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m>eloperoxidase (icIPO) levels. into the ileum 
(62. 75. and 76% at 0.1. 0.3, and 1 mg 1%. 
respecti~ely) and lung (12, 56, and 61°0 at 
0.1. 0.3, and 1 mgkg .  respecti\-ely) (Fig. 3. A 
and B j .  

These results with h140103 are consistent 
with observations from transgenic mice over- 
expressing human SOD (Cu and Zn) (19). 
indicating that neutrophil infiltration in the 
lung and intestine in the SAO nlodel is pre- 
I ented. Likewise. administration of PEG 
SOD also exhibited a protective effect in this 
model (20). Fu~thern~ore ,  hT10403 ( 1 1  = 8). 
but not h110401 (11 = 4). both gi\ en at 1 
mg kg. preIented the fall in blood pressure 
seen after reperfusion (8) and increased the 
surx-i~al time (90 IZ 59" survi~-a1 at 1 hours 
for rats treated nit11 M10103 x ersus 0% sur- 
~ i v a l  at 4 hours iil untreated rats and those 
treated with h140404). 

In sunmman., our results demonstrate that 
M10103 is a stable SOD nlilnic with therapeu- 
tic activity in models of inflammation and isch- 
emia. In addition to the direct effects of 0 2 '  in 
these models. there are likely to be indirect 
effects mediated by the for~natioll of Pii. It is 
possible that some of the beneficial anti-inflam- 
matory and cytoprotective effects of hT40403 
are due to the prel-ention of PN forn~ation b> 
the removal of 0 2 '  before it reacts uith NO 
(21) .  The mechanism or mecl~anisms by nhich 
0,' modulates ex-ents such as neutrophil in- 
flux at inflamed sites or c>-tokine production 
and release have yet to be defined. 

Understanding the signal transduction 
mechanisms used by free radicals to nlodif> 
the course of disease nil1 undoubtedly eluci- 
date important ~nolecular targets for fuhlre 
pharnlacological inter\ ention. SOD mimics 
such as h110403 can s e n e  as tools to dissect 
these mechanisms. In addition. these mole- 
cules may have potential for the treatment of 
diseases ranging from acute and chronic in- 
flammation to cardio~.ascular disease and 
cancer. 
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Anaerobic Microbes: Oxygen 
Detoxification Without 
Superoxide Disrnutase 

Francis E. Jenney Jr., Marc F. J. M. Verhagen, Xiaayuan Cui," 
Michael W. W. Adamst 

Superoxide reductase f rom the hyperthermophil ic anaerobe Pyrococcus furiosus 
uses electrons f rom reduced nicotinamide adenine dinucleotide phosphate, by 
way o f  rubredoxin and an oxidoreductase, t o  reduce superoxide t o  hydrogen 
peroxide, which is then reduced t o  water by peroxidases. Unlike superoxide 
dismutase, the enzyme that  protects aerobes f rom the toxic effects o f  oxygen, 
SOR does not  catalyze the production o f  oxygen f rom superoxide and therefore 
confers a selective advantage on anaerobes. Superoxide reductase and asso- 
ciated proteins are catalytically active 80°C below the opt imum growth  tem-  
perature (100°C) o f  P. furiosus, conditions under which the organism is likely 
t o  be exposed t o  oxygen. 

Aerobic orpanisnls have an efficient metabo- 
lisnl as compared to that of most anaerobes 
because of the high reduction potential of 
molecular oxygen. which s e n  es as the terlni- 
nal electron acceptor for respiration. This 
advantage comes a i th  a price. because both 
the chemical and the metabolic seduction of 
oxygen result in the production of highl>. 
toxic and reactive oxlgen species (1.  2).  The 
unil alent reduction product of 0x1 gen, super- 
oxide (0 , J .  reacts n-it11 hydrogen peroxide 
in the presence of transition metals to pro- 
duce the reactix e hydroxl 1 radical OH'. 
\vhich is most liliely responsible for the toxic 
effects of nlolecular oxlgen (3). Aerobic or- 
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ganisms ha\ e developed mechanisms to pro- 
tect themselves from oxygen toxicity. These 
i11x.olve the enz>mes superoxide dismutase 
(SOD) (Eq.  1 )  (4), catalase (Eq. 2)  (5 ) .  and 
nonspecific perosidases (Eq. 3)  (5 .  6). 

