of the

canine ol and support the results of FRET analysis in Figure 8A.

[000212] Increases in protein tyrosine phosphorylation are essential for ouabain-
induced changes in cellular functions. Although activation of Src by ouabain leads to
transactivation of the Na+/K+-ATPase associated EGF receptor and PLC-,y, the inventors
have not tested whether the activation of the identified Na+/K+-ATPase/Src complex is
responsible for ouabain-induced tyrosine phosphorylation of other proteins that are

associated with the signaling complex.

[000213] To test, LLC-PK1 cells were exposed to 1 uM ouabain for 5 min. Cell
lysates from both control and treated cells were then immunoprecipitated with anti- al

antibody. When the immunoprecipitates were resolved on SDS-PAGE and probed for
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phosphotyrosine with anti-phosphotyrosine antibody, the inventors observed that ouabain
indeed stimulated tyrosine phosphorylation of multiple Na+/K+-ATPase-associated
proteins (Figure 9A). To confirm that Src is required for the initiation of protein tyrosine
phosphorylation in response to ouabain, the inventors repeated the same experiments in

Src family kinase-knockout SYF cells.

[000214] As shown in Figure 9B, the effects of ouabain on protein tyrosine
phosphorylation were completely abolished in SYF cells. On the other hand, when Src is
knocked back into the SYF cells (SYF + Src), ouabain’s effects on protein tyrosine
phosphorylation were restored, indicating an essential role of Src in initiation of ouabain-
activated protein tyrosine phosphorylation. This is further supported by the fact that Src
inhibitor PP2 was able to block ouabain-induced protein tyrosine phosphorylation in SYF

+ Src cells.

[000215] Because the inventors have shown that ouabain stimulated the recruitment
of Src to the Na+/K+-ATPase signaling complex, the inventors now believe that ouabain
first activates the Na+/K+-ATPase-bound Src and subsequently results in tyrosine
phosphorylation of EGFR, caveolin-1, and other effectors. These effectors in turn provide
binding sites for recruiting additional Src and other signaling proteins onto the signaling

complex.

[000216] To test, the inventors treated the LLC-PK1 cells with 1 uM ouabain for 5
min in the presence or absence of 1 uM PP2. Cell lysates were then immunoprecipitated
by anti- a1 antibody. Western blot analysis of the immunoprecipitants showed that
ouabain increased coprecipitated Src in control cells, but not in cells that were pretreated
with PP2 (Figure 9C), supporting the notion that the initial activation of Src is necessary
for recruiting additional Src to the complex. Control experiments also showed that
pretreatment of LLC-PK1 cells with PP3, an inactive analog of Src inhibitor PP2, failed to
block ouabain-induced recruitment of Src to the Na+/K+-ATPase (Figure 9C).

[000217] To corroborate the above findings, the inventors also performgd the
immunoprecipitation experiment with isolated caveolae preparations from LLC-PK1 cells.
The inventors showed previously that ouabain increased tyrosine phosphorylation of
proteins in a Src-dependent manner in the isolated caveolae preparations. It also
stimulated the formation of the Na+/K+-ATPase/ caveolin-1/Src complex (Wang et al.,

2004). However, because addition of ATP is required for ouabain to activate Src in the
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isolated caveolae, the inventors believed that ouabain could not stimulate the recruitment
of Src to the caveolin-1 complex in the absence of ATP if Src activation and tyrosine
phosphorylation of caveolin-1 is required for the additional recruitment of Src. Indeed,
this is what the inventors observed when the inventors repeated the above experiments in
the absence of ATP (Figure 9D). Taken together, the data clearly show that ouabain
signals through the Na+/K+-ATPase by first activating Src and then recruiting more
effector proteins including Src to the signaling Na+/K+-ATPase.

[000218] Discussion

[000219] The inventors now show mapped domains that are involved in Na+/K+-
ATPase/Src interaction. The inventors further demonstrate that the Na+/K+-ATPase and
Src can assemble into a functional signaling complex via the identified protein domains
and that the binding of ouabain to the Na+/K+-ATPase activates Src and provokes
downstream protein tyrosine phosphorylation. This and other conclusions are summarized

in Figure 10 and discussed below.

[000220] The Na+/K+-ATPase/Src Complex as a Receptor for> Cardiotonic Steroids

[000221] Because the al subunit of Na+/K+-ATPase contains a conserved proline-
rich motif in its N-terminus (Yudowski et al., 2000), the inventors initially thought that
ouabain might promote the interaction between the SH3 of Src and the Na+/K+-ATPase,
resulting in the activation of Src. To the inventors’ surprise, GST pulldown assay showed
that the SH3 domain was not involved in direct interaction with the Na+/K+-ATPase.
Instead, the SH2 and the kinase domains of Src interact with the CD2 and CD3 domains of
the Na+/K+-ATPase a1 subunit, respectively. In addition, the inventors’ results showed
that both Na+/K+-ATPase and GST-CD3 inhibited Src activity (Figures 5). Although the
inventors cannot exclude the possibility that other Src regulator copurified with Na+/K+- .
ATPase is involved, the fact that purified CD3 domain alone could mimic the effect of

Na+/K+-ATPase strongly suggested that Na+/ K+-ATPase is sufficient to inactivate Src.

[000222] The fact that the Na+/K+-ATPase and Src form an inactive Src complex led
the inventors to now believe that this receptor complex may transmit the ouabain signals
in a way similar to those of cytokine receptors. Although these receptors have no intrinsic
kinase activity, coupling to Src allows them to activate the downstream protein tyrosine

phosphorylation. Several examples described herein support this notion.
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[000223] First, ouabain-induced changes in the conformation of the Na+/K+-ATPase
are sufficient to free the kinase domain of Src (Figure 7). Interestingly, thapsigargin, an .
inhibitor of SERCA, is able to bring the CD3 close to the membrane. If ouabain can exert
similar effect on the CD3, this may explain how ouabain releases the kinase domain from
the Na+/K+-ATPase. On the other hand, because ouabain has no effect on the binding of
the SH3SH2 domain to the CD2; this domain could function as a hinge, keeping the
activated Src binding to the signaling Na+/K+-ATPase for specific and robust signal

transmission.

[000224] Second, antagonizing the binding of Src kinase domain to the Na+/K+-
ATPase by addition of GST-kinase domain fusion protein acted as ouabain and stimulated

Src pY418.

[000225] Third, the observed effect of ouabain on Src (Figure 6) is not due to the
inhibition of the ATPase activity because vanadate showed no effect on Src at the

concentration that completely inhibited the ATPase activity.

[000226] Furthermore, the GSTCD3, which does not hydrolyze ATP, can also inhibit
Src activation. Similarly, the findings also argue against the involvement of changes in
ion concentrations in ouabain-induced activation of Src because these experiments were

performed in the test tubes under the same ionic conditions.

[000227] Finally, both FRET and BRET analyses indicated that ouabain did release
the kinase domain in live cells (Figure 8). It is important to note that the effects of
ouabain on the Na+/K+-ATPase/Src-kinase domain interaction were dosedependent and

correlated well with the known dose-response curve of ouabain binding to the Na+/K+-

ATPase (Haas et al., 2002).

[000228] In short, the inventors have demonstrated a novel mechanism of ouabain-
provoked signal transduction. Because Src family kinases are highly conserved, the
inventors believe that the signaling Na+/K+ATPase may interact with other members of
the Src family. In addition, mammalian cells express at least four different types of a
subunit in a tissue-specific manner, and it is now believed that different isoforms may also
interact with Src in a tissue-specific manner. To this end, it is of interest to note that Src
also interacts with the CD3 domain of H+/K+ATPase (Figure 4C), suggesting a potential

signaling function of the H+/K+-ATPase in regulation of Src activity.
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[000229] The inventors also believe that these P-ATPases may also serve as Src
effectors because recent studies have suggested a Src-mediated tyrosine phosphorylation
of these P-ATPases. (Kanagawa et al., 2000; Masaki et al., 2000; Ferrandi et al., 2004).

