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(57) ABSTRACT 

The present invention relates to neW NOS variants or 

rnutants Which contain structural alterations in the site of Akt 
dependent phosphorylation. The altered NOS proteins or 
peptides, especially the human eNOS proteins or peptides, 
Akt proteins or polypeptides and their encoding nucleic acid 
molecules are useful as gene therapy agents for the treatment 

of diseases including post angioplasty restenosis, hyperten 
sion, atherosclerosis, heart failure, diabetes and diseases 
With defective angiogenesis. NOS proteins and peptides are 
also useful in methods of screening for agents Which modu 
late NOS activity. 
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ENOS MUTATIONS USEFUL FOR GENE 
THERAPY AND THERAPEUTIC SCREENING 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/129,550, ?led Apr. 16, 1999, 
Which is herein incorporated by reference in its entirety. 

ACKNOWLEDGMENT OF FEDERAL SUPPORT 

[0002] The present invention arose in part from research 
funded by the following federal grant monies: HL 57665 and 
HL 61371. 

TECHNICAL FIELD 

[0003] The present invention relates to neW NOS variants 
or mutants Which contain structural alterations in the site of 
Akt dependent phosphorylation. The altered NOS proteins 
or peptides and their encoding nucleic acid molecules are 
useful as gene therapy agents for the treatment of diseases 
including post angioplasty restenosis, hypertension, athero 
sclerosis, heart failure, diabetes and diseases With defective 
angiogenesis. 

BACKGROUND OF THE INVENTION 

[0004] Atherosclerosis and vascular thrombosis are a 
major cause of morbidity and mortality, leading to coronary 
artery disease, myocardial infarction, and stroke. Athero 
sclerosis begins With an alteration in the endothelium Which 
lines the blood vessels. An endothelial alteration may even 
tually result in the development of an endothelial lesion 
caused, in part, by the uptake of oxidiZed loW-density 
lipoprotein (LDL) cholesterol. Rupture of this lesion can 
lead to thrombosis and occlusion of the blood vessel. In the 
case of a coronary artery, rupture of a complex lesion may 
precipitate a myocardial infarction, Whereas in the case of a 
carotid artery, stroke may ensue. 

[0005] In atherosclerotic coronary heart disease, endothe 
lial dysfunction may diminish production of vasodilatory 
substances, such as nitric oxide. Myocardial ischemia results 
When autoregulatory vasodilation is prevented, Whether by 
?oW-limiting coronary arterial stenosis or by endothelial 
dysfunction. In both cases, arterial blood How can no longer 
increase proportional to rising oxygen demands. In other 
situations, myocardial ischemia may occur When oxygen 
demands are constant but there is a primary decrease in 
coronary blood ?oW mediated via coronary artery spasm, 
rapid evolution of the underlying atherosclerotic plaque 
leading to a reduced coronary arterial lumen caliber, and/or 
intermittent microvascular plugging by platelet aggregates. 

[0006] Balloon angioplasty is commonly used to reopen a 
blood vessel Which is narroWed by plaque. Although balloon 
angioplasty is successful in a high percentage of the cases in 
opening the vessel, it often denudes the endothelium and 
injures the vessel in the process. This damage causes the 
migration and proliferation of vascular smooth muscle cells 
of the blood vessel into the area of injury to form a lesion, 
knoWn as myointimal hyperplasia or restenosis. This neW 
lesion leads to a recurrence of symptoms Within three to six 
months after the angioplasty in a signi?cant proportion of 
patients. 
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[0007] In atherosclerosis, thrombosis and restenosis there 
is also a loss of normal vascular function, such that vessels 
tend to constrict, rather than dilate. The excessive vasocon 
striction of the vessel causes further narroWing of the vessel 
lumen, limiting blood ?oW. This can cause symptoms such 
as angina (if a heart artery is involved), or transient cerebral 
ischemia (i.e. a “small stroke”, if a brain vessel is involved). 
This abnormal vascular function (excessive vasoconstriction 
or inadequate vasodilation) occurs in other disease states as 
Well. Hypertension (high blood pressure) is caused by exces 
sive vasoconstriction, as Well as thickening, of the vessel 
Wall, particularly in the smaller vessels of the circulation. 
This process may affect the lung vessels as Well causing 
pulmonary (lung) hypertension. Other disorders knoWn to be 
associated With excessive vasoconstriction, or inadequate 
vasodilation include transplant atherosclerosis, congestive 
heart failure, toxemia of pregnancy, Raynaud’s phenom 
enon, PrinZmetal’s angina (coronary vasospasm), cerebral 
vasospasm, hemolytic-uremia and impotence. 

[0008] A substance released by the endothelium, initially 
referred to as “endothelium derived relaxing factor” 
(EDRF), plays an important role in inhibiting these patho 
logic processes. EDRF is noW knoWn to be nitric oxide 
(NO). NO plays many roles in human physiology, including 
the relaxation of vascular smooth muscle, the inhibition of 
platelet aggregation, the inhibition of mitogenesis, the pro 
liferation of vascular smooth muscle, and leukocyte adher 
ence. Because NO is the most potent endogenous vasodila 
tor, and because it is largely responsible for exercise-induced 
vasodilation in the conduit arteries, enhancement of NO 
synthesis could also improve exercise capacity in normal 
individuals and those With vascular disease. 