2 0 :  - 2 H  4 H2O2 - 0: ( 1 )  

2H2O2 + 2H10 + 0. ( 2 )  

H,02 - RH2 4 2 H 2 0  - R ( 3 )  

For nornlal growth. aerobic ol.ganisms re- 
quire molecular oxygen at near-atmospheric 
concentrations ( 2  1?/n v'v). \vhereas allaerobic 
organisms vary in their responses io oxygen. 
ranging from the extre~nely sensitive meth- 
anogcns ( 7 )  to the nlore aerotolerant, sulfate- 
reducing De.s~tlfi~~~ihi.io ( 8 ) .  some species of 
x~hich may be microaeropllilic (9 .  10) .  Al- 
though nlost anaerobes inhabit ecosystems 
that are periodically exposed to air, they are 
unliliel> to contain SOD or catalase. because 
both enz>~nes  generate lnolecular oxygen 
(Eqs. 1 and 2 )  and thereby potentially prop- 
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agate the production of reactix e oxygen spe- 
cies. A l tho~~gh  there are sonle exceptions 
(11).  SOD and catalase genes are not gener- 
ally present in anaerobes. as ill~lstrated by 
their absence from the conlplete genome se- 
quences now available for the anaerobic or- 
ganisnls !Wet/~ciiiococc~i.s jiii~iicrsc/~ii ( 12). dl.- 
c/~cieog/oh~is,fiilgii/~i.s (13). P~~i~ococciis 1zoi.i- 
/io.c/lii (14) .  P. iib~,i.ii (15). and Tiierit~otogcr 
itiiri.iriiliir (16).  as well as the incomplete 
genome of Clo\ri~ic/i~iiii crcetohitr~~lic~it~~ (1  7 ) .  
So what defense mecl~anism against reactive 
oxygen species do these organisms possess'? 
Our data suggest that anaerobes contain an 
enzyme involved in oxygen metabolism: su- 
peroxide reductase (SOR).  

Vv7ith the standard SOD assay (18). we 
measured high SOD acti~.it) [18 Lbmg at 
25°C ( p H  7.8)] in cell-free extracts of the 
strict11 anaerobic hyperthelinophile P, fiii.io- 
siis (19) .  After purification of the pu ta t i~e  
SOD by inultistep colulnn chromatography. 
anal) sls bq denaturing gel electrophoresis le- 
x ealed a single proteln of molecular ~ i e lgh t  - 

0.18 - , , ,- 

0 20 40 60 80 
Time (sec) 

Fig. 1. Pyrococcus furiosus superoxide reduc- 
tase is not  a superoxide dismutase. Reactions 
were performed as described (18) in I - m l  cu- 
vettes under aerobic conditions. Superoxide 
produced by xanthine (0.2 mM) and xanthine 
oxidase (3.4 1 ~ g )  directly reduced horse heart 
cytochrome c (20 pM) ,  as shown by the in- 
crease in absorbance a t  550 n m  (A ,,) (A  and 8, 
trace 1). Addition of bovine SOD t3.4 pg,  1 U) 
inhibited the rate of reduction [(A), trace 21. 
Excess SOD (40 U) prevented reduction com- 
pletely [(A), trace 31, and additional SOD (60 U) 
had no further effect [(A), trace 41. P. furiosus 
SOR (2.5 p g  or 17 nM) also resulted in inhibi- 
t ion of reduction [(B), trace 21, and more SOR 
(6.2 pg)  completely prevented reduction [(B), 
trace 31. Addition o f  excess SOR (1 5 pg)  caused 
oxidation of the reduced cytochrome c that  
was present before SOR addition [(B), trace 41. 
Time zero is when SOR or SOD was added t o  
the cuvettes (approximately 9 0  s after addition 
of xanthine oxidase). Under these conditions, 
A,,, = 0.178 for fully oxidized cytochrome c. 