[000230] Significance of Findings

[000231] Na+/K+-ATPase is well-known for its essential function in maintaining the
Na+ and K+ ion concentrations across cell membrane in mammalian cells. The fact that
the binding site for cardiotonic steroids is so conserved throughout the phylogeny of
eukaryotes indicates that these steroids must play an important role in regulation of the
Na+/K+-ATPase function. Because the ion pumping was the only known function of the
Na+/K+-ATPase until a few years ago, it is well accepted by the field that cardiotonic
steroids must signal by inhibition of the ATPase activity although there is no hormonal
precedent for such signal transduction. This mode of action has led many in the field to
question the significance of endogenous cardiotonic steroids because they circulate at
subnanomolar concentrations under normal physiological conditions, and can only bind to
1-2% of cell surface Na+/K+-ATPase. Because most mammalian cells contain -1 million
Na+/K+-ATPase molecules per cell, it is highly inefficient for cardiotonic steroids to
purely function as an inhibitor to the pumping function of Na+/K+-ATPase because they
have to work against the large pumping capacity of the cells. On the other hand, if the
binding site is conserved for regulating the signaling function of the Na+/K+-ATPase,
cardiotonic steroids will function as true agonists. As estimated by our colocalization
analysis, -25% of the Na+/K+-ATPase has the potential to interact with Src. Activation of
1-2% of these receptors by ouabain will produce a few thousand active molecules per cell.
Based on the findings of EGF signaling in HeLa cells and the principle of signal
amplification, this will be sufficient to generate strong signals via kinase cascades,
especially if the signaling event occurs in a membrane microdomain such as caveolae.
Consistent with this, recent studies have demonstrated in both cultured cells and animal
models that physiological concentrations of ouabain (e.g., 0.1-1 nM) were able to activate

Src and ERKs (Aydemir-Koksoy et al., 2001; Ferrandi et al., 2004).

[000232] Pharmacologically, the inventors have demonstrated that ouabain-induced
inotropy is accompanied by the activation of Src and ERKs in the isolated heart
preparations as well as in the cultured myocytes (Mohammadi et al., 2003). Furthermore,

inhibition of Src and ERKs blocked ouabain-induced increases in intracellular Ca2+ in
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cardiac myocytes (Tian et al., 2001).

[000233] Thus, the examples herein reveal the possible molecular mechanism of
digitalis-induced inotropy in the heart. The examples herein also show that this is useful
for developing chemicals or peptides that can stimulate the signaling function of the
Na+/K+-ATPase without affecting the ion pumping function. In addition, the inventors
herein provide the insight into the molecular mechanism, by which a membrane
transporter uses Src to form a functional signaling complex. Because many membrane
transporters and ion channels undergo either substrate- or ligand-dependent
conformational changes as the Na+/K+-ATPase, these findings raise an important
biological question as to whether other membrane transporters are also involved in signal

_ transduction, thus constituting another group of important receptors and signal
transducers. To this end, the inventors note that the CD3 of Na+/K+-ATPase is highly
conserved among many different P-type ATPases and now believe that other P-type
ATPases are (e.g., H+/K+-ATPase shown in Figure 4C) also involved in regulation of Src.
The inventors also note that several recent reports have demonstrated that Src interacts
with and regulates many other membrane ion channels (Yu et al., 1997; Sobko et al., 1998;

Tiran et al., 2003).

[000234] EXAMPLE 11

[000235] Functional Characterization of Src-interacting Na+/K+-ATPase Using
RNA Interference Assay

[000236] The Na+/K+-ATPase and Src form a signaling receptor complex. Here the

inventors show how alterations in the amount and properties of the Na+/K+-ATPase affect
basal Src activity and ouabain-induced signal transduction. Several al subunit
knockdown cell lines were generated by transfecting LLC-PK1 cells with a vector
expressing al-specific small interference RNA. Although the al knockdown resulted in
significant decreases in Na+/K+-ATPase activity, it increased the basal Src activity and
tyrosine phosphorylation of focal adhesion kinase, a Src effector. Concomitantly it also
abolished ouabain-induced activation of Src and ERK1/2. When the knockdown cells
were rescued by a rat al, both Na+/K+-ATPase activity and the basal Src activity were
restored. In addition, ouabain was able to stimulate Src and ERK1/2 in the rescued cells at
a much higher concentration, consistent with the established differences in ouabain

sensitivity between pig and rat o1. Finally, both fluorescence resonance energy transfer
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analysis and co-immunoprecipitation assay indicated that the pumping-null rat a1 (D371E)
mutant could also bind Src. Expression of this mutant restored the basal Src activity and
focal adhesion kinase tyrosine phosphorylation. Taken together, the inventors now beiieve
that LLC-PK1 cells contain a pool of Src-interacting Na+/K+-ATPase that not only

regulates Src activity but also serves as a receptor for ouabain to activate protein kinases.

[000237] The activation of Src is essential for ouabain-induced changes in many
cellular activities including the regulation of intracellular calcium, gene expression, and
cell growth and the inventors have examined whether the Na+/K+-ATPase interacts

directly with Src to form a functional signaling receptor.

[000238] Using in vitro glutathione S-transferase pulldown assays the inventors have
now identified that the second and the third intracellular domains of the Na+/K+-ATPase
al subunit interact with the Src SH2 and the kinase domains, respectively. Functionally,
these interactions keep Src in an inactive state, and binding of ouabain to this inactive
Na+/K+-ATPase+Src complex frees and then activates the associated Src. These new
examples show that the cellular Src-interacting Na+/K+-ATPase is now believed to play
an important role in regulation of the basal Src activity and serve as a functional receptor
for ouabain to stimulate protein tyrosine phosphorylation in live cells. To test, the '
inventors developed an siRNA-based assay that allows us to determine the effect of
changes in the amount and properties of the Na+/K+-ATPase on both basal and ouabain-

stimulated Src activity.

[000239] Materials and Methods

[000240] Chemicals of the highest purity were purchased from Sigma. The
GeneSuppressor vector was purchased from BioCarta (San Diego, CA). Cell culture
media, fetal bovine serum, trypsin, Lipofectamine 2000, and restriction enzymes were
purchased from Invitrogen. EYFP expression vector (pEYFP) and ECFP expression
vector (pECFP) were obtained from Clontech. QuikChange mutagenesis kit was
purchased from Stratagene (La Jolla, CA). Optitran nitrocellulose membrane was from
Schleicher & Schuell. Enhanced chemiluminescence SuperSignal kit was purchased from
Pierce. Image-iT FX signal enhancer, Antifade kit, Alexa Fluor 488-conjugated
antimouse/rabbit IgG and Alexa Fluor 546-conjugated anti-mouse/ rabbit IgG antibodies
were obtained from Molecular Probes (Eugene, OR). Anti-Src (clone GD11) monoclonal
antibody, anti-Na+/K+-ATPase al polyclonal and monoclonal (clone C464.6) antibodies,
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anti-phosphotyrosine (clone 4G10) antibody, and protein G-agarose were from Upstate
Biotechnology Inc. (Lake Placid, NY). The polyclonal anti-Tyr(P)418-Src.and anti-
Tyr(P)529-Src antibodies were from BIOSOURCE (Camarillo, CA). The polyclonal anti-
FAK and anti-Tyr(P)925FAK antibodies were from Cell Signaling (Danvers, MA). The
monoclonal anti- a1 antibody (a6F) was obtained from the Developmental Studies
Hybridoma Bank at the University of lowa. Anti-c-Src (B-12) monoclonal antibody, anti-
c-Src (SRC2) polyclonal antibody, anti-ERK (C-16) polyclonal antibody, anti-pERK (E-4)
monoclonal antibody, and all the secondary horseradish peroxidase-conjugated antibodies
were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Polyclonal rat al-specific
antibody (anti-NASE) was provided by Dr. Thomas Pressley (Texas Tech University,
Lubbock, TX).