[0009] Endothelial nitric oxide synthase (eNOS) is the 
nitric oxide synthase (NOS) isoform responsible for the 
maintenance of systemic blood pressure, vascular remodel 
ing and angiogenesis (Shesely et al., 1996; Huang et al., 
1995; Rudic et al., 1998; Murohara et al., 1998). As de?cient 
endothelial production of NO is an early, persistent feature 
of atherosclerosis and vascular injury, eNOS has proven to 
be an attractive target for vascular gene therapy. While the 
regulation of eNOS activation remains largely unde?ned, it 
is knoWn that eNOS is phosphorylated in response to various 
forms of cellular stimulation (Michel et al., 1993; Garcia 
Cardena et al., 1996; Corson et al., 1996), hoWever, the role 
of phosphorylation in the regulation of nitric oxide (NO) 
production and the kinase(s) responsible has not been pre 
viously elucidated. 

SUMMARY OF THE INVENTION 

[0010] The present inventions result, in part, from the neW 
discovery that the serine/threonine protein kinase, Akt (pro 
tein kinase B), can directly phosphorylate eNOS on a serine 
residue corresponding to residue 1179 in bovine eNOS or 
residue 1177 in human eNOS and activate the enZyme 
leading to NO production. Mutant eNOS (S1179A or 
S1177A) is resistant to Akt phosphorylation and activation 
While mutant eNOS (S1179D and S1177D) or (S1179E and 
S1177E) is constitutively active. Moreover, using adenoviral 
mediated gene transfer activated Akt increases basal NO 
release from endothelial cells and activation de?cient Akt 
attenuates VEGF stimulated NO production. Thus, eNOS is 
a neWly described Akt substrate linking signal transduction 
via Akt to the release of the gaseous second messenger, NO. 
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The present inventions are also based in part on the ?ndings 
that mutant eNOS (S1179D) exhibits an increase in the rate 
of NO production and an increase in reductase activity. 

[0011] The present invention includes NOS, polypeptides 
or proteins and their encoding isolated nucleic acid mol 
ecules, Wherein the NOS polypeptide or protein contains a 
substituted amino acid residue corresponding to residue 
1179 of bovine eNOS, residue 1177 of human eNOS, residue 
1412 of rat nNOS, or residue 1415 at human nNOS. Pre 
ferred substitutions include amino acids With negatively 
charged R groups, including aspartic acid and glutarnic acid. 

[0012] The present invention also includes NOS polypep 
tides or proteins and their encoding isolated nucleic acid 
molecules, Wherein the NOS polypeptide or protein contains 
a substituted amino acid residue corresponding to residue 
1179 of bovine eNOS, residue 1177 of human eNOS, residue 
1412 of rat nNOS, or residue 1415 at human nNOS. Pre 
ferred substitutions include amino acids With non-negatively 
charged R groups, such as alanine. 

[0013] The present invention provides methods for stirnu 
lating collateral vessel development in ischernic diseases 
With de?cient endogenous angiogenesis, speci?cally periph 
eral vascular disease and/or rnyocardial ischernia in a patient 
cornprising delivering a transgene coding for an NOS 
polypeptide of the invention or an Akt polypeptide. 

[0014] The invention further includes a non-hurnan trans 
genic animal which express an NOS polypeptide of the 
invention. 

[0015] Lastly, the invention includes methods of identify 
ing an agent Which modulates the Akt regulated activity of 
NOS, comprising the general steps of: (a) exposing puri?ed 
NOS, preferably eNOS or nNOS, or a cell that expresses 
NOS, preferably eNOS or nNOS, and Akt to an agent; and 
(b) measuring the Akt regulated activity of NOS, preferably 
eNOS or nNOS. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIGS. 1A-1B. Wild-type Akt, but not kinase inac 
tive Akt increases NO release from cells expressing mem 
brane associated eNOS. In FIG. 1A, COS cells Were trans 
fected with plasmids for eNOS, in the absence or presence 
of Akt or kinase inactive Akt (K179M) and the production 
of NO (assayed as NO;) determined by chernilurnines 
cence. In FIG. 1B, COS cells Were transfected With various 
NOS plasrnids as above. In both FIG. 1A and FIG. 1B, 
values for NO; production Were subtracted from levels 
obtained from cells transfected With the [3-galactosidase 
cDNA only. The inset shoWs the expression of proteins in 
total cell lysates. Data are rneanzSEM, n=3-7 experirnents; 
* denotes p<0.05. 