14,000, ~ ~ h i c h  contained iron (0.5 atoms~mol) 
as indicated by direct chenlical analysis (20).  
Using NH,-tenninal anlino acid sequence ill- 
formation. the gene encoding this protein \i as 
cloned from the P. fiii.io.sii.s gelloale (20).  The 
gene encodes a protein of 121 ainino acid 
residues (11,323 daltons) and is located 1 1  
base pairs donnstream of the gene encoding 
rubredoxin, a small (5895 daltons). mononu- 
clear, iron-containing redox protein pre~.ious- 
1y purified from P. fiii.io.~~i.s (21).  The com- 
plete amino acid sequence of the putatil-e 
SOD showed 40?/0 identity to the mononucle- 
ar iron-containing COOH-terminal region (93 
residues) of desulfofel~odoxin. a redox pro- 
tein previously purified from the bacterium 
De.siilfo~~i/~i~io i lei~ilf i~i~icrri~,~ (22). and 50?% 
sequence identity to a redox protein terrned 
neelasedoxil~. pre\iously purified from rhe 
mesophile D, gigc1.s (-73). It \?..as recently re- 
ported that both neelaredoxin and desulfofer- 
rodoxin possess SOD activity (1200 and 70 
U m g  at 25°C. respecti\-ely) 124 ). 

Both the nati1.e and recombinant (20) 
forms of the puta t i~  e SOD from P. fiii.io.s~i.s 
exhibited high activity (-4000 U'mg) in the 
standard SOD assa) at 253C. ~vhich  is com- 

Fig. 2. Pyrococcus furiosus SOR is a rubredoxin- 
superoxide oxidoreductase. Reactions were 
done as in  Fig. 1, except that  reduced rubre- 
doxin replaced cytochrome c. Superoxide di- 
rectly oxidized P. furiosus rubredoxin, as shown 
by the increase in A?,,, Rubredoxin (28 p M )  
reduced by the add i t~on  of sodium dithionite 
(42 I ~ M )  slowly auto-oxidized upon exposure t o  
air (A and 8, trace 1). Addition of superoxide 
rapidly increased the rate of oxidation [(A) and 
(B), trace 21. Catalase (10 U) had l i t t le effect 
[(A), trace 51, whereas in  a separate experiment, 
bovine SOD (1 U) abolished the effect of su- 
peroxide [(A), trace 31, and excess SOD (10 U) 
slowed down even the spontaneous oxidation 
of rubredoxin [(A), trace 41. In contrast, add i~ ion  
of P. furiosus SOR (1.2 pg)  increased the rate of 
superoxide-dependent rubredoxin oxidation 
[(B), trace 31, and the rate increased w i th  addi- 
t ional SOR [ I  .2 pg;  (B), trace 41. 

parable to that measured with bovine SOD 
under the same conditions (3400 U'mg).  
Hon-ever. there is a fundamental difference in 
the properties of the two enzymes (Fig. 1). 
.4lt11oug11 in both cases the rate of cyto- 
chrome c reduction decreased wit11 increasing 
ainounts of enzyme. excess "SOD" from P. 
firi,ioi.~is (Fig. 1B). in contrast to excess bo- 
vine SOD (Fig. 1A). caused a reoxidation of 
reduced cytochrome c. This required the pres- 
ence of superoxide: The putative SOD from 
P. ,f~ii.ios~ii did not oxidize cytochrome c 
n-hen the c~tochrome was chemicall) re- 
duced by lnealls of sodiunl dithionite. How- 
ever, the cytochrome was oxidized if xan- 
thine oxidase and xanthine n ere subsequently 
added to generate superoxide. Thus. the P. 
fiii.io.s~is protein appears to function as a cy- 
tochrome c-superoxide oxidoreductase, or 
SOR. according to Eq. 1 [where cyt c ,,,,,,, is 
the reduced (oxidized) fornl of c~tochrome 
c]. This differs from the SOD reaction (Eq. 1) 
in that molecular oxygen is not produced. 

