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1 ml of NP-40 buffer [150 mM NaCl, 1.0% NP-40, 50 
mM tris (pH 8.0)] containing protease inhibitors, and 
were precleared with protein A-Sepharose beads that 
had been incubated with normal rabbit serum. Cel­
lular proteins were immunoprecipitated in the dark 
with 5 |xg of an anti-caspase-3 lgG2a monoclonal 
antibody (Transduction Labs), 20 \xi of an ant i -
caspase-3 rabbit polyclonal antiserum (Pharmingen), 
5 |xg of a control lgG2a antibody (Sigma), or control 
normal rabbit serum. The antibody/antigen complex­
es were isolated with protein A-Sepharose beads 
(Pharmacia) and then washed five times in high-salt 
buffer [500 mM NaCl, 1% NP-40, 50 mM tris (pH 8), 
100 |xM EDTA and protease inhibitors]. Antigen/an­
tibody complexes were removed from the protein 
A-Sepharose beads by three 10-min incubations in 
70 |xl of 5 M MgCl2 or 100 mM glycine (pH 3) at 4°C 
before NO measurements. To minimize the possibil­
ity of S-nitrosylation subsequent to immunoprecipi-
tation, we raised the buffer pH to 5.5 in selected 
experiments and cleansed the solutions of contami­
nant nitrite by heating in sealed vessels for 2 hours at 
95°C, at pH of 2.5 to 3.0. Any residual nitrite in 
buffers did not correlate with amounts of SNO in 
samples (n = 55, R2 = 0.03). In addition, we adapted 
a methodology designed to exclude the possibility of 
artifactual S-nitrosylation by blocking free thiols in 
caspase-3 immunoprecipitates with 1 mM A/-ethyl-
maleimide (NEM), included in wash buffers preceed-
ing elution. Prior exposure to NEM completely 
blocked NO donor (pH 8 ) - or nitrite (0.5 N HCl)-
mediated S-nitrosylation of recombinant caspase-3 
or procaspase-3. Although NEM modestly reduced 
the NO signal derived from immunoprecipitated 
caspase-3 (—25%, n = 7), it also reduced by a similar 
amount the NO signal from highly pure SNO-
caspase-3 [0.5 M NaCl, 1 % NP-40, 50 mM tris (pH 8), 
0.1 mM EDTA] that had been synthesized in vitro. 
Thus, this approach demonstrated that caspase-3 was 
S-nitrosylated intracellularly. For protein immunoblot 
analysis, whole-cell lysates or immunoprecipitated 
proteins were separated on 7% (NOS) or 12% 
(caspase-3) polyacrylamide gels, transferred to nitro­
cellulose, and incubated with 250 ng/ml of ant i -
caspase-3 monoclonal antibody, anti-nNOS mono­
clonal antibody, or anti-iNOS polyclonal antibody 
(Transduction Labs), or a 1:1,000 dilution of ant i -
caspase-3 rabbit polyclonal antibody (Pharmingen), 
followed by a 1:1000 dilution of secondary horserad­
ish peroxidase antibody (Amersham), and then were 
developed by ECL (Amersham). 
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. Photolysis-chemiluminesecence (assay for SNO) was 
performed as described [J. S. Stamler and M. Feelisch, in 
Methods in Nitric Oxide Research, J. S. Stamler and M. 
Feelisch, Eds. (Wiley, Chichester, UK, 1996), pp. 5 2 1 -
539]. Samples (200 |xl) were injected directly into the 
photolysis unit. The chemical reduction-chemilumines-
cence assay for nitrite was performed according to the 
manufacturer (Sievers) and for SNO as described (76) 
with the following modifications: Immunoprecipitated 
proteins and cell extracts were assayed both with and 
without excess HgCl2 in a paired radical-purged system, 
otherwise according to manufacturer's instructions (NO 
analyzer Sievers 280); standard curves were derived for 
both nitrite and S-nitrosoglutathione in the presence 
and absence of HgCl2; data were normalized to baseline 
and integrated using Mathcad 7 Professional (Math-
Soft). SNO was calculated by subtracting the nitrite in 
samples without HgCl2 from the nitrite in samples with 
HgCl2 and by converting the nitrite difference to SNO 
from the standard curves of S-nitrosoglutathione 
(GSNO) ± HgCl2. The photolysis and chemical reduc­
tion assays are linear to 1 pmol for SNO and nitrite, 
respectively, and can differentiate 1 pmol from zero 
(deionized water). S-Nitrosylated recombinant 
caspase-3 standards were detected by both methods; 
the standard curves for SNO-caspase-3 and GSNO 
were superimposeable in the photolysis assay. The 
chemical reduction method has not been extensively 
validated for SNO and thus was only used qualitatively 
to verify results from photolysis. 