[0017] FIGS. 2A-2D. Phosphorylation of eNOS by active 
Akt in vitro and in vivo. In FIG. 2A, COS cells Were 
transfected With HA-Akt or HA-Akt(K179M), lysates Were 
irnrnunoprecipitated and placed into an in vitro kinase 
reaction With histone 2B (25 mg) or recombinant eNOS (3 
mg) as substrates. The top panel depicts the incorporation of 
32P into the substrates and the bottom panel shoWs the 
amount of substrate by Coornassie staining of the gel. In 
FIG. 2B, 32P labeled Wild-type or the double serine mutant 
of eNOS (eNOS S635/1179) Was af?nity puri?ed from 
transfected COS cells and subjected to radiography (upper 
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panel) or Western blotting (loWer panel). The graphical data 
in FIG. 2B re?ects the relative amount of labeled protein to 
the amount of irnrnunoreactive eNOS in the gel. In FIG. 2C, 
labeled eNOS Was digested With trypsin and peptides sepa 
rated by RP-HPLC. The upper chrornatograrn documents a 
predominant labeled tryptic peptide that co-rnigrates With a 
unlabeled synthetic phosphopeptide standard (bottorn chro 
rnatograrn). The insets demonstrate by linear rnode MS of 
labeled peptide (top) and phosphopeptide standard identical 
rnass ions. In FIG. 2D, recornbinant Wild-type eNOS or 
eNOS S1179A Were puri?ed and equal amounts (2.4 mg) 
placed into an in vitro kinase reaction with recombinant Akt 
as described in Methods. The top panel in FIG. 2D depicts 
the incorporation of 32P into eNOS and the bottom panel 
shoWs the amount of substrate by Coornassie staining of the 
gel. The graphical data (n=3) re?ects the relative amount of 
labeled eNOS to the mass of eNOS (Coornassie) in the in 
vitro kinase reaction. 

[0018] FIG. 3. Evidence that serine 1179 is functionally 
important for Akt stirnulated NO release. COS cells Were 
transfected with plasmids for Wild-type eNOS or eNOS 
mutants, in the absence or presence of Akt and the expres 
sion of the proteins and production of NO (assayed as NO;) 
deterrnined. Interestingly, constructs With the S1179 muta 
tion to AWere not activated by Akt and mutation of S1179 
to D resulted in a gain of function. In A, data are rneanzSEM 
of 4-7 experirnents; * represent signi?cant differences 
(p<0.05). 

[0019] FIGS. 4A-4C. Akt regulates the basal and stimu 
lated production of NO in endothelial cells. In FIG. 4A, 
BLMVEC Were infected With adenoviral constructs ([3-gal 
as control, rnyr Akt and AA-Akt) and the amount of NO; 
produced over 24 hrs deterrnined (n=3). The inset shoWs the 
expression of eNOS and Akt. In FIG. 4B, lysates from 
adenoviral infected BLMVEC were examined for NOS 
activity. Equal amounts of protein (50 mg) Were incubated 
With various concentrations of free calcium and NOS activ 
ity deterrnined (n=3 experiments). In FIG. 4C, BLMVEC 
Were infected With adenoviruses as above folloWed by 
stimulation With VEGF (40 ng/rnl) for 30 min and NO; 
release quanti?ed by chernilurninescence. Data are pre 
sented as VEGF stirnulated release of NO; after subtraction 
of basal levels. Data are rneanzSEM, n=4; * represent 
signi?cant differences (p<0.05). 

[0020] FIGS. 5A and 5B. Purity and dimer/monomer 
ratio of Wild type and eNOS S1179D. In A and B, SDS 
PAGE analysis was performed on 7.5% polyacrylarnide gels 
stained With Coornassie Blue. Molecular mass standards 
(lane 1) and their siZe in kDa are indicated at the left. Wild 
type eNOS (lane 2) and eNOS S1179D (lane 3) (1 pg of 
each) Were resolved as indicated by arroWheads. In B, 
proteins (2 pg of each) Were resolved on SDS-PAGE run at 
4° C. Molecular mass standards Were in lane 1. Nonboiled 
samples of Wild type and eNOS S1179D Were resolved in 
lanes 2 and 3, respectively. In lane 4, Wild type-eNOS Was 
boiled in SDS sample buffer. 

[0021] FIGS. 6A and 6B. eNOS S1179D has higher rates 
of NO production (A) and reductase activity (B) than does 
Wild type eNOS. In A, the rate of NO generated from Wild 
type (C) and S1179D (0) eNOS was determined, using the 
hemoglobin capture assay, as a function of L-arginine con 
centration, and data are presented in a double reciprocal plot. 
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In B, DCIP and cytochrome c assays Were performed in the 
presence or absence of CaM. Values are mean:S.E., n=46 
determinations. Similar results Were obtained With at least 
three enZyme preparations. Signi?cant differences (p<0.05) 
betWeen the Wild type and S1179D eNOS are indicated by 
the asterisks. 

[0022] FIGS. 7A and 7B. NOS activities (A) and 
NADPH-dependent reductase (B) are increased With eNOS 
S1179D compared With the Wild type enZyme. Hemoglobin 
capture (A) and NADPH-dependent cytochrome c reduction 
(B) assays Were performed on both Wild type and S1179D 
eNOS. In A, the rate of NO production Was determined in 
the presence of all NOS cofactors (Wild type (?lled symbols) 
and S1179D (open symbols) eNOS). The rate of cytochrome 
c reduction Was performed in the absence of arginine and 
BH4 (A) for Wild type (circles) and S1179D (triangles) in 
the presence (?lled symbols) or absence of 120 nM calm 
odulin (open symbols). Values are mean:S.E., n=3-6 deter 
minations from at least three enZyme preparations. 

