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  We evaluated the role of Tat-mediated p66shc transduction on the activation of endothelial nitric 
oxide synthase in cultured mouse endothelial cells. To construct the Tat-p66shc fusion protein, human 
full length p66shc cDNA was fused with the Tat-protein transduction domain. Transduction of 
TAT-p66shc showed a concentration- and time-dependent manner in endothelial cells. Tat-mediated 
p66shc transduction showed increased hydrogen peroxide and superoxide production, compared with 
Tat-p66shc (S/A), serine 36 residue mutant of p66shc. Tat-mediated p66shc transduction decreased 
endothelial nitric oxide synthase phosphorylation in endothelial cells. Furthermore, Tat-mediated 
p66shc transduction augmented TNF-α-induced p38 MAPK phosphorylation in endothelial cells. These 
results suggest that Tat-mediated p66shc transduction efficiently inhibited endothelial nitric oxide 
synthase phosphorylation in endothelial cells.
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INTRODUCTION

  Shc is an adaptor protein containing a C-terminal src ho-
mology collagen domain-2. The mammalian adaptor protein 
ShcA has three isoforms with relative molecular masses of 
46, 52, and 66 kDa. p66shc possesses an N-terminal colla-
gen-homology domain that is not present in p46shc or 
p52shc. p66shc is phosphorylated on serine 36 within the 
N-terminal domain in response to oxidative stress [1]. 
Several studies have shown that endothelial dysfunction by 
oxidative stress is central in the pathogenesis of vascular 
dysfunction and atherogenesis [2-4]. Recently, it was re-
ported that the p66shc(－/－) mouse is a unique genetic 
model for increased resistance to oxidative stress and pro-
longed life span in mammals [5]. Therefore, p66shc might 
represent a molecular target for therapies against vascular 
diseases.
  The phosphorylation of endothelial nitric oxide synthase 
(eNOS) in endothelial cells is pivotal in the defense against 
vascular inflammatory diseases [6] and atherosclerosis [7]. 

Elucidation of the role of p66shc adaptor protein on eNOS 
activity will contribute to our understanding of vasomotor 
physiology and the pathophysiology of endothelial dysfunc-
tion and could provide insights for new therapies, partic-
ularly in hypertension and atherosclerosis. Genetic deletion 
of p66shc prevents endothelial dysfunction [8,9]. RNAi- 
mediated down-regulation of endogenous p66shc leads to 
the activation of endothelial nitric oxide synthase at serine 
1177 [10]. Furthermore, p66shc phosphorylation is closely 
related to oxidative stress in endothelial cells [11] or hyper-
tensive animals such as coarctation of aorta [12].
  Direct intracellular delivery of proteins has been difficult 
to achieve due primarily to the plasma membrane barrier, 
which effectively prevents macromolecule uptake by limit-
ing passive entry. One approach to circumvent these prob-
lems is to use HIV TAT-mediated protein transduction [13]. 
Protein transduction domains (PTD) offer an exciting ther-
apeutic opportunity to treat many diseases such as vascular 
inflammation [14,15]. Using a PTD-fused protein might al-
so help us understand target protein signaling, as its cel-
lular transduction is rapid.
  Our aim was to evaluate the potential usefulness of the 
Tat-p66shc fusion protein on the eNOS phosphorylation in 
endothelial cells. We investigated the transduction of the 
full length human Tat-p66shc fusion protein in endothelial 
cells and the resulting biological activity on eNOS phos-
phorylation in cultured endothelial cells.
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METHODS

Cell culture and reagent

  Mouse MS-1 endothelial cells were purchased from the 
American Type Culture Collection (Manassas, VA, USA). 
Cells were grown in Dulbecco’s-modified Eagle medium 
(DMEM) with 10% fetal bovine serum, 10 U/ml penicillin, 
and 10 μg/ml streptomycin. Antibodies to Shc (SC-1695, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), phos-
pho-ser36-p66shc (CN566807, Calbiochem, La Jolla, CA, 
USA), eNOS (SC-654, Santa Cruz Biotechnology, Santa Cruz, 
CA, USA), phospho-ser1199-eNOS (#9571, Cell Signaling 
Technology, Danvers, MA, USA), and β-actin (SC-1616, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) were 
used. Horseradish peroxidase (HRP)-labeled anti-rabbit an-
tibody was obtained from Pierce biotechnology (Rockford, 
IL USA). Ni-nitrilotriacetic acid Sepharose was purchased 
from Qiagen (Valencia, CA, USA). Isopropyl-β-thiogalacto-
side (IPTG) was purchased from USB (Cleveland, OH, USA).