8. J. B. Mannick, A. Hausladen, L. Liu, A. Gow, J. S. 
Stamler, data not shown. 

9. A. Srinivasan et al.J. Biol. Chem. 273, 4523 (1998). 

10. P. Li et a/., Cell 91 , 479 (1997). 
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dium supplemented with 10% FBS (Gemini), 2 mM 
glutamine (Cellgro), 100 U/ml penicillin and 100 |xg/ml 
streptomycin (Gibco-BRL). The cells were then either 
transiently transfected with 120 |xg of plasmids—en­
gineered to express either wild-type or mutant pro­
caspase-3 in which cysteine-163 was mutated to ala­
nine (9), using lipofectAMINE per the manufacturer's 
protocol (Life Technologies)—or further treated with 
G418 to select for stable clones. The coding sequence of 
each expression construct was sequenced in its entirety 
before use. The cells were lysed in NP-40 buffer (48 
hours following transient transfection), and caspase-3 
immunoprecipitations were done as above. The level of 
wild-type and mutant caspase-3 in the lysates and 
immunoprecipitates was determined by protein immu­
noblot or silver stain analysis. 

12. Fas was cross-linked on the surface of cells with 50 
ng/ml of anti-Fas IgM clone CH-11 (Upstate Biotech) 
for 5 min to 2 hours at 37°C. The cells were then 
washed at 4°C with phosphate-buffered saline (PBS), 
and immunoprecipitations were done at selected in­
tervals (6). 

13. Cells were grown for 2, 24, or 48 hours in the 
presence or absence of the NO synthase inhibitor 
L-NMA (5 mM versus 1 mM L-arginine in the medi­
um) (Calbiochem). The cells were then washed, and 
immunoprecipitations were done (6). 
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were then added to the appropriate cultures for 50 to 
75 min, after which the cells were washed with ice-cold 
PBS and resuspended in 140 (JLI of buffer A [100 mM 
Hepes (pH 7.4), 140 mM NaCl, 0.5 mM phenylmethyl-
sulfonyl fluoride, 5 |xg/ml aprotinin, and 10 |xg/ml 
leupeptin]. The cells were then lysed with three cycles 
of freezing and thawing, and the crude cytosol was 

Large increases in light intensity for a short 
period can be beneficial for photosynthetic 
yields in low light (LL)-adapted plants (1). 
However, if these conditions persist, an imbal­
ance can be created such that the energy ab­
sorbed through the light-harvesting complex is 
in excess of that which can be dissipated or 
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transduced by photosystem II (PSII). This im­
balance [excess excitation energy (EEE)] can be 
generated by excess light (EL) or chilling or 
both and can be strongly enhanced by a combi­
nation with other factors such as rapid and large 
increases in temperature and limitations in nu­
tritional and H20 status (1-8). 
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Dissipation of such EEE is an immediate 
response that occurs through heat irradiation (2, 
3). However, prolonged exposure to the condi- 
tions that cause EEE can result in an increase in 
the generation of reactive oxygen species (ROS) 
such as singlet oxygen, superoxide anion (0,-), 
and hydrogen peroxide RO, )  (4, 8). If the 
accumulation of ROS under conditions of EEE 
exceeds the capacity of antioxidant systems to 
remove them, irreversible photooxidative dam- 
age to the chloroplast and the cell may occur. 
Thus, overproduction of ROS under EEE con- 
ditions can ultimately result in the permanent 
photodarnage of leaf tissues (Fig. 1A). 

In our experimental system, EEE was 
generated by EL applied to LL-adapted Ara- 
bidopsis resulting in the induction of 
antioxidant defense genes (as APX2) (8, 9). 
Leaves from transgenic Arabidopsis plants 
harboring an APX2-LUC fusibn (10) had no 
detectable luciferase activity when grown un- 
der LL conditions, but after challenging with 
EL, luciferase activity, which could be im- 
aged, was induced (11) (Fig. 1B). The induc- 
tion of the APX2-LUC transgene mirrored the 
induction of the native APX2 gene in the 
same plants, as determined by Northern 
(RNA) blotting (Fig. 1C) (8), and therefore 
could be used as a measure of activation of 
APX2 expression. After 2 hours of exposure 
to EL, the leaves suffered photodamage and 
lost APX2-LUC and APX2 expression over 
most of the leaf area (Fig. 1, A through C). 