[0023] FIGS. 8A-8D. Calmodulin- and calcium-depen 
dent activation of NOS and reductase activities are slightly 
enhanced for S1179D eNOS. Calmodulin-dependent hemo 
globin capture (A) and cytochrome c reduction (B) Were 
performed on both Wild type (?lled symbols) and S1179D 
eNOS (open symbols). The rate of NO production detected 
by hemoglobin capture method is in the presence of all NOS 
cofactors, Whereas cytochrome c reduction Was performed 
in the absence of arginine and BH4. In C and D, identical 
experiments Were performed in the presence of increasing 
concentrations of free calcium. The insets in C and D depict 
the calcium-dependent turnover of S1179D and Wild type 
eNOS in both NO production and cytochrome c assays. The 
maximal turnover rates Were as folloWs for Wild type and 
S1179D eNOS, respectively: A, 22 and 43 min-1; B, 620 and 
1400 min1; C, 58 and 100 min1; and D, 1930 and 3810 
min-1. Values are mean:S.E., n=3-6 determinations from at 
least three enZyme preparations. 

[0024] FIGS. 9A and 9B. EGTA-initiated inactivation of 
NOS is reduced in S1179D eNOS. Hemoglobin capture (A) 
and reductase assays (B) Were performed as described 
earlier, With the folloWing modi?cations. The reaction Was 
monitored for 1 min to determine the initial rate; then, EGTA 
Was added to the reaction mixture, and the rate Was moni 
tored for an additional 1 min. The free calcium concentration 
in the reaction Was 200 pM, and the amount of EGTA added 
resulted in ?nal concentrations of 0, 200, 400, and 600 pM 
chelator. The speci?c activities are normaliZed to 100% for 
Wild type and S1179D eNOS. Values are mean:S.E., n=3-6 
determinations from at least three enZyme preparations. nd, 
no detectable activity for Wild type eNOS. 

DETAILED DESCRIPTION OF THE 
INVENTION 

A. General Description 

[0025] The present inventions are based, in part, upon the 
discovery that the serine/threonine protein kinase, Akt (pro 
tein kinase B), can directly phosphorylate eNOS on serine 
1179 (serine 1177 in human eNOS), and activate the enZyme 
leading to NO production While mutant eNOS (S1179A) is 
resistant to Akt phosphorylation and activation. Moreover, 
using adenoviral mediated gene transfer activated Akt 
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increases basal NO release from endothelial cells and acti 
vation de?cient Akt attenuates VEGF stimulated NO pro 
duction. Thus, eNOS is a neWly described Akt substrate 
linking signal transduction via Akt to the release of the 
gaseous second messenger, NO. The present inventions are 
also based in part on the ?ndings that mutant eNOS, for 
instance, S1179D, exhibits an increase in the rate of NO 
production and an increase in reductase activity. 

[0026] The demonstration that NO production is regulated 
by Akt dependent phosphorylation of eNOS provides novel 
constitutively active eNOS mutants for use in gene therapy 
aimed at improving endothelial function in cardiovascular 
diseases associated With dysfunction in the synthesis or 
biological activity of NO. Such diseases include post angio 
plasty restenosis, hypertension, atherosclerosis, heart failure 
including myocardial infarction, diabetes, and diseases With 
defective angiogenesis. This discovery also provides a novel 
therapeutic target useful for the design of drugs useful for 
treating diseases associated With dysfunction in the synthesis 
or biological activity of NO. 

[0027] The present invention also provides novel consti 
tutively active nNOS mutants Which have a substituted 
amino acid corresponding to residue 1412 of rat nNOS or 
1415 or human nNOS for use in gene therapy aimed at the 
treatment of diseases. 

B. Speci?c Embodiments 

[0028] Production of NOS Mutant Proteins or Polypep 
tides 

[0029] The present invention provides NOS proteins or 
polypeptides, allelic variants of NOS proteins, and conser 
vative amino acid substitutions of NOS proteins, all of 
Which contain a mutation of a serine residue Which is the site 
of Akt mediated phosphorylation. For instance, the proteins 
or polypeptides of the invention include but are not limited 
to: (1) human eNOS proteins Which comprise a mutation of 
residue 1177 (Janssens et al. (1992) J. Biol. Chem. 
267:14519-14522 Which is herein incorporated by reference 
in its entirety) from a serine to another amino acid, such as 
alanine, and are resistant to Akt mediated phosphorylation; 
(2) bovine eNOS proteins Which comprise a mutation of 
residue 1179 (SEQ ID NO: 2 of US. Pat. No. 5,498,539, 
Which is herein incorporated by reference in its entirety) 
from a serine to another amino acid, such as alanine, and are 
resistant to Akt mediated phosphorylation; (3) human nNOS 
proteins Which comprise a mutation of residue 1415 from a 
serine to another amino acid, such as alanine, and are 
resistant to Akt mediated phosphorylation; (4) rat nNOS 
proteins Which comprise a mutation of residue 1412 from a 
serine to another amino acid, such as alanine, and are 
resistant to Akt mediated phosphorylation; (5) human eNOS 
proteins Which comprise a mutation of residue 1177 from a 
serine to an amino acid containing a negatively charged R 
group, such as aspartic or glutamic acid, and are constitu 
tively active and exhibit increased NO production and 
increased reductase activity; (6) bovine eNOS proteins 
Which comprise a mutation of residue 1179 from a serine to 
an amino acid containing a negatively charged R group, such 
as aspartic or glutamic acid, and are constitutively active and 
exhibit increased NO production and increased reductase 
activity; (7) human nNOS proteins Which comprise a muta 
tion of residue 1415 from a serine to an amino acid con 