0 ,  + 2 H  + cyt c ,,,, -+H,O, - cytc,, 

( 4 )  

The high apparent SOD actil-it) of P. 
fiiriosits SOR in the xanthine oxidaseec)to- 
chrome c assay was not reflected in three 
other SOD assals (25).  here the acthities 
\\-ere reduced by at least 95?h (Table 1).  
hToreover, the apparent SOD activity of SOR 
decreased by about 989b when the acetylated 
fo1111 of cytochrome c \i as used (26 ). whereas 
that of bovine SOD n a s  largely unaffected 
(Table 1). Acetylation has no effect on the 
superoxide-depeiident reduction of cyto- 
chrome c. but it does interfere with proteill- 
protein interactions (such as SOR-cyto- 
cl~rome c).  which are needed for SOR but not 
for SOD activity (26) .  

Table 1. Comparison of bovine SOD and P. furio- 
sus SOR in different assay systems. Assays were 
performed as in (25, 26). Specific activity is ex- 
pressed in units per milligram of protein, where 
one unit of activity inhibits the superoxide-depen- 
dent oxidation or reduction of the indicated elec- 
tron carrier by 50% at 25'C. 

Specific activity 
Superoxide 

Superoxide detection 
source method Bovine P. furiosus 

SOD SOR 

Xanthine 
oxidase 

Pyrogallol 

Xanthine 
oxidase 

Xanthine 
oxidase 

Xanthine 
oxidase 

Cytochrome 3400 4000 
c reduction 

Pyrogallol 2300 80 
oxidation 

Epinephrine 2200 100 
oxidation 

Nitroblue 1800 200 
tetrazolium 
reduction 

Acetylated 3400 100 
cytochrome 
c reduction 
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Thus, we suggest that SOR catalyzes a oxidation (trace 3, Fig. 2B). As before, the 
redox reaction; that it has little, if any, SOD effect of SOR required superoxide, which is 
activity; and that superoxide reduction is the consistent with a redox rather than a dismuta- 
physiological role of this protein, not only in tion reaction. 
P. jir~ios~rs but also in other anaerobic organ- These data are consistent with a physio- 
isms. Holnologs ofP..filriostls SOR are found logical role for SOR as a superoxide-nlbre- 
in alnlost all of the complete genome se- doxin oxidoreductase according to Eq. 5 
quences that are currently available from [where Rdre,(ox, is the reduced (oxidized) 
anaerobes (12-16, 27, 28) and in the incom- form of nlbredoxin] 
plete genonles of DeszrlfollDi.io grgirs (23) 

0 ;  + 2H' + Rdred -+ H,O; + Rd,, (5) and Clo~ri-zdrlrnz irceioblrh hc~riil (1 7) They 
contain 1 16 to 138 residues and show 20 to Genes encoding lubredoxin are present in all of 
70% sequence identity to P. firriosirs SOR, the anaerobe genomes but one (P. horikoshii) 
although NH2-terminal sequence information (14) and the protein has been purified froin 
is available only from the P. jirrios~rs and D. over a dozen different anaerobic species (34). 
gigas proteins (29). In contrast to the anaer- These organisms represent a wide range of 
obes, analogs of P. j~rriosus SOR are not different metabolis~ns and the function of rubre- 
present in any of the 16 available genomes of doxin was ~mknown (21, 3.9, although a role in 
"tme" aerobes such as Syilecl~ocystis sp. (30) 
or facultative anaerobes such as Escherichiir 
coli (31). I11 agreement with the role for SOR 
proposed here, superoxide reduction was pos- 
tulated as the mechanism by which an SOD- 
deficient E. coli strain was compleinented by 
desulfoferodoxin. because SOD activity 
could not be detected in cell extracts (32). 

The electron carrier mbredoxin, whose gene 
is adjacent to SOR in P. Jirriosus, was tested as 
a physiological donor in the SOR assay. In 
contrast to cytochome c [midpoint potential 
(Ell,) = 260 