[000241] Cell Culture

[000242] LLC-PK1 cells and human embryonic kidney 293 T cells were obtained
from American Type Culture Collection and maintained in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml

streptomycin in a 5% CO2-humidified incubator.

[000243] Construction of the siRNA Expression Vectors

[000244] siRNAs were constructed using the GeneSuppressor construction kit.
Briefly, four pairs of oligonucleotides (A1-A4) were synthesized using the human al
cDNA (GenBankTM accession number NM_000701) as template (see Table 1 for details),
and the inserts were prepared by annealing two complementary oligonucleotides. The
annealed inserts were then cloned into pSuppressorTM-U6 vector digested with Sall and

Xbal. Positive clones were confirmed by nucleotide sequencing.

[000245] . Site-directed Mutagenesis

[000246] Rat a1 expression vector pRe/ CMV- a1 AAC was provided by Dr. Pressley
(12). To make the expression of rat al insensitive to A4 siRNA, the al siRNA targeted
sequence was silently mutated from 2530ggtcgtctgatcttt (GenBankTM accession number
NM_012504) to 2530ggcaggctaatattc using the QuikChange mutagenesis kit. The Sspl
(aat/att) restriction site was generated to facilitate the clone screening. The pbsitive
mutant (pRc/CMV- a1l AACmI or AAC in short) was verified by DNA sequencing and
then used in this study. The pumping-null mutant (D371E) was generated by mutating the
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1126gacaag to 1126gagaag using pPRc/CMV alAACm] as the template (13).

[000247] Generation of Stable a1 Subunit Knockdown and Knock-in Cell Lines

[000248] Human embryonic kidney 293T cells were transiently transfected with
different siRNA expression vectors along with pEYFP using Lipofectamine 2000. After
48 h, cells were first examined for the expression of EYFP for assessing the transfection
efficiency and then collected for analysis of endogenous al content by Western blot. To
generate stable cell lines, one batch of LLC-PK1 cells was transfected with the A4 siRNA
expression vector (pSuppressor-A4 siRNA) (see Fig. 25 - Table 1) and a puromycin

selection marker (pBade-puro).

[000249] Fig. 25 shows Table 1 with targets and oligo sequences of human
Na/KATPase-al subunit-specific siRNAs where the target sequences are marked by bold
letters. [SEQ ID NOS. 35-46].

[000250] Another batch of cells was co-transfected with pEYFP together with the
pSuppressor-A4 siRNA and pBade-puro so that the co-expressed EYFP could be used as a
marker to pick clones. Empty vector (pSuppressor) or Al siRNA-transfected cells were
co-selected and used as a control. The cells were selected with puromycin (1 pg/ml) 24 h
posttransfection. Puromycin-resistant colonies were cloned and expanded. To rescue the
Na+/K+-ATPase knockdown cells, cells were transfected with the pRc/CMV- al1AACml.
Selection was initiated with 3 pM ouabain because untransfected cells were very sensitive
to ouabain. After about 1 week, ouabain-resistant colonies were isolated and expanded
into stable cell lines in the absence of ouabain. G418 was not used because these cells are
resistant to it, requiring more than 3 mg/ml to kill the untransfected cells. The knockdown
cells were also sensitive to blasticidin (15 pug/ml), and the inventors are also using this

agent for other selections.

[000251] Immunoprecipitation and Immunoblot Analysis
[000252] Cells were washed with PBS, solubilized in modified ice-cold radioimmune

precipitation assay buffer, and subjected to immunoprecipitation or Western blot analysis.
Protein signal was detected using the enhanced chemiluminescence kit and quantified

using a Bio-Rad GS-670 irhaging densitometer.

[000253] Nat/K+-ATPase Activity Assay

[000254] Na+/K+-ATPase enzymatic activity was determined. Briefly, cells were

37



WO 2008/054792 PCT/US2007/023011

- collected from the cultures in Tris-EGTA buffer (pH 7.2) and briefly sonicated. The cell
lysates were then treated with alamethicin at a concentration of 0.1 mg/mg of protein for
30 min at room temperature. ATPase activity was measured by the determination of the
initial release of 32P from [,y-32P]ATP, and the reaction was carried out in a reaction
mixture (1 ml) containing 100 mM NaCl, 25 mM KCl, 3 mM MgCl12, 1 mM EGTA, 2 mM
ATP, 5 mM NaN3, and 50 mM Tris-HCI (pH 7.4). Nat+/K+-ATPase activity was
calculated as the difference between the activities measured in the absence of ouabain and
in the presence of 1 mM ouabain. To determine the ouabain concentration curve, the
alamethicin-treated cell lysates were preincubated with different concentrations of ouabain

for 15 min before ATP was added to start the reaction.

[000255] Confocal Fluorescence Microscopy
[000256] Cells cultured on coverslips were washed twice with PBS and fixed for 15

min with methanol prechilled at - 20 °C. The fixed cells were then rinsed with PBS three
times and blocked with 200 ul of Image-iT FX signal enhancer for 30 min at room
temperature. The cells were washed again and incubated with the primary antibodies in
PBS containing 1% bovine serum albumin for 1 h at room temperature. After three
washes with PBS, the cells were incubated with corresponding Alexa Fluor-conjugated
secondary antibodies. Image visualization was performed using a Leica DMIRE2
confocal microscope (Leica, Mannheim, Germany). Leica confocal software was used for

data analysis.

[000257] FRET Analysis by Acceptor Photobleaching
[000258] ECFP was fused to the C terminus of Src, and EYFP was fused to the N

terminus of rat Na-+/K+-ATPase ol subunit or its mutant. FRET analysis was performed
in celfs co-transfected with Src-ECFP and EYFP-rat al expression vectors using the
acceptor photobleaching protocol. Briefly after 24 h culture, cells on a glass coverslip
were fixed with methanol prechilled at -20 °C for 15 min and washed twice with PBS
solution. The EYFP-rat a1 was photobleached by applying a high intensity 515 nM laser,
and the emission of ECFP excited by 456 nM laser was recorded before (Dpre) and after
(Dpost) EYFP photobleaching. The FRET efficiency was then calculated by the ratio of
(Dpost - Dpre)/Dpre. Cells transfected with either Src-ECFP and EYFP or EYFP- al and
ECFP expression vectors were used as a control, and no detectable FRET was observed in

these control cells.
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[000259] Data Analysis
[000260] Data are given as mean + S.E. Statistical analysis was performed using the

Student’s t test, and significance was accepted at p < 0.05.

[000261] Results

[000262] Manipulation of the Cellular Na+/K+-ATPase Content by siRNA based
Assays

[000263] As shown in Table 1 in Fig. 25, a total of four pairs of the o.1-specific

siRNAs was selected based. Transient transfection assay in human embryonic kidney
293T cells showed that expression of A4 siRNA resulted in over 40% decreases in the
expression of the human a1 subunit, whereas others gave 0 (A1 siRNA) to 20% (A2 and
A3 siRNAs) reduction. Because the transfection efficiency was about 50% as indicated by
the co-expressed EYFP, the inventors reasoned that A4 siRNA is effective in silencing the
expression of endogenous Na+/K+-ATPase. Therefore, LLC-PK1 cells were transfected
with A4 siRNA expression vector (pSuppressor-A4 siRNA) and a puromycin selection
marker (pBade-puro) either with or without pEYFP as described under “Experimental
Procedures.” After two rounds of selection, the inventors collected 20 stable transfectants.
Western blot analysis using a monoclonal (a6F) antibody showed that the expression of
the a1 subunit in these clones was significantly reduced in comparison with the control P-
11 cells that were transfected with empty vector (pSuppressor) and selected. In contrast,
cell clones (e.g.A1) obtained from the LLC-PK1 cells that were transfected with Al
siRNA expressed ol at a level comparable to that in P-11 cells (see Fig. 26 Table 2).

[000264] Fig. 26 shows Table 2 with the relative a1 subunit protein content and the

composition of DNA constructs used in difference cell lines.