US 2004/0253685 A1 

taining a negatively charged R group, such as aspartic or 
glutamic acid, and are constitutively active and exhibit 
increased NO production and increased reductase activity; 
(8) rat nNOS proteins Which comprise a mutation of residue 
1412 from a serine to an amino acid containing a negatively 
charged R group, such as aspartic or glutamic acid, and are 
constitutively active and exhibit increased NO production 
and increased reductase activity; and (9) NOS proteins from 
species other than humans, coWs, or rat Which are modi?ed 
to contain an amino acid other than serine at a position 
corresponding to the serine at position 1177 in the human 
eNOS or position 1179 in the bovine eNOS, position 1412 
in the rat nNOS, and position 1415 in the human nNOS and 
Which are either resistant to Akt phosphorylation, are con 
stitutively active, or exhibit increased NO production and 
increased reductase activity. NOS mutants may also be 
produced by mutating other amino acids in the phosphory 
lation motif RXRXXS/T. 

[0030] The present invention provides constitutively 
active NOS polypeptides, preferably eNOS or nNOS, exhib 
iting increased NO production and reductase activity and 
comprising a mutation at the serine residue at the site of Akt 
mediated phosphorylation. It is also Within the skill of the 
artisan to obtain conservative variants such as substitutions, 
deletions, and insertions mutants of these NOS polypeptides 
exhibiting increased NO production and reductase activity. 
As used herein, a conservative variant refers to alterations in 
the amino acid sequence that do not adversely affect the 
ability of constitutively active NOS, preferably eNOS or 
nNOS, to produce NO or the reductase activity of constitu 
tively active NOS, preferably eNOS or nNOS. A substitu 
tion, insertion, or deletion is said to adversely affect consti 
tutively active NOS polypeptide, When the altered sequence 
affects the ability of constitutive NOS, such that it does not 
produce NO at an increased level and does not have 
increased reductase activity as compared to the Wild-type 
NOS. For example, the overall charge, structure or hydro 
phobic/hydrophilic properties of constitutive NOS can be 
altered Without adversely affecting the activity of constitu 
tive NOS. Accordingly, the amino acid sequence of NOS 
polypeptide can be altered, for instance to render the 
polypeptide more hydrophobic or hydrophilic, Without 
adversely affecting the activity of NOS. 

[0031] As used herein, a “constitutively active” mutant or 
variant of NOS, Whether modi?ed or isolated from a natural 
source, refers to a NOS protein, preferably an eNOS or a 
nNOS, Which produces NO at a rate higher than native NOS 
containing a serine in its unphosphorylated form at an amino 
acid residue corresponding to residue 1177 in human NOS 
or residue 1179 in bovine NOS. Preferred constitutively 
active variants comprise an amino acid With a negatively 
charged R group, such as aspartic or glutamic acid, at the 
amino acid residue corresponding to the serine at position 
1177 in the human eNOS or position 1179 in the bovine 
NOS. 

[0032] The present invention provides NOS proteins or 
polypeptides, allelic variants of NOS proteins, and conser 
vative amino acid substitutions of NOS proteins that contain 
a substituted amino acid residue corresponding to residue 
1177 of bovine eNOS, to residue 1179 of human eNOS, to 
residue 1412 of rat nNOS, and to residue 1415 of human 
nNOS, Wherein the substituted amino acid residue com 
prises a non-negatively charged R group, such as alanine. 

Dec. 16, 2004 

[0033] The NOS proteins, preferably eNOS or nNOS 
proteins, of the present invention may be in isolated form. As 
used herein, a protein is said to be isolated When physical, 
mechanical or chemical methods are employed to remove 
the protein from cellular constituents that are normally 
associated With the protein. A skilled artisan can readily 
employ standard puri?cation methods to obtain an isolated 
protein. 
[0034] Also included in the invention are NOS peptides 
Which span the Akt phosphorylation site corresponding to 
residue 1179 in bovine eNOS, residue 1177 in human eNOS, 
residue 1412 in rat nNOS or residue 1415 in human nNOS. 
Peptides may contain a serine at the phosphorylation site or, 
preferably, may contain a substitution of the serine at 
position corresponding to residue 1179 in bovine eNOS, 
residue 1177 in human eNOS, residue 1412 in rat nNOS, or 
residue 1415 in human nNOS. Such substitutions include, 
but are not limited to, amino acids With an R group that 
mimics serine in its phosphorylated state, such as aspartic 
acid or glutamic acid. Such substitutions also include, amino 
acids With a non-negative R group, such as alanine. Peptides 
spanning this site may be about 3, 5, 7, 10, 12, 15, 17, 20, 
25, 30, 40, 50 or more amino acids in length. 