Recombinant protein expression and purification

  Tat-p66shc was generated by inserting p66shc cDNA into 
pTAT-2.1. The human p66shc was isolated from Xpress-tag-
ged p66shc cDNA in pcDNA3/1/His A (Invitrogen, Carlsbad, 
CA, USA) [10] by PCR using the following two primers; the 
sense primer was 5'-CGG GAT CCC GGA ATT CGG CTT 
ATG GAT CTC C-3' (containing an EcoRI restriction site), 
and the antisense primer was 5'-CGA AGC TTT CAC AGT 
TTC CGC TCC ACA GG-3' (containing a HindIII restriction 
site). After digesting with EcoRI and Hind III, the full 
length p66shc constructs were cloned into the pTAT bacte-
rial expression vector (pTAT-2.1, kindly donated by Steven 
Dowdy), which contains a six-histidine tag, for easy purifica-
tion. p66shc (S36A) cDNA was kindly donated by Kaikobad 
Irani (Pittsburgh University). pTAT-p66shc plasmids were 
then transformed into the BL21 (DE3) strain of E. coli. 
Following 4 hours of induction with IPTG, the cells were 
sonicated in buffer Z (8 M urea, 100 mM NaCl, 20 mM 
HEPES) and recombinant proteins were purified on a Ni- 
NTA agarose column (Qiagen). After washing, TAT-p66shc 
was eluted using 250 mM imidazole containing Buffer Z 
followed by desalting on a PD-10 column (Amersham Phar-
macia Biotech, Piscataway, NJ, USA) in PBS. The eluate 
was frozen in 10% glycerol at －80oC. p66shc protein as con-
trol protein was purified from pET28b/p66shc expression 
vector with same protocol for Tat-p66shc.

Transduction of Tat-p66shc into cultured MS-1 cells

  MS-1 cells were grown in DMEM at 37oC in humidified 
95% air/5% CO2. The cells were grown to confluence on a 
6-well plate and then treated with various concentrations 
of Tat-p66shc for the indicated times. Cell extracts were 
prepared for Western blot analysis.

Western blot analysis

  MS-1 cells were harvested with 100 μl of lysis buffer con-
taining 20 mM Tris-Cl, pH 7.5, 100 mM NaCl, 2 mM EDTA, 
2 mM EGTA, 1 mM Na3VO3, 1 mM beta-glycerophosphate, 
4 mM Na pyrophosphate, 5 mM NaF, 1% Triton X-100, and 
a protease inhibitor cocktail. The lysate was centrifuged at 
12,000 rpm for 20 min, and the supernatant was collected. 

Protein (30 μg) was separated by 10% SDS-PAGE and was 
electrotransfered onto nitrocellulose membranes. After 
blocking with 5% skim milk for 2 h at room temperature, 
blots were incubated overnight at 4oC with specific primary 
antibody (1：1,000) and subsequently with horseradish per-
oxidase (HRP)-conjugated secondary antibody. Blots were 
developed for visualization using an enhanced chemilu-
minescence detection kit (Pierce). Cells were serum starved 
for 18 h in some experiments to reduce basal phosphoryla-
tion of specific proteins. 