[000265] The inventors herein have both expanded and further characterized three
A4 siRNA-expressing clones. As shown in Fig. 11A, expression of the al subunit was
significantly reduced in A4-11, TCN23-19, and PY-17 cells. Of these cell lines, the PY-
17 cells, which were cloned by using the co-expressed EYFP as a marker, expressed the

lowest level of the Na+/K+-ATPase.

[000266] Table 2 in Fig. 26 shows the quantitative data on the relative amount of the
al in these and other cell lines the inventors generated. Because control Western blot

using purified Na+/K+-ATPase prepared from pig kidney showed that it was only possible
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to perform reasonable quantitative assay comparing two samples with less than 6-fold
differences in the amount of a1 (data not shown), the inventors measured the relative
amount of al in these cells by comparing A4-11 with the control P-11 and then TCN23-19
and PY-17 with A4-11. To confirm the above Western blot data, the inventors also probed
the blots with a different anti-Na+/K+-ATPase a1 monoclonal antibody (clone C464.6)
and an anti-Na+/K+-ATPase a1 polyclonal antibody, showing essentially the same results
as in Fig.11A. In addition, when co-cultured P-11 and PY-17 cells were immunostained
using anti-Na+/K+-ATPase a1 antibody (clone C464.6), the inventors found that the green
PY-17 cells exhibited no detectable expression of the al, whereas the plasma membrane
of control P-11 cells was clearly labeled by the antibody (Fig.11B). To be sure that knock
down of the a1 subunit does not induce the expression of other isoforms, the inventors
analyzed the cell lysates for both o 2 and o 3 and found no detectable signals in the above

cell lines.

[000267] In addition, when ouabain-sensitive ATPase activity was measured in the
cell lysates, a significant (80%) reduction was noted in the PY-17 cells in comparison with

the control P-11 cells (see Fig. 27 Table 3).

[000268] Fig. 27 shows Table 3 with the Na+/K+-ATPase activity in the cell lines P-
11,PY-17 and AAC-19.

[000269] The PY-17 cells have very low endogenous Na+/K+-ATPase and are useful
for studying the structure-function properties of the Na+/K+-ATPase when the cells are
rescued by knocking in an exogenous al. To confirm, the inventors first made silent
mutations of the rat al cDNA to change the siRNA-targeted sequence. The inventors then
transfected PY-17 cells with the mutated rat a.l expression vector (pRc/CMV alAACm1)
and generated several stable transfectants. Further analysis of the clone AAC-19 showed

that these cells, unlike both P-11 and PY-17, expressed rat al (Fig. 12A).

[000270] When the same blots were analyzed for total a1 using the monoclonal
antibody (a6F), the inventors found that AAC-19 cells expressed an amount of al
comparable to that in control P-11 cells (Fig. 12A). This result was further confirmed by
immunostaining of the co-cultured P-11 and AAC-19 cells using anti- a1 (clone C464.6)
antibody. As depictéd in Fig. 12B, the green AAC-19 and control P-11 cells exhibited
similar levels of the Na+/K+-ATPase in the plasma membrane. Control experiments also

demonstrated that the rat a1 was stably expressed in this cell line for at least 20 passages
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in the absence of ouabain. Functionally knock-in of the rat al into PY-17 cells was able to
restore Na+/K+-ATPase activity (see Fig. 27 - Table 3). Also, it shifted the doseresponse
curve of ouabain on the ATPase activity and made the rescued cells less ouabain-sensitive.
In fact, the rescued cells behave as rat cell lines that express only the al isoform (Fig. 13).
It is important to note that PY-17 cells were as sensitive to ouabain as the control P-11

cells and that 10 uM ouabain caused a complete inhibition of the Na+/K+-ATPase.

[000271] Regulation of Basal Src Activity by the Na+/K+-ATPase

[000272] The in vitro studies showed that the Na+/K+-ATPase directly binds and
keeps Src in an inactive state. The inventors herein now believe that this mode of
regulation operates in live cells and that reduction of intracellular Na+/K+-ATPase will
decrease the interaction, resulting in an increase in basal Src activity. To test, the
inventors measured the phosphorylétion of Src (Tyr(P}41 8-Src), indicative of Src

activation, in the cell lysates from the above cell lines.

[000273] As depicted in Fig. 14A, the expression of total Src was not altered by
knockdown of the endogenous Na+/K+-ATPase. However, the levels of active Src were
significantly increased in A4-11, TCN23-19, and PY-17 cells. Interestingly, the increase
in Src activity appeared to be inversely correlated with the amounts of Na+/K+-ATPase

expressed in these cells (Fig. 14B).

[000274] These findings were further confirmed by immunostaining the cells with
anti-Tyr(P)418-Src.antibody, showing that TCN23-19 cells contained much more active
Src than P-11 cells contained (Fig. 14C). It is important to note that there was no

difference in the amount of active Src between two control cell lines, P-11 and A1 cells.

[000275] To test whether the increase in Src activity due to the decreased expression
of the Na+/K+-ATPase is reversible upon repletion of the Na+/K+-ATPase, the inventors
determined the total Src and the active Src in AAC-19 cells. As depicted in Figs. 12A-B,
AAC-19 cells were derived from the rat al-transfected PY-17 cells and expressed an
amount of the Na+/K+-ATPase comparable to that in control P-11 cells. Although knock-
in of the rat al did not change the total Src in AAC-19 cells, it did reduce the level of the
active Src to that seen in control P-11 cells (Fig. 15 A and 15B).

[000276] As illustrated in Table 3 in Fig. 27, the Na+/K+-ATPase activity was

reduced 80% in PY-17 cells. When intracellular Na* was measured after the cells were
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incubated in #*Na* (0.5 pCi/ml) medium for 60 min to fully equilibrate exchangeable
intracellular Na* with 2Na* (15), the inventors found that the steady state intracellular Na*
in PY-17 cells was about twice as much as in P-11 cells. To be sure that changes in Src
activity observed in AAC-19 cells are not due to the restoration of the functional Na+/K+-
ATPase and subsequent decreases in intracellular Na®, the inventors tested whether knock-
in of a pumping-null mutant of the rat al is sufficient for the observed interaction between
the Na+/K+-ATPase and Src PY-17 cells were transiently transfected with either silently
mutated wild-type rat al (pRc/CMV alAACm1) or the rat al pumping-null mutant
(D371E).

[000277] As shown in Fig. 15C, expression of either rat al or the mutant reduced
active Src in PY-17 cells. To further confirm, the inventors also transiently transfected
TCN23-19 cells with the EYFP-fused rat al mutant expression vector (pEYFP-D371E)
and immunostained for active Src. As depicted in Fig. 15D, the cells expressing the rat al
mutant had much less active Src in comparison with the untransfected TCN23-19 cells.
These data show that the pumping-null Na+/K+-ATPase mutant is still able to interact and
regulate Src. To further confirm, the inventors also performed FRET analysis in TCN23-
19 cells transiently transfected with EYFP-rat a1l mutant (D371E) and Src-ECFP

expression vectors.

[000278] As depicted in Fig. 16A, the pumping-null mutant was targeted to the
plasma membrane. When FRET was measured in these transfected cells by acceptor
photobleaching protocol, an energy transfer from SrcECFP to EYFP-D371E was clearly
demonstrated (Fig. 16B). The FRET efficiency measured from a total of 20 cells in three
separate experiments ranged from 10.4 to 15.6 (13.2 + 1.4). These data indicate that the
pumping-null Na+/K+-ATPase acts like the wildtype al (10) and can interact with Src to
form a signaling complex. This conclusion is further supported by the co-
immunoprecipitation assay showing that the rat al mutant could be co-precipitated by

anti-Src antibody (Fig. 16C).