[0035] NOS proteins, polypeptides or peptides of the 
invention may be prepared by any means available, includ 
ing recombinant expression from an NOS cDNA Which has 
been modi?ed to replace or alter the nucleotide triplet 
encoding a serine corresponding to the serine at position 
1177 in the human eNOS, position 1179 in the bovine eNOS, 
residue 1412 in rat nNOS, or residue 1415 in human nNOS. 
Any available technique may be used to mutate the nucle 
otide triplet encoding the serine residue, such as homolo 
gous recombination, site-directed mutagenesis or PCR 
mutagenesis (see, Sambrook et al., Molecular Cloning, Cold 
Spring Harbor Laboratory Press, 1989). Starting cDNAs 
may include the human and bovine eNOS cDNAs as Well as 
cDNAs encoding eNOS proteins of other animal species, 
including but not limited to rabbit, rat, murine, porcine, 
ovine, equine and non-human primate species. 

[0036] As used herein, a nucleic acid molecule encoding 
a NOS protein or polypeptide, preferably eNOS or nNOS 
protein or polypeptide, of the invention is said to be “iso 
lated” When the nucleic acid molecule is substantially sepa 
rated from contaminant nucleic acid encoding other 
polypeptides from the source of nucleic acid. 

[0037] The present invention further provides fragments 
of the encoding nucleic acid molecule. As used herein, a 
fragment of an encoding nucleic acid molecule refers to a 
small portion of the entire protein encoding sequence. The 
siZe of the fragment Will be determined by the intended use. 
For example, if the fragment is chosen so as to encode an 
active portion of the protein, the fragment Will need to be 
large enough to encode the functional region(s) of the 
protein, including the Akt phosphorylation site. If the frag 
ment is to be used as a nucleic acid probe or PCR primer, 
then the fragment length is chosen so as to obtain a relatively 
small number of false positives during probing/priming to a 
region Which spans or ?anks the NOS Akt phosphorylation 
site. 

[0038] Fragments of the encoding nucleic acid molecules 
of the present invention (i.e., synthetic oligonucleotides) that 
are used as probes or speci?c primers for the polymerase 
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chain reaction (PCR), or to synthesize gene sequences 
encoding proteins of the invention can easily be synthesized 
by chemical techniques, for example, the phosphotriester 
method of Matteucci, et al. 1981 J. Am. Chem. Soc. 
103:3185-3191) or using synthesis methods. In addition, 
larger DNA segments can readily be prepared by Well knoWn 
methods, such as synthesis of a group of oligonucleotides 
that de?ne various modular segments of the gene, folloWed 
by ligation of oligonucleotides to build the complete modi 
?ed gene. 

[0039] The encoding nucleic acid molecules of the present 
invention may further be modi?ed so as to contain a detect 
able label for diagnostic and probe purposes. A variety of 
such labels are knoWn in the art and can readily be employed 
With the encoding molecules herein described. Suitable 
labels include, but are not limited to, biotin, radiolabeled 
nucleotides and the like. Askilled artisan can employ any of 
the art knoWn labels to obtain a labeled encoding nucleic 
acid molecule. 

[0040] The present invention further provides recombi 
nant DNA molecules (rDNAs) that contain an NOS coding 
sequence as described above. As used herein, a rDNA 
molecule is a DNA molecule that has been subjected to 
molecular manipulation. Methods for generating rDNA mol 
ecules are Well knoWn in the art, for example, see Sambrook 
et al., Molecular Cloning (1989). In the preferred rDNA 
molecules, a coding DNA sequence is operably linked to 
expression control sequences and/or vector sequences. 

[0041] The choice of vector and/or expression control 
sequences to Which one of the protein family encoding 
sequences of the present invention is operably linked 
depends directly, as is Well knoWn in the art, on the func 
tional properties desired, e.g., protein expression, and the 
host cell to be transformed. A vector contemplated by the 
present invention is at least capable of directing the repli 
cation or insertion into the host chromosome, and preferably 
also expression, of the structural gene included in the rDNA 
molecule. 

[0042] Expression control elements that are used for regu 
lating the expression of an operably linked protein encoding 
sequence are knoWn in the art and include, but are not 
limited to, inducible promoters, constitutive promoters, 
secretion signals, and other regulatory elements. Preferably, 
the inducible promoter is readily controlled, such as being 
responsive to a nutrient in the host cell’s medium. 

[0043] In one embodiment, the vector containing a coding 
nucleic acid molecule Will include a prokaryotic replicon, 
i.e., a DNA sequence having the ability to direct autonomous 
replication and maintenance of the recombinant DNA mol 
ecule extrachromosomally in a prokaryotic host cell, such as 
a bacterial host cell transformed thereWith. Such replicons 
are Well knoWn in the art. In addition, vectors that include a 
prokaryotic replicon may also include a gene Whose expres 
sion confers a detectable marker such as a drug resistance. 
Typical bacterial drug resistance genes are those that confer 
resistance to ampicillin or tetracycline. 