Induction of APX2-LUC by EL could be 
diminished by infiltrating leaves with catalase 
but could not be diminished with superoxide 
dismutase (Fig. 2A). The effect of the catalase 
treatment occurred in a dose-dependent manner 
(12). The vacuum infiltration and incubation 
procedures did not affect either luciferase activ- 

a; F,, maximal fluorescence of chlorophyll a) 
and a smaller decrease in photochemical 
quenching (qJ than H,O-treated control leaves 
showed (Fig. 2B and Table 1) (14), and the 
50,-treated leaves did not develop visible 
photodarnage of leaf tissue (Fig. 2C). Similarly, 
treatment of maize seedlings and potato nodal 
explants with 50, has been shown to protect 
against chilling in the dark and heat stress, 
respectively (15, 16). Our data show that 50, 
is involved in the acclimation to conditions 
evoked by EEE. 

Treatment of detached leaves (12) with 
the photosynthetic electron transport inhibitor 
3-(3,4-dichloropheny1)-1,1 -dimethylurea 

(DCMU) before exposure to EL blocked the 
induction of luciferase activity (8). APX2- 
LUC was induced in LL by 2,s-dibromo- 
6-isopropyl-3-methyl- l,4-benzoquinone 
(DBMIB) treatment (Table 1) (8). H,O, did 
not relieve this effect of DCMU on the 
EL-mediated induction of APX2-LUC. Fur- 
thermore, the inductive effect of H,O, ob- 
served in LL was also blocked by DCMU 
(Table 1). Thus, redox changes in electron 
transport through quinone B (Q,) or plasto- 
quinone (PQ) or both could be essential for 
the induction of APX2 (8, 17-19) (Table 1). 

The above data (Fig. 2, A through C, and 
Table 1) suggested that 50, could act as a 

ity or the uptake of luciferin in control APXI- 
LUC transgenic lines that expressed this gene A 
under LL conditions (8, 12, 13). Thus, H202 

B 
C H-0, SOD CAT RLU 1 T 

(but not 0,-) could be involved in the E L  
induced expression of APX2. Unlike EL, H202 
alone did not induce the expression of APXZ- 
LUC sufficiently to be imaged (Fig. 2A), but 
the expression could be detected by the more 
sensitive in vitro assay (Table 1) (11). 

Treatment of leaves with H202 and then 
with exposure to EL produced a lesser degree 
of ~hotooxidative stress and caused a smaller 1 

Fig. 1. Permanent photo- 
damage and induction of 
APXZ-LUC and APXZ in 
transgenic Arabidopsis leaf 
tissue. Leaves of transgenic 
plant grown in LL (conYtrol) 
were exposed to EL (9). (A) 
Appearance of chlorosis on 
detached leaves after 2 
hours in EL. (8) CCD cam- 
era image of relative lucif- 
erase activity (in RLUs) 
in detached leaves that 
were exposed to different 
times of EL (arrow indi- 
cates the chlorosis zone 
of the leaf). (C) Gel blot 
analysis of mRNA levels 
for APXZ and APX3 in 
leaves that were exposed 
t o  different durations of 
EL (APX3 mRNA is shown 
as a loading control). 

~ ~ ~ c t i o n  of l~cifmse activity than in the Hzo- Fig. 2 Regulation of ApXZ-Lut eqresrion, Fv/  
treated controls (Fig. 2, B and C, and Table 1). F,, and the protective role of H,O, in trans- o 

and exposed to EL showed a slower decline in image of luciferase activity (in RLUs) in de- 
Detached leaves that were pretreated with H202 genic Arabidopsis leaf tissue. (A) CCD camera 0 Im 1 9  lW 210 240 270 

T ie  (min) 

FJF, (F,, variable fluorescence of chlorophyll tach4  leaves treated (72) with H 0 [control (C)], HzOz, superoxide c 
dismutase (SOD), and catalase (CATS for 2 hours in LL and then exposed 
to  EL for 40 min. (B) FvIFm in detached Leaves treated (12) with H,O wm(-') 