[000279] FAK is a known Src effector that plays an important role in regulation of
cell migration and proliferation. Activation of Src stimulates phosphorylation of FAK Tyr
925 which subsequently can lead to the activation of RDK1/2. To examine whether an

increase in basal Src activity can result in the activation of Src effectors, the inventors

measured tyrosine phosphorylation of FaK in al knockdown cells. As depicted in Figure
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17A, cell lysates were immunoprecipitated by an anti-phosphotyrosine antibody, and the
immunoprecipitates were probed by anti-FAK antibody. The data clearly showed that the
al knockdown was capable of increasing the amounts of tyrosine-phosphorylated FAK.
Specifically, when cell lysates were probed for Tyr(P)925-FAK, the inventors found a
significant increase in Tyr(P)°***-FAK in both A4-11 and PY-17 cells (Fig. 17B).
Interestingly, when total ERK1/2 and pERK1/2 were measured, the inventors found a
modest increase in the amount of active ERK1/2 in PY-17 cells (Fig. 17C). Thisisin
accordance with the kndwn function of Tyr(P)°*-FAK (19, 20). This increase in Tyr(P)925
was sensitive to Src inhibitor PP2 (Fig. 17D). It is important to note that the FAK
phosphorylation correlated well to the levels of active Src in the PP2-treated knockdown
cells. Taken together, these data indicate that the increased Src activity due to the al
knockdown can stimulate tyrosine phosphorylzition of Src effectors. This is further .
supported by the observation that expression of the pumping-null mutant (D371E) not

925

only restored the basal Src activity but also reduced FAK Tyr
cells (Fig. 17E).

phosphorylation in PY-17

[000280] Knockdown of the Na+/K+-ATPase Abolishes OQuabain-induced Activation
of Src and ERK1/2
[000281] Because the Na+/K+-ATPaseSrc complex serves as a functional receptor

for ouabain to induce Src activation and subsequent stimulation of ERK1/2, the above
examples led the inventors to test whether knockdown of the Na+/K+-ATPase affects

ouabain-activated signal transduction.

[000282] As shown in Fig. 18A, although ouabain activated Src in P-11 cells, this
effect of ouabain was essentially abolished in PY-17 cells, whereas a significant reduction
was observed in A4-11 cells. To be sure that this inhibition is not due to nonspecific
defects in receptor signal transduction, the inventors also measured the effect of EGF on
Src. The inventors found that epidermal growth factor was able to stimulate SrcTyr(P)418

in both P-11 and PY-17 cells (2.5 + 0.3-fold increase in P-11 versus 1.7 + 0.2-fold

increase in PY-17, n = 3). Consistent with the findings on Src, the inventors also failed to

detect any ouabain-induced change in ERK1/2 phosphorylation in PY-17 cells (Fig. 18B).

[000283] In contrast, epidermal growth factor was able to stimulate ERK1/2 in PY-
17 cells. These data support the notion that the Na+/K+-ATPase is indeed the receptor for

ouabain-induced signal transduction. This notion is further supported by the findings -
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presented in Figs. 18 C and 18D, showing that knock-in of the rat a1 not only restored the

ouabain responses but also shifted the dose-response curve to the right in AAC-19 cells.
[000284] Discussion

[000285] In this Example the inventors not only introdﬁced an effective and a1-
specific RNA interference assay but also provided al protocol for rescuing the Na+/K+-
ATPase-depleted cells. These procedures have made it possible for us to demonstrate that
the cellular Na+/K+-ATPase regulates Src and its effector FAK and that the Na+/K+-
ATPase*Src complex serves as a sole receptor for ouabain to activate Src and

subsequently ERK1/2 in live cells.

[000286] Manipulation of the Cellular Na+/K+-ATPase Content by RNA

Interference Assays

[000287] RNA interference is a cellular mechanism that was first discovered in 1998
in Caenorhabditis elegans and refers to the post-transcriptional gene silencing by double-
stranded RNA-triggered degradation of a homologous mRNA. This has now been
developed as a powerful tool for artificially silencing a specific gene in a variety of
biological systems including cultured cells and whole organisms. Using the strategy
developed by Paul et al. (2002) and transient transfection assay, the inventors identified
that A4 siRNA was effective for silencing the al expression. Thus, the inventors
transfected pig LLC-PK1 cells with the A4 siRNA expression vector and cloned several
stable cell lines. Western blot analysis and immunostaining assay showed that the
expression of the al in the cloned cell lines was significantly reduced (Figs. 11 and 12 and
Fig. 26-Table 2). For example, the al in PY-17 cells is only about 8% of that in control P-
11 cells. Functional analysis revealed that depletion of the a1l resulted in an 80%
reduction iﬁ ouabain-sensitive ATPasej activity in PY-17 cells (Fig. 27-Table 3). The
| inventoré ha\./e now developed an effective protocol fdr silencing the expression of

endogenous al in cultured cells.

[000288] To test whether the al-depleted cells can be used to study the signaling
functions of an exogenous/mutant a1, the inventors transfected PY-17 cells with a rat al
expression vector in which A4 siRNA targeted sequence was silently mutated. By taking
advantage of the availability of an antibody that specifically reacts with rat al, the '
inventors demonstrate herein that the exogenous rat al can be knocked in and that the

expression of rat a1 restored not only the total cellular Na+/K+-ATPase protein but also
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the Na+/K+-ATPase activity. . Also, the rat al-rescued cells (AAC-19) exhibited the same
ouabain sensitivity as the rat cell lines that only express the Na+/K+-ATPase al subunit
(Fig. 13). Taken together, the data indicate that the inventors have developed an effective

protocol for manipulating cellular Na+/K+-ATPase.

[000289] This protocol offers additional advantages over the widely used ouabain
selection protocol for expression of mutated Na+/K+-ATPase in ouabain-sensitive cell

lines (23-26).

[000290] First, the present protocol makes it possible to deplete endogenous
Na+/K+-'ATPase, allowing the investigators to study the effects of decreases in Na+/K+-

ATPase expression on cellular function.

[000291] Second, the present protocol does not require using ouabain to force the
expression‘of the transfected Na+/K+-ATPase. This is important in view of recent studies
showing that ouabain stimulates the signaling function of the Na+/K+-ATPase and

induces the endocytosis of the enzyme.

[000292] Third, the present protocol is useful for determining the exogenous/mutant
Na+/K+-ATPase in the cells that have very low (less than 10%) endogenous Na+/K+-
ATPase.

[000293] Fourth, the identified A4 siRNA are useful for silencing the al expression
in cells derived from species other than human and pig because the human al cDNA
sequence (nucleotide 2293 to nucleotide 2312) [SEQ ID NO: 38] targeted by A4 siRNA

is conserved among all identified al subunits (but not other isoforms) from fish to human.

[000294] Fifth, rescuing PY-17 cells with different isoforms of Lp the Na+/K+-

ATPase provides a way to uncover the isoform-specific signaling functions.

[000295] A Pool of Src-interacting Na+/K+-ATPase

[000296] The Na+/K+-ATPase resides in caveolae with Src. FRET analysis
indicates that the signaling Na+/K+-ATPase and Src are likely to interact and form a
functional receptor complex. In vitro binding assay demonstrates that the a1 subunit and
Src can interact directly via multiple domains and that the interaction keeps Src in an |
inactive state. The inventors now believe that there is an Src-interacting pool of Na-+/K+-
ATPase that not only regulates the basal Src activity, but also serves as a receptor for

ouabain to stimulate Src-dependent tyrosine phosphorylation of multiple effectors.
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[000297] First, because the signaling Na+/K+-ATPase binds and keeps Src in an
inactive state, the inventors now believe that reduction of the endogenous Na+/K+-
ATPase would deplete the Src-interacting pool of Na+/K+-ATPase, thus resulting in the
Src activation. Indeed, as shown in Fig. 14, the a1 knockdown cells contain more active
Src than the control P-11 cells. It is important to mention that the a1 knockdown did
cause a significant increase in intracellular Na+ concentration in PY-17 cells. However,
when intracellular Ca2+ was measured by fura-2, the steady state Ca2+ in PY-17 cells was
comparable to that in P-11 cells. Thus, it is unlikely that increases in Src activity are due

to changes in intracellular Na+ or Ca2+.