[0044] Vectors that include a prokaryotic replicon can 
further include a prokaryotic or bacteriophage promoter 
capable of directing the expression (transcription and trans 
lation) of the coding gene sequences in a bacterial host cell, 
such as E. coli. Apromoter is an expression control element 
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formed by a DNA sequence that permits binding of RNA 
polymerase and transcription to occur. Promoter sequences 
compatible With bacterial hosts are typically provided in 
plasmid vectors containing convenient restriction sites for 
insertion of a DNA segment of the present invention. Typical 
of such vector plasmids are pUC8, pUC9, pBR322 and 
pBR329 available from Biorad Laboratories, (Richmond, 
Calif.), pPL and pKK223 available from Pharmacia, Piscat 
aWay, N]. 

[0045] Expression vectors compatible With eukaryotic 
cells, preferably those compatible With vertebrate cells, can 
also be used to form a rDNA molecules that contains a 
coding sequence. Eukaryotic cell expression vectors are Well 
knoWn in the art and are available from several commercial 
sources. Typically, such vectors are provided containing 
convenient restriction sites for insertion of the desired DNA 
segment Typical of such vectors are pSVL and pKSV-10 
(Pharmacia), pBPV-1/pML2d (International Biotechnolo 
gies, Inc.), pTDT1 (ATCC, #31255), and the like eukaryotic 
expression vectors. 

[0046] Eukaryotic cell expression vectors used to con 
struct the rDNA molecules of the present invention may 
further include a selectable marker that is effective in an 
eukaryotic cell, preferably a drug resistance selection 
marker. A preferred drug resistance marker is the gene 
Whose expression results in neomycin resistance, i.e., the 
neomycin phosphotransferase (neo) gene. (Southern et al. 
(1982) J. Mol. Anal. Genet. 11327-341) Alternatively, the 
selectable marker can be present on a separate plasmid, and 
the tWo vectors are introduced by co-transfection of the host 
cell and selected by culturing the appropriate drug for the 
selectable marker. 

[0047] The present invention further provides host cells 
transformed or transfected With a nucleic acid molecule that 
encodes an NOS protein, preferably eNOS or nNOS protein, 
of the present invention. The host cell can be either prokary 
otic or eukaryotic. Eukaryotic cells useful for expression of 
a protein of the invention are not limited, so long as the cell 
line is compatible With cell culture methods and compatible 
With the propagation of the expression vector and expression 
of the gene product. Preferred eukaryotic host cells include, 
but are not limited to, yeast, insect and mammalian cells, 
preferably vertebrate cells such as those from a mouse, rat, 
monkey or human cell line. Preferred eukaryotic host cells 
include Chinese hamster ovary (CHO) cells available from 
the ATCC as CCL61, NIH SWiss mouse embryo cells 
NIH/3T3 available from the ATCC as CRL 1658, baby 
hamster kidney cells (BHK), and the like eukaryotic tissue 
culture cell lines. Any prokaryotic host can be used to 
express a rDNA molecule encoding a protein of the inven 
tion. The preferred prokaryotic host is E. coli, particularly 
for the constitutively active NOS mutants. 

[0048] Transformation or transfection of appropriate cell 
hosts With a rDNA molecule of the present invention is 
accomplished by Well knoWn methods that typically depend 
on the type of vector used and host system employed. With 
regard to transformation of prokaryotic host cells, electropo 
ration and salt treatment methods are typically employed, 
see, for example, Cohen et al., (1972) Proc. Natl. Acad. Sci. 
USA 6912110; and Maniatis et al., Molecular Cloning, A 
Laboratory Mammal, Cold Spring Harbor Laboratory, Cold 
Spring Harbor, NY. (1982). With regard to transformation 
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of vertebrate cells With vectors containing rDNAs, elec 
troporation, cationic lipid or salt treatment methods are 
typically employed, see, for example, Graham et al. 1983) 
Virol. 521456; Wigler et al., (1979) Proc. Natl. Acad. Sci. 
USA 7611373-76. Successfully transformed or transfected 
cells, i.e., cells that contain a rDNA molecule of the present 
invention, can be identi?ed by Well knoWn techniques 
including the selection for a selectable marker. For example, 
cells resulting from the introduction of an rDNA of the 
present invention can be cloned to produce single colonies. 
Cells from those colonies can be harvested, lysed and their 
DNA content examined for the presence of the rDNA using 
a method such as that described by Southern (1975) J. Mol. 
Biol. 981503 or Berent et al. (1985) Biotech. 31208, or the 
proteins produced from the cell assayed via an immunologi 
cal method. 

[0049] The present invention further provides methods for 
producing a NOS protein, preferably an eNOS protein or a 
nNOS protein, of the invention using nucleic acid molecules 
herein described. In general terms, the production of a 
recombinant form of a protein typically involves the fol 
loWing steps. A nucleic acid molecule is ?rst obtained that 
encodes a protein of the invention. If the encoding sequence 
is uninterrupted by introns, it is directly suitable for expres 
sion in any host. The nucleic acid molecule is then prefer 
ably placed in operable linkage With suitable control 
sequences, as described above, to form an expression unit 
containing the protein open reading frame. The expression 
unit is used to transform or transfect a suitable host and the 
transformed or transfected host is cultured under conditions 
that alloW the production of the recombinant protein. 
Optionally the recombinant protein is isolated from the 
medium or from the cells; recovery and puri?cation of the 
protein may not be necessary in some instances Where some 
impurities may be tolerated. 