(control) (diamonds) and H,O, (crosses) for 120 min in LL and then 
lDepartment Of Forest 'Iant exposed to  EL for up to  150 min (parameters were measured in five 
Faculty of Forestry. Swedish University of Agricultural 
Sciences, SE-901 83 Umea, Sweden. of different leaves that were obtained from three independent experiments, 
Applied Genetics, John lnnes Centre, Re- n = 15 SD, shown by error bars). (C) Protection against photodamage 
search Park, Colney, Norwich NR4 7UH, UK. and permanent photodamage in leaves treated (7 7) with H20, and H 0 

for 2 hours in U. then exposed for 2 hours (h) in E l  and reexposed Tor 
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Fig. 3. Systemic induction 
of APXZ-LUC expression 
in transgenic Arabidopsis 
leaf tissue. Image of lucif- 
erase activity (in RLUs) 
(77). A part of the whole 
rosette (as shown) was 
exposed to  EL for 40 min 
(the arrow indicates the 
apical region of the ro- 
sette). A typical primary 
(lo) EL-exposed leaf and 
a secondary (2") LL-ex- 
posed leaf are shown. 

RLU 

Table 1. Role of photosynthetic electron transport and Hz02 in the regulation of APXZ-LUC expression 
in transgenic Arabidopsis leaf tissue. Detached leaves were treated in LL with HzO (control), H202 (10 
mM), DBMlB (12 pM ), DCMU (10 pM). or DCMU and H20z and exposed to EL for 1 hour (9-12). 
Luciferase activity was expressed as RLUs per gram of fresh weight. All parameters were measured in five 
different leaves obtained from three independent experiments (n = 15 2 SD). All treatments were 
statistically tested against the control. Levels of significance were calculated from the analysis of variance 
(ANOVA) data. @PSII, quantum yield of PS II electron transport; LL + EL, subsequent exposure to EL after 
LL treatments. 

LL (up to 2 hours) LL + EL (1 hour) 
Treat- 

Luciferase aPSII 
4, activity 

Luciferase 
PP activity 

H20 0.68 ? 0.03 0.85 5 0.02 
H202 0.78 ? 0.04* 0.9 5 0.03** 
DBMlB 0.44 5 0.07* 0.57 ? 0.08* 
DCMU 0.09 ? 0.06* 0.1 1 ? 0.07* 
DCMU 0.18 5 0.05* 0.28 ? 0.06* 

and 
Hz02 

*P < 0.01. **P < 0.05. 

systemic messenger. To test this, we exposed 
leaves on approximately one-third of the rosette 
to EL for 30 min (hereafter called 1" leaves), 
and we measwed leaves from the LL side of the 
rosette (hereafter called 2" leaves) (Fig. 3 and 
Table 2). APX2 expression in the 2" leaves was 
induced to - 11% of the levels in EL-exposed 
1" leaves, which was similar to that observed in 
H202-treated leaves (Table 1). This activation 
of APX2 expression in 2" leaves was associated 
with an increase in H202 content and changes 
in FJF, (Table 2). Under these conditions, 1" 
leaves showed clear signs of photooxidative 
stress. Subsequently, a full exposure of partial 
EL-treated rosettes to W e r  EL for 30 min 
exacerbated these stresses in 1" leaves, but 2" 
leaves showed acclimation to EEE and pho- 
tooxidative stress. They displayed only a slight 
reduction in F,,IF,,,, a slight decrease in qp, no 
W e r  increase in H202 amounts, and less 
APX2 induction than that in 1" leaves (Table 2). 
These data indicate that a systemic signal can 
control an acclimatory response to EEE. 

Our work allows a unified view of acclima- 
tory responses to any fluctuating environmental 
condition that elicits EEE. When a leaf experi- 
ences a set of conditions such as EL, an induc- 
tion of antioxidant defenses is one of the many 
cellular responses and is controlled at least in 
part by the redox status of the Q, or PQ pool or 
both (8, 17-19) (Table 1). However, cells suf- 
fering these stresses also produce a systemic 
signal, a component of which is %02, which 
sets up an acclimatory response to EEE and, 

10 5 10 0.16 ? 0.04 0.5 ? 0.05 6413 ? 534 consequently, a photooxidative stress in un- 
532 ? 127* 0.34 ? 0.06* 0.74 ? 0.05* 5054 ? 623* stressed regions of the plant (Table 2). Further- 

3285 ? 837* 0.21 5 0.08 0.97 5 0.22* 3341 ? 1459* more, because changes in the photosynth~c 
27 5 18 0.01 5 0.01* 0.03 ? 0.03* 57 ? 49* 
84 ? 25* , 0.04 ? 0.04* 0.08 5 0.05* 56 5 31* parameters have been observed in 2" leaves 

(Table 2), we suggest that a systemic signal can 
promote redox changes in the proximity of PSI1 
in unstressed chloroplasts (Table l), thus induc- 
ing protective mechanisms in remote chloro- 
plasts and cells. We have termed this phenom- 
enon "systemic acquired acclimation." 