[000298] Second, when the al knockdown PY-17 cells were rescued by the rat al,
the inventors observed that the knock-in of the rat a1 was sufficient to replete the pool of

Src-interacting Na+/K+-ATPase, leading to the restoration of basal Src activity.

[000299] Third, because the present described in vitro binding assay shows that the
third intracellular domain of the a1 interacts and inhibits Src activity, the inventors now
believe that a pumping-null mutant of the rat al should be able to bind and inhibit Src in
live cells. Indeed, the inventors found that knock-in of rat a1 mutant D371E into PY-17
cells was also able to replete this Src-interacting pool of Na+/K+-ATPase and reduce the

amount of active Src (Fig. 15).

[000300] In addition, both FRET analysis and co-immunoprecipitation assay showed
that the pumping-null ﬁlutant could interact with Src in live cells (Fig. 16). Because
expression of the pumping-null mutant would not reduce intracellular Na' concentration in
PY-17 cells, these data also indicate that the Na+/K+-ATPase can interact and regulate Src

independently of changes in intracellular Na+ concentration.

[000301] FAK is involved in regulation of cell proliferation, cell survival, and cell
migration. It is also one of the effectors of Src. Binding of active Src to FAK leads to full

925 which results in the

activation of FAK and tyrosine phosphorylation of FAK Tyr
assembly of several downstream signaling modules including the activation of ERK1/2.
The inventors found that depletion of cellular Na+/K+-ATPase not only activated Src but
also stimulated tyrosine phosphorylation of FAK. Inhibition of Src by either PP2 or
knock-in of a pump-null a1 mutant reduced Tyr(P)925-FAK in PY-17 cells (Fig. 17).
Consistently, the inventors have also obsérved that ouabain stimulated Src and

subsequently FAK in the control LLC-PK1 cells. These findings are significant. First,
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they support the notion that the Na+/K+-ATPase is an important regulator of protein
kinases. Second, the regulatory effects of the Na+/K+-ATPase on Src and Src effector
FAK depend on the ability of the Na+/K+-ATPase to interact with proteins, but not to
pump ions. Third, the al depletion-induced Src activation is capable of generating
downstream ‘pathways. The inventors also note that FAK plays a key role in regulation of
cell motility and that depletion of al in epithelial cells affects the formation of tight
junctions and cell motility. Thus, the inventors now believe that the role of a1 depletion

and subsequent activation of FAK in the regulation of cell migration are important.

[000302] Ouabain-induced signal transduction appears to be initiated by the
activation of Src. Because ouabain uses the Na+/K+-ATPaseSrc complex as a functional
receptor, the inventors now believe that the ouabain-induced activation of Src should
correlate with the size of the pool of Src-interacting Na+/K+-ATPase. Indeed, the
inventors found that the effect of ouabain on Src activation correlated inversely with
cellular levels of the Na+/K+-ATPase. Although ouabain induced a modest activation of
Src in A4-11 cells, it failed to activate Src in PY-17 cells. Because Src is required to
transmit the ouabain signal to many downstream effectors, the examples herein further
show that the a/K-ATPase*Src complex is the sole receptor for ouabain to provoke the
protein kinase cascades. This is further supported by the following observations. First,
rescuing PY-17 cells with the rat al restored the effect of ouabain on Src and ERK1/2.
Second, because the rescued cells expressed the ouabain-insensitive rat al, a much higher
ouabain concentration was required to stimulate Src and subsequently ERK1/2 in AAC-19
cells (Fig. 18). Third, the inventors have developed a powerful protocol for manipulating
the cellular Na+/K+-ATPase that has allowed further characterization of the signaling
properties of the Na+/K+-ATPase. Fourth, these new findings show that the Na+/K+-
ATPase is an important receptor capable of transmitting ouabain signals via protein
kinases. Fifth, because Src is actively involved in control of cell growth, the inventoré
herein now show that there is a need for re-examining the issue of whether the Na+/K+-
ATPase-mediated repression of Src and ouabain-provoked activation of Src play a role in

cancer biology.

[000303] EXAMPLE III

[000304] Further mapping of specific domains in Na+/K+-ATPase that interact and
inhibit Src is shown in Figs. 19A-D. The results showed that ND1, which contains 57

47



WO 2008/054792 PCT/US2007/023011

amino acids, binds Src. Fig. 19A shows the Scheme of Na+/K+-ATPase a1 and CD3
domain. Fig. 19B shows the amino acid sequence of ND1. [SEQ ID NO. 1]
(LTQNRMTVAHMWSDNQIHEADTTENQSGVSFDKTSATWLALSRIAGLCNRAVF

QANQ).

[000305] Fig. 19C shows the in vitro binding assay using GST-tagged a1 truncations

and His-Src.
[000306] Fig. 19D shows that this peptide is conserved in different species and

different isoforms of Na/K-ATPase. [SEQ ID NOS. 2-33].

[000307] EXAMPLE IV

[000308] Further mapping of specific domains in Src that interact with Na+/K+-
ATPase is shown in Figs. 20A-C. The results showed that KD1 which contains 54 amino
acids binds Na+/K+-ATPase. Fig. 20A shows the schematic structure of Src and its kinase
domain. Fig. 20B shows the KD1 peptide from Src binds with Na+/K+-ATPase. [SEQ
ID NO: 34]
(LRLEVKLGQGCFGEVWMGTWNGTTRVAIKTLKPGTMSPEAFLQEAQVMKKLR
HE).

[000309] Fig. 20C shows the in vitro binding assay using GST-tagged Src

truncations and purified Na+/K+-ATPase.
[000310] EXAMPLE V

[000311] The activity assay confirms that ND1 and KD1 are involved in Na+/K+-
ATPase mediated regulation of Src. Fig. 21 shows that the GST-ND1 of Na+/K+-ATPase
inhibits Src activity and the inhibition effect can be competed by GST-KD1 of Src.

[000312] Figs. 22A-B shows that ND1 is effective in blocking Src activity in live
cells. ND1, ND and CD3.decrease Src phosphorylation in LLC-PK1 cells. Fig. 22A
shows that the LLC-PK1 cells were transient-transfected with YFP-tagged ND1, ND, and
CD3 for 24 h. Cells were then lysed in RIPA buffer and probed for pY418. YFP were
also transient-transfected into LLC-PK1 ceHs as control. Fig. 22 B shows the quantitation

data from three experiments. * p<0.05.

[000313] EXAMPLE VI

[000314] ND1 also inhibits prostate cancer cell (DU145) growth. Fig. 23 shows that
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YFP-ND1 stops human prostate cancer cell (DU145) growth. 2.0pg of pYFP-C1 or
pYFP-C1-ND1 plasmid was transfected into LLC-PK1 cells with Lipofectamine 2000.
After 48 hr, cell numbers were counted with Trypan Blue Staining.

[000315] EXAMPLE VII

[000316] Identification of P3 as a potent Src inhibitor: Mapping of ND1 has
identified a 20 amino acid peptide (P-3) from ND1 that inhibits Src. Figs. 24A-B shows
that Peptide 3 from ND1 significantly inhibits Src activity. Fig. 24A shows the P3 peptide
sequence [SEQ ID NO: 2]. (SATWLALSRIAGLCNRAVFQ)

[000317] Fig. 24B shows the results when purified Src was incubated with P-3
peptide at 37 °C for 20 min and 2 mM ATP was added for additional 5 min. The reaction
was stopped by adding 5X loading buffer. pY418 was probed to measure Src activation.

[000318] Fig. 28 shows the sequences of peptides (TAT and AP) that enhance the

cell membrane permeability of macromolecules.

[000319] Conjugating TAT or AP to P3 makes it cell membrane permeable: Fig. 29A
shows the sequences of TAT or AP-conjugated Src peptide inhibitors (TAT-P3 or AP-P3).
Fig. 29B shows that the new peptides inhibit Src in vitro. Fig. 29C shows that a FITC-
conjugated TAT-P3 is targeted to the cell membrane. Fig. 29D shows that addition of
TAT-P3 or AP-P3 to DU145 cells inhibited cell growth.