Measurement of hydrogen peroxide and superoxide 
production 

  Intracellular hydrogen peroxide production was detected 
using the peroxide-sensitive fluorophore 2',7'-dichlorodi-
hydrofluorescein diacetate (DCF-DA), as described pre-
viously [6,16]. The cells were cultured in chamber slides 
(2×105 cells/well) (Nalgen Nunc International, Rochester, 
NY, USA) to detect DCF-DA fluorescence. The cells were 
rinsed three times and incubated for 30 min with 10 μM 
DCF-DA at 37oC in Krebs-HEPES buffer and Hanks buf-
fered salts solution, respectively. The absolute fluorescence 
of 20∼25 random cells was quantified using MetaMorph 
software (Molecular Devices, Sunnyvale, CA, USA). Supero-
xide production was assayed in the cultured endothelial 
cells using lucigenin chemiluminescence. In briefly, dark- 
adapted lucigenin solution (5 μM) was prepared in aerated 
Krebs-Hepes buffer. Cells were immersed in lucigenin sol-
ution and chemiluminescence detected with a Monolight 
luminometer. The chemiluminescence signal was integrated 
over 2 minutes. 

Statistical analysis

  Values are expressed as means±SEM. The statistical 
evaluation was conducted a one-way analysis of variance 
followed by a Tukey’s post-hoc test, and p＜0.05 was consid-
ered statistically significant.

RESULTS

Construction, expression, and purification of Tat-p66shc

  First, we constructed the Tat-p66shc fusion protein using 
recombinant DNA technology. The Tat-p66shc expression 
vector contained a consecutive cDNA sequence encoding hu-
man p66shc, the Tat-PTD (RKKRRQRRR), and six histi-
dine residues at the amino-terminus (Fig. 1). Tat-p66shc 
proteins were serially eluted with the treatment of 250 mM 
imidazole containing buffer Z. The purified Tat-p66shc pro-
teins were confirmed by Commassie blue staining, which 
showed a molecular weight of approximately 70.5 kDa (Fig. 
1). 

Transduction of Tat-p66shc into cultured endothelial 
cells

  Purified Tat-p66shc (30 nM) was added to cultured endo-
thelial cells for various incubation times to evaluate the 
transduction ability in cultured endothelial cells. After the 
incubation, the cells were harvested and the change in 
transduced p66shc was analyzed with Western blotting us-
ing the anti-Shc antibody. As shown in Fig. 2A, the Tat- 
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Fig. 2. Transduction of Tat-p66shc 
proteins in cultured MS-1 endothe-
lial cells. (A) Time-dependent cellular
uptake of Tat-p66shc. Purified Tat- 
p66shc (30 nM) was added to the 
culture medium for the indicated 
times, and then cell lysates were 
subjected to Western blot analysis 
with anti-SHC antibody. Densitome-
tric data analysis is plotted at the 
bottom. Expression levels are shown 
as % expression to maximum. Each 
bar shows the mean±S.E. (n=3). (B) 
Dose-dependent transduction of Tat- 
p66shc. Purified Tat-p66shc proteins 
were incubated with the indicated 
concentration for 3 h. Densitometric 
analysis data is plotted at the bottom.
Expression levels are shown as % of
β-actin. Each bar shows the mean±
S.E. (n=3). Arrows at 66, 52, and 46 
indicate the endogenous SHC protein
expression. Arrow at 70.9 indicates 
the Tat-p66shc protein. 

Fig. 1. Schematic diagrams, Commassie blue staining and purifi-
cation of Tat-p66shc fusion proteins. (A) The human p66shc coding 
frame is presented with six histidines and the Tat PTD domain 
(RKKRRQRRR). Diagram of the p66shc fusion protein was repre-
sented on the vector. (B) Commassie blue staining of the Tat-p66shc
protein. Lane 1 (L) : Escherichia coli BL21 (DE3) lysates after ITPG 
induction, Lane 2 (W): Eluate with 10 mM imidazole-containing 
buffer Z, Lanes 3, 4. The serial eluates with 250 mM imidazole- 
containing buffer Z. (C) Purification steps for Tat-p66shc fusion 
proteins. 

p66shc fusion protein was detected in the cell lysates within 
15 min and its transduction reached a maximum at 3 h. 
A significant level of transduced Tat-p66shc was present 
in the cells at 24 h (Fig. 2A). Moreover, Tat-p66shc fusion 
proteins were transduced into the cells in a dose-dependent 
manner in the range of 1∼100 nM (Fig. 2B). 