[0050] Each of the foregoing steps can be done in a variety 
of Ways. For example, the desired coding sequences may be 
obtained from genomic fragments and used directly in 
appropriate hosts. The construction of expression vectors 
that are operable in a variety of hosts is accomplished using 
appropriate replicons and control sequences, as set forth 
above. The control sequences, expression vectors, and trans 
formation or transfection methods are dependent on the type 
of host cell used to express the gene and Were discussed in 
detail earlier. Suitable restriction sites can, if not normally 
available, be added to the ends of the coding sequence so as 
to provide an excisable gene to insert into these vectors. A 
skilled artisan can readily adapt any host/expression system 
knoWn in the art for use With the nucleic acid molecules of 
the invention to produce recombinant protein. 

[0051] Gene Therapy 

[0052] Any appropriate gene delivery system combined 
With a suitable gene expression system using the most 
appropriate route of delivery is encompassed by the present 
invention. For instance, NOS mutant or variant genes, 
preferably eNOS or nNOS mutant or variant genes, of the 
invention or Akt genes may be transferred to the heart (or 
skeletal muscle), including cardiac myocytes (and skeletal 
myocytes), in vitro or in vivo to direct production of the 
encoded protein. Particularly useful are human Akt genes 
and NOS mutants, preferably human eNOS, containing an 
amino acid With a negatively charged R group, such as 
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aspartic or glutamic acid, at a position corresponding to 
serine 1177 in human eNOS. Routes of administering NOS 
mutant or variant genes include, but are not limited to, 
intravascular, intramuscular, intraperitoneal, intradermal, 
and intraarterial injection. 

[0053] The adenovirus gene delivery system offers several 
advantages: adenovirus can accommodate relatively large 
DNA inserts; (ii) be groWn to high-titer; (iii) infect a broad 
range of cell types; and (iv) be used With a large number of 
available vectors containing different promoters. Also, 
because adenoviruses are stable in the bloodstream, they can 
be administered by intravenous injection. Apreferred deliv 
ery vector is a helper-independent replication de?cient 
human adenovirus 5, although other delivery means are 
available and may be used, including delivery of nucleic 
acids directly to the cells of interest (see SaWa et al. (1998) 
Gene Ther 5(11)11472-80; LabhasetWar et al. (1998) J. 
Pharm. Sci. 87(11)11347-50; Lin et al. (1997) Hypertension 
301307-313; Chen et al. (1997) Circ. Res. 80(3)1327-335; 
Channon et al. (1996) Cardiovasc. Res. 321962-972; Harv 
Heart Lett. (1999) 9(8)15-6; and Nabel et al. (1999) Nat. 
Med. 5(2)1141-2. 

[0054] Using the adenovirus 5 system, transfection fre 
quencies of greater than 60% have been demonstrated in 
myocardial cells in vivo by a single intracoronary injection 
(Giordano and Hammond (1994) Clin. Res. 421 123A). 
Non-replicative recombinant adenoviral vectors are particu 
larly useful in transfecting coronary endothelium and car 
diac myocytes resulting in highly ef?cient transfection after 
intracoronary injection. Non-replicative recombinant aden 
oviral vectors are also useful for transfecting desired cells of 
the peripheral vascular system (see US. Pat. No. 5,792,453, 
Which is herein incorporated by reference in its entirety). 

[0055] Adenoviral vectors used in the present invention 
can be constructed by the rescue recombination technique 
described in Graham et al. (1988) Wrology 1631614-617. 
Brie?y, the eNOS transgene is cloned into a shuttle vector 
that contains a promoter, polylinker and partial ?anking 
adenoviral sequences from Which E1A/E1B genes have been 
deleted. As the shuttle vector, plasmid pAC1 (Wrology 
1631614-617, 1988) (or an analog) Which encodes portions 
of the left end of the human adenovirus 5 genome (Virology 
1631614-617, 1988) minus the early protein encoding E1A 
and B1B sequences that are essential for viral replication, 
and plasmid ACCMVPLPA (J. Biol. Chem. 267125129 
25134, 1992) Which contains polylinker, the CMV promoter 
and SV40 polyadenylation signal ?anked by partial aden 
oviral sequences from Which the EA/E1B genes have been 
deleted can be exempli?ed. The use of plasmid PAC1 or 
ACCMVPLA facilitates the cloning process. The shuttle 
vector is then co-transfected With a plasmid Which contains 
the entire human adenoviral 5 genome With a length too 
large to be encapsidated, into 293 cells. Co-transfection can 
be conducted by calcium phosphate precipitation or lipofec 
tion (Biotechniques 151868-872, 1993). Plasmid JM17 
encodes the entire human adenovirus 5 genome plus por 
tions of the vector pBR322 including the gene for ampicillin 
resistance (4.3 kb). Although JM17 encodes all of the 
adenoviral proteins necessary to make mature viral particles, 
it is too large to be encapsidated (40 kb versus 36 kb for Wild 
type). In a small subset of co-transfected cells, rescue 
recombination betWeen the transgene containing the shuttle 
vector such as plasmid pAC1 and the plasmid having the 






























