[000320] While the invention has been described with reference to various and
preferred embodiments, it should be understood by those skilled in the art that various
changes may be made and equivalents may be substituted for elements thereof without
departing from the essential scope of the invention. In addition, many modifications may
be made to adapt a particular situation or material to the teachings of the invention without
departing from the essential scope thereof. Therefore, it is intended that the invention not
be limited to the particular embodiment disclosed herein contempl‘ated for carrying out
this invention, but that the invention will include all embodiments falling within the scope
of the claims.

[000321] REFERENCES
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CLAIMS

What is claimed is:

1. A method for regulating Src and its downstream signaling pathway

comprising binding between Src and Na+/K+-ATPase.

2. A receptor for inducing ouabain-provoked signal transduction comprising a

complex of the Na+/K+-ATPase/Src or Src family kinase.

3. A target comprising interacting sites between the Na+/K+-ATPase and Src

or Src family kinases.

4, A pharmaceutical composition for regulation of various signaling pathways
involved in control of cell growth, mobility, production of reactive oxygen species (ROS),
por-collagen synthesis, and muscle contraction, the composition comprising one or more

Src and Src family kinases inhibitors or activators.

5. The composition of claim 4, comprising one or more peptides or peptide
fragments that inhibit or stimulate the signaling function of Na+/K-+-ATPase and do not
inhibit the ion pumping function of Na+/K+-ATPase.

6. The composition of claim 4, wherein the inhibitors do not directly compete
with ATP.
7. An Src inhibitor or activator comprising Na+/K+-ATPase or Src sequence

which interfers with the interaction between Src and Na+/K-+-ATPase, acts via a different

mechanism from ATP analogues, and is pathway (Na+/K+-ATPase) specific.

8. A therapeutic composition comprising at least one peptide Src inhibitor or

activator of claim 7.
9. A method for developing small molecules that mimic the peptide inhibitor
or activator of claim 7, acts via a different mechanism from ATP analogues, and is

pathway (Na+/K+-ATPase) specific.
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10. A signal transducer comprising Na+/K+-ATPase which mediates one or
more signaling pathways that are related to cancer cell growth, cardiac fibrosis,

ischemia/reperfusion injury, muscle contraction, or uremic cardiomyopathy.

11. A composition comprising a functional domain found in either Src or the
Na+/K+-ATPase alpha 1 subunit, wherein Na+/K+-ATPase-mediated inhibition of Src is
due to the interaction between the N domain of the alpha subunit or the alpha subunits of

other P-type ATPases and the Src kinase domain.

12.  The composition of claim 11, comprising the ND1 peptide, or fragments
‘thereof. ”

13. A peptide derived from ND1 which is sufficient to bind and inhibit Src

activity as well as other Src family kinases, including, but not limited to, Lyn.

14. A peptide derived from a Src kinase domain (KD1) or similar domains
from other Src family kinases capable of binding with Na+/K+-ATPase and effective in
activating the Na+/K+-ATPase-inhibited Src by competing the binding motif for Src.

15. A peptide useful to activate or inhibit Na+/K+-ATPase pathway-specific

Src or Src family kinases.

16.  Src inhibitors and/or activators comprising a peptide or fragment thereof
that targets a region that i) specifically interact with Na+/K+-ATPase or Src, other than
competing for ATP binding, and ii) provides a pathway-specific modulation of Src

activity.

17.  Isoform-specific Src inhibitors and/or activators for individual Src family
kinases comprising a kinase having a sequence, or fragment thereof, developed using one

or more alpha subunits of Na+/K-+-ATPase that also bind the kinase domain.

18. A small molecule comprising the isoform-specific Src inhibitors and/or

activators of claim 16.
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19. A rapid screen assay for large scale and high out-put screen comprising the

interacation between Na+/K+-ATPase and at least one Src or Src family kinase.

20. A method of treating a protein kinase-associated disease state, the method
comprising administering a therapeutically effective amount of at least one composition of

claim 3 or 4 to a subject in need thereof.

21.  The method of claim 19, wherein the disease state involves a non-receptor
tyrosine kinase or a receptor tyrosine kinase employing Src or Src family kinase as an

effector.

22. The method of claim 19, wherein the disease state involves a cellular

tyrosine kinase comprising Src.

23.  The method of claim 19, wherein the disease state comprises a cancer or a

renal or a cardiovascular-related disease.

24. A composition of matter comprising: a) a peptide having a length from five
to fifty amino acids, the peptide comprising a motif selected from the group comprising
any of the peptide sequences described herein and b) a first detectable moiety, wherein the

first detectable moiety is associated with the peptide.

25. A composition comprising or developed based on the sequence as shown in

Fig. 19B [ SEQ ID NO 1].

26. A composition comprising or developed based on the sequence as shown in
Fig. 20B [ SEQ ID NO 34]. '

27. A composition comprising or developed based on the peptide sequence as
shown in Fig. 24A [ SEQ ID NO 2].

28. A composition comprising or developed based on the structure information

of the interaction between the Na+/K+-ATPase and Src or Src family kinases.
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29. A small molecule Src inhibitor or activator developed to target or based on

the interaction between the Na+/K+-ATPase and Src or Src family kinases.

30. A Src inhibitor or activator developed based on the interaction between

H+/K+-ATPase or other P-ATPases and Src or Src family kinases.

31. A method of developing either agonists or antagonists of the identified

Na+/K+-ATPase/Src receptor complex.

32. A composition comprising an agonist or antagonist developed based on the

Na+/K+-ATPase/Src complex.

33. A therapeutic composition comprising at least one agonist or antagonist of

claim 32.

34. A method for manipulating cellular Na+/K+-ATPase in cultured cells
comprising transfecting cells with the A4 siRNA expression vector, whereby the

expression of Na/K-ATPase in the cloned cells is reduced.

35. A method for at least partially silencing the expression of endogenous al in
cultured cells comprising transfecting cells with the A4 siRNA expression vector, whereby

the expression of al in the cloned cells is reduced.

36. A method for depleting endogenous Na+/K+-ATPase without requiring the
use of ouabain to force the expression of the transfected Na+/K+-ATPase, comprising
using A4 siRNA to silence the al expression in cells derived from a desired species

including human and pig.

37.  An expression vector comprising GST-NT (amino acid residue 6-90) [SEQ
ID NO 51].

38.  Anexpression vector comprising GST-CD2 (amino acid residue 152-288)
[SEQ ID NO 52].
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39.  Anexpression vector comprising GST-CD3 (amino acid residue 350-785)
[SEQ ID NO 53].

40. A construct comprising GST-H+ /K+-CD3. [SEQ ID NO 54].
41. A construct comprising GST-SERCA-CD3. [SEQ ID NO 55].

42. A siRNA-based assay configured to determine the effect of changes in the
amount and properties of the Na+/K+-ATPase on both basal and ouabain-stimulated Src

activity.