Tat-p66shc protein transduction increased the supero-
xide production in the endothelial cells

  We next studied whether transduced Tat-p66shc affected 
hydrogen peroxide and superoxide production in cultured 
endothelial cells. Endothelial cells were incubated with 
Tat-p66shc, Tat-p66shc (S/A), p66shc, and Tat-GFP as a 
control for 3 h. After the incubation, hydrogen peroxide and 

superoxide production was measured in the endothelial 
cells using DCF-DA and lucigenin chemiluminescence. As 
shown in Fig. 3, Tat-p66shc (30 nM) for 3 h significantly 
elevated intracellular hydrogen peroxide compared with 
Tat-GFP and p66shc as control in endothelial cells. Also, 
the Tat-p66shc incubation (30 nM) increased superoxide 
production, as accessed by lucigenin chemiluminescence. 
However, Tat-p66shc-mediated ROS productions were grea-
ter than that of Tat-p66shc (S/A), suggesting important role 
of serine 36 residue of p66shc in ROS productions in endo-
thelial cells. 

Tat-p66shc decreased endothelial nitric oxide synthase 
phosphorylation 

  To understand the acute effect of p66shc on eNOS activ-
ity, we examined the effect of Tat-p66shc transduction on 
eNOS phosphorylation in cultured endothelial cells. In com-
parison to Tat-GFP treated cells, Tat-p66shc transduction 
did not affect eNOS protein expression; however, it de-
creased eNOS phosphorylation at the serine 1177 residue 
(Fig. 4A). 
  Finally, we investigated the role of Tat-p66shc protein 
transduction on eNOS phosphorylation in tumor necrosis 
factor (TNF)-α-stimulated endothelial cells. As shown in 
Fig. 4B, TNF-α increased p38 MAPK and eNOS phos-
phorylation. In contrast, Tat-p66shc protein transduction 
(30 nM for 3 h) augmented TNF-α-induced p38 MAPK 
phosphorylation and abrogated TNF-α-induced eNOS phos-
phorylation in endothelial cells. 

DISCUSSION

  The present study demonstrated that transduced Tat- 
p66shc fusion protein increased intracellular ROS pro-
duction and inhibited eNOS phosphorylation in vascular 
endothelial cells.
  Protein transduction domains (PTD) offer an exciting 
therapeutic opportunity to treat many diseases such as vas-
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Fig. 3. Tat-p66shc transduction increased hydrogen peroxide and superoxide production in culture MS-1 endothelial cells. (A) Effect of 
Tat-p66shc on hydrogen peroxide production. Intracellular hydrogen peroxide production was evaluated using the peroxide-sensitive 
fluorophore 2',7'-dichlorodihydrofluorescein diacetate (DCF-DA). Control: p66shc protein alone, Tat-GFP (30 nM), Tat-p66shc (30 nM), 
Tat-p66shc S/A (30 nM). (B) Effect of Tat-p66shc on superoxide production. Intracellular superoxide production was evaluated using lucigenin 
chemiluminescence. Superoxide production levels are expressed as relative luminescence units, RLU/105 cells. Control: p66shc protein alone, 
Tat-GFP (30 nM), Tat-p66shc (30 nM), Tat-p66shc S/A (30 nM). Each bar shows the mean±S.E. (n=5). NS, not significant, *p＜0.05, #p＜0.05
versus p66shc.

Fig. 4. Tat-p66shc transduction decreased endothelial nitric oxide 
synthase (eNOS) phosphorylation in culture MS-1 endothelial cells. 
(A) Effect of Tat-p66shc on basal eNOS phosphorylation. Tat-p66shc
and Tat-GFP were incubated for 3 h with endothelial cells at the 
indicated concentrations, and then cell lysates were subjected to 
Western blot analysis. Note: Cells were not serum starved to detect 
basal eNOS phosphorylation. (B) Effect of Tat-p66shc on eNOS 
phosphorylation in the tumor necrosis factor (TNF)-α-stimulated 
endothelial cells for 0∼45 min. Tat-p66shc (30 nM) and Tat-GFP 
(30 nM) were incubated for 3 h, and then TNF-α was treated for 
the indicated times. The cells were serum starved for 18 h to reduce 
basal p38 MAPK and eNOS phosphorylation. This figure shows a 
representative experiment out of 3 made. 

cular inflammation. Using a PTD-fused protein might also 
help us understand target protein signaling. In the present 
study, we generated Tat-p66shc protein with denature con-
dition to see the biological effect in endothelial cells. 
Tat-p66shc fusion protein was detected in the cell lysates 
within 15 min and its transduction reached a maximum 
at 3 h and its transduction was shown in dose-dependent 

manner. Our data showed the cellular transduction of puri-
fied Tat-p66shc protein in cultured endothelial cells. In par-
ticular, Tat-PTD (RKKRRQRRR) helped to efficiently trans-
locate p66shc across plasma membrane [17]. Due to its rap-
id transduction into the cells, the Tat-p66shc protein is ap-
plicable to understanding p66shc signaling and avoids the 
need for genetic manipulation such as adenoviral DNA or 
plasmid transfection. 
  P66shc knockout mice showed decreased vascular pro-
duction of superoxide, which contributes to increase NO 
availability [18]. Cells deficient in p66shc have reduced sus-
ceptibility to oxidative stress, and less generation of re-
active oxygen species, so the reduction of p66shc suppresses 
oxidative damage [19]. We next studied whether trans-
duced Tat-p66shc affected hydrogen peroxide and super-
oxide production in cultured endothelial cells. Tat-p66shc 
incubation increased superoxide production, suggesting 
that direct transduction of p66shc using Tat-p66shc modu-
lated intracellular reactive oxygen species in endothelial 
cells. In the present study, we confirmed that the role of 
serine 36 in the p66shc has been characterized. Tat-medi-
ated p66shc (serine 36 to alanine mutation) transduction 
resulted in few increase of ROS production than wild type 
of p66shc. It is suggested that Tat-p66shc-mediated ROS 
production has been implicated in phosphorylating p66shc 
on serine 36. 
  Abnormal endothelial nitric oxide production is closely re-
lated with the pathogenesis of atherosclerosis and hyper-
tension [20]. Modulation of endothelial nitric oxide syn-
thase (eNOS) activation is a target protein for treating car-
diovascular disorder [21-23]. The p66shc adaptor protein 
has an inhibitory role in eNOS activity [24] and endothelial 
vasomotor function [10]. However, the acute response of 
p66shc on eNOS activity is unknown. To understand the 
acute effect of p66shc on eNOS activity, we examined the 
effect of Tat-p66shc transduction on eNOS phosphorylation 
in cultured endothelial cells. TNF-α treatment led to p38 
MAPK phosphorylation in endothelial cells, suggesting that 
p38 MAPK signaling is involved in TNF-α-induced endo-
thelial cell activation [25,26]. However, the effect of p66shc 
transduction on p38 MAPK in TNF-α-stimulated endothe-
lial cells remains unknown. Our data showed that p66shc 
transduction augmented p38 MAPK activation in endothe-
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lial cells, suggesting that Tat-p66shc transduction increased 
p38 MAPK activation via increase in reactive oxygen spe-
cies in endothelial cells. 
  Previous studies have demonstrated that TNF-α-induced 
p38 MAPK activation decreases eNOS activation, whereas 
p38 MAPK inhibitor treatment restores eNOS activity in 
endothelial cells [27,28]. Furthermore, activation of the p38 
MAPK signaling pathway is implicated in the downregu-
lation of eNOS promoter activity [29]. In the present study, 
Tat-p66shc-mediated suppression of eNOS phosphorylation 
persisted even in the presence of TNF-α, suggesting that 
Tat-p66shc-mediated suppression of eNOS phosphorylation 
is regulated by p38 MAPK activation.
  Taken together, these data show that the Tat-p66shc pro-
tein was efficiently transduced into cultured endothelial 
cells and suppressed eNOS phosphorylation in endothelial 
cells, suggesting Tat-mediated p66shc transduction may be 
useful for suppressing eNOS activation in vascular patho-
genesis. 
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