Table 2. Systemic acquired acclimation to EL (9) of APXZ-LUC transgenic Arabidopsis leaf tissue. 
Photosynthetic parameters, H202 content (in micromoles per gram of fresh weight), luciferase activity (in 
RLUs per gram of fresh weight), and mRNA levels [in relative units (RUs)] (APXZ mRNA level after 30 min 
in EL is 1; APX3 mRNA level in LL is 1) after different light treatments. Treatment A, control rosette 
exposed to LL; treatment 0, rosette partially exposed (-30%) to EL for 30 min (lo. EL-exposed leaf; 2", 
LL-exposed leaf); treatment C, rosette partially exposed to EL for 30 min, which was then completely 
exposed to a second EL treatment for another 30 min (lo, EL and EL-exposed leaf; 2". LL and EL-exposed 
leaf). Parameters were measured in five different leaves that were obtained from three independent 
experiments (n = 15 ? SD). In RNA slot blot experiments, pooled samples of 15 leaves from three . 

independent experiments were used. Treatments B1° and 02" were statistically tested against treatment 
A; treatments C1° and C2" were tested against B1° and BZO, respectively. Levels of significance were 
calculated from the ANOVA data. 

Treat- 
ment Leaf FvIFm Luciferase mRNA levels 

Hz02 
APXZ APX3 
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Rbxl, a Component of the VHL 
Tumor Suppressor Complex and 

SCF Ubiquitin Ligase 
T. Kamura,'s2 D. M. K o e p ~ p , ~ . ~ , ~  M. N. Conrada2 D. S k ~ w y r a , ~  
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W. 6. Kaelin ~ r . , ~ , ~  9. J. Elledge,3-4,5 R. C, Conaway,' 
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The von Hippel-Lindau (VHL) tumor suppressorgene is mutated in most human 
kidney cancers. The VHL protein is part of a complex that includes Elongin 0, 
Elongin C, and Cullin-2, proteins associated with transcriptional elongation and 
ubiquitination. Here it is shown that the endogenous VHL complex in rat liver 
also includes Rbxl, an evolutionarily conserved protein that contains a RING-HZ 
fingerlike motif and that interacts with Cullins. The yeast homolog of Rbxl is 
a subunit and potent activator of the Cdc53-containing SCFCdc4 ubiquitin ligase 
required for ubiquitination of the cyclin-dependent kinase inhibitor Sic1 and for 
the G, to  S cell cycle transition. These findings provide a further link between 
VHL and the cellular ubiquitination machinery. 

The VHL minor suppressor gens on chromo- 
sollls 3p255 is mutated in nlost sporadic 
clear cell renal carcinomas and in \:HL dis- 
ease. an autosoma1 do~llinant falllilial cancer 
syildro~lle that predisposes affected individu- 
als to a variety of tumors ( 1 ) .  The VHL 
protein is esprsssed in most tissues and cell 
types and appears to perfom1 nlultiple func- 
tions. includiilg repression of hyposia-induc- 
ible genes ( 2 ) .  regulation of p27 protein sta- 
bilit)- (3). and regulation of fibronectin matrix 
assembly ( 4 ) .  VHL is found in a multiprotein 
conlplev ~ ~ i t h  Elongin B. \r.hich is ubiquitin- 
like. and Elongin C and CULL \ ~ h i c h  share 
sequence sirnilasit\- with the Skpl and Cdc53 

components of the SCF ubiquitin ligase ( 5 ,  
6 ) .  The Elongin BC col~lplsr interacts with a 
shol-t BC-box inotif in VHL and bridges its 
intesaction with CUL? ( 6 ) .  A large fraction 
of VHL mutatioils alter the BC-box and dis- 
rupt the VHL colllplev ( 1 .  4. 6 ) .  

To investigate YHL function. we purified 
the endogenous VHL cornplev from rat lix-er 
(Fig. 1 )  ( 7 ) .  Greater than 90?11 of the detect- 
able VHL protein copurified with CULZ. 
Elongins B and C, and a polpeptide of -16 
1tD (Fig. 1. B and C). The identities of the 
YHL. CULZ. and Elongin B and C po lgep-  
tides were coafimled by innn~uloblotting, 
peptide sequencing. or both, Ion trap Illass 
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