43.  ol-depleted cells useful for determining signaling functions of an
exogenous/mutant a1 made by transfecting the knockdown cells with a al expression
vector in which A4 siRNA-targeted sequence was silently mutated wherein the exogenous
al is knocked in and expression of al is restored, not only the total cellular Na+/K+-

ATPase protein but also the Na+/K+-ATPase activity.
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SEQ | Swiss Prot Sequence

ID | Access No. Name

1 ND1/CANFA LTOQNRMTVAHMWSDNQIHEADTTENQSGVSFDKTSATWL

ALSRIAGLCNRAVFQANQ

2 P50997 P3/CANFA SATWLALSRIAGLCNRAVFQ

3 P05023 P3/HUMAN SATWLALSRIAGLCNRAVFQ

4 P05024 P3/PIG SATWLALSRIAGLCNRAVFQ

5 P04074 P3/SHEEP SATWLALSRIAGLCNRAVFQ

6 P06685 P3/RAT SATWFALSRIAGLCNRAVFQ

7 P09572 P3/CHICK SATWLALSRIAGLCNRAVFQ

8 P30714 P3/BUFMA SPTWTALARIAGLCNRAVFEP

9 Q92123 P3/XENLA SPTWTALSRVAGLCNRAVFQ

101 Q92030 P3/ANGAN SATWAALARIAGLCNRAVFL

11 | P25489 P3/CATCO SDTWASLARIAGLCNRAVFL

12 | PO5025 P3/TORCA SLSWNALSRIAALCNRAVFQ

13 | AAF98360 | P3/DANIO SPTWAALARVAGLCNRAVFR

14 | P50993 P3/HUMAN SPTWTALSRIAGLCNRAVFK

15 | PO6686 P3/RAT SPTWTALSRIAGLCNRAVFK

16 | P24797 P3/CHICK SPTWAALSRIAGLCNRAVFK

17 | P13637 P3/HUMAN SHTWVALSHIAGLCNRAVFK

18 | PO6687 P3/RAT SHTWVALSHIAGLCNRAVFK

19 | P24798 P3/CHICK SATWVALSHIAGLCNRAVFK
20 | Q64541 P3/RAT SDTWFYLARIAGLCNRADFK
21 1 Q13733 P3/HUMAN SDTWFMLARIAGLCNRADFK
22 | AADA43813 | P3/MUS SDTWFYLARIAGLCNRADFK
23 1 076154 P3/DUGIA SDTWKMELARISMLCNRAQFK
24 | P13607 P3/DROME SPGFKALSRIATLCNRAEFK
25 | Q27766 P3/CTEFE SPGFKALARIATLCNRAEFK
26 | P28744 P3/ARTSF SAGWEKALVKIAALCSRAEFK
27 | P17326 P3/ARTSF SKGFPELIRVASLCSRAEFK
28 | P35317 P3/HYDAT SLTWKSLAKVAALCSRAEFK
29 1 Q27461 P3/CAFEL GASFEALVRIASLCNRAEFK

30 | 045240 P3/CAFEL KEDSYQKLLRCATLCSRSHFRYV

31 1Q95024 P3/DICDI TPTCAALLNVGACCNRADFDRLEG
32 | P09626 P3/RAT SETWRALCRVLTLCNRAAFK
33 | Q64578 P3/RAT STYADGLVELATICALCNDSSLDFN

LRLEVKLGQGCFGEVWMGTWNGTTRVAIKTLKPGTMSPE

34 KDV/CANFA AFLOEAQVMKKLRHE

35 AL/DNA agatcatggaatccitcaa
36 A2/DNA ctceaccaacaagtaccag

37 A3/DNA ggtcatcatggicacagga

38 A4/DNA getegtetgatetttgata

39 Al sense/DNA S’-tegagagatcatggaatectteaaticaagagatigaaggaticeatgatetttttt-3°
40 Alanti- 5’-ctagaaaaaagatcatggaatecticatetcttgaatigaaggattecatgatete-3°

sense/DNA
41 A2 sense/DNA 5’-tcgagctccaccaacaagtaccagttcaagagactggtacttgﬁggtggaggtttt-i‘)’
49 A2 anti- 5’-ctagaaaaactceaccaacaagtaccagtetetigaactggtacttgtiggtggage-3°
sense/DNA
43 A3 sense/DNA S’-tegagggteatcatggteacaggattcaagagatectgtgaccatgatgacettitt-3°

Fig. 30A
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44

A3 anti-
sense/DNA

5’-ctagaaaaaggtcatcatggteacaggatetetigaatectgtgaccatgatgacee-3’

45

Ad sense/DNA

$’-tegaggsotegtetgatetttgataticaagagatatcaaagateagacgaccttitt-3°

46

A4 anti-
sense/DNA

5’-ctagaaaaaggtcgtetgatettigatatetetigaatatcaaagatcagacgacee-3’

47

TAT

GRKKR RQRRR PPQ

48

AP

ROIKIWFONR RMKWKK

49

TAT-P3

GREKKRRQORRRPPOQSATWLALSRIAGLCNRAVFQ

50

AP-P3

ROIKIWFONRRMKWKKSATWLALSRIAGLCNRAVFQ

51

P05024

NT (6-
90)/PIG

MGKGVGRDKY EPAAVSEHGD KKKAKKERDM
DELKKEVSMD DHKLSLDELH RKYGTDLSRG LTPARAAEIL
ARDGPNALTP PPTTPEWVKF

52

P05024

CD2 (152-
288)/PIG

SSKIMESFKNMVPQQALVIRNGEKMSINAEEVVVGDLVEVKG
GDRIPADLRIISANGCKVDNSSLTGESEPQTRSPDFTNENPLET
RNIAFFSTNCVEGTARGIVVYTGDRTVMGRIATLASGLEGGQ

TPIAAEIEH

53

P05024

CD3 (350-
784)/PIG

A RKNCLVKNLE AVETLGSTST ICSDKTGTLT
QNRMTVAHMW SDNQIHEADT TENQSGVSFD KTSATWLALS
RIAGLCNRAYV FQANQENLPI LKRAVAGDAS ESALLKCIEL
CCGSVKEMRE RYTKIVEIPF NSTNKYQLSI HKNPNTAEPR
HLLVMKGAPE RILDRCSSIL IHGKEQPLDE ELKDAFQNAY
LELGGLGERV LGFCHLFLPD EQFPEGFQFD TDDVNFPLDN
LCFVGLISMI DPPRAAVPDA VGKCRSAGIK VIMVTGDHPI
TAKAIAKGVG IISEGNETVE DIAARLNIPV SQVNPRDAKA
CVVHGSDLKD MTSEQLDDIL KYHTEIVFAR TSPQOQKLIIV
EGCQRQGAIV AVTGDGVNDS PASKKADIGV AMGIAGSDVS
KQAADMILLD DNFASIVTGVY EEGRLIFDNL KKSIAYTLTS
NIPE

54

H/K ATPase
CD3 (348-
778)

TVT VCLSLTAKRL
ASKNCVVKNL EAVETLGSTS VICSDKTGTL TQNRMTVSHL
WEFDNHIHTAD TTEDQSGQTF DQSSETWRAL CRVLTLCNRA
AFKSGQDAVP VPKRIVIGDA SETALLKFSE LTLGNAMGYR
DRFPKVCEIP FNSTNKFQLS IHTLEDPRDP RHLLVMKGAP
ERVLERCSSI LIKGQELPLD EQWREAFQTA YLSLGGLGER
VLGFCQLYLN EKDYPPGYTF DVEAMNFPSS GLCFAGLVSM
IDPPRATVPD AVLKCRTAGI RVIMVTGDHP ITAKAIAASY
GHISEGSETV EDIAARLRMP VDQVNKKDAR ACVINGMQLK
DMDPSELVEA LRTHPEMVFA RTSPQQKLVI VESCQRLGAI
VAVTGDGVND SPALKKADIG VAMGIAGSDA AKNAADMILL
DDNFASIVTG VEQGRLIF

55

SERCA2-CD3
(322-768)

GTRRMAKKN AIVRSLPSVE
TLGCTSVICS DKTGTLTINQ MSVCRMFILD KVEGDTCSLN
EFTITGSTYA PIGEVQKDDK PVKCHQYDGL VELATICALC
NDSALDYNEA KGVYEKVGEA TETALTCLVE KMNVFDTELK
GLSKIERANA CNSVIKQLMK KEFTLEFSRD RKSMSVYCTP
NKPSRTSMSK MFVKGAPEGYV IDRCTHIRVG STKVPMTPGYV
KQKIMSVIRE WGSGSDTLRC LALATHDNPL RREEMHLEDS
ANFIKYETNL TFVGCVGMLD PPRIEVASSYV KLCRQAGIRV
IMITGDNKGT AVAICRRIGI FGQDEDVTSK AFTGREFDEL
SPSAQRDACL NARCFARVEP SHKSKIVEFL QSFDEITAMT
GDGVNDAPAL KKSEIGIAMG SGTAVAKTAS EMVLADDNFS
TIVAAVEEGR ATYNNMEKQFI RYLISSNV

Fig 30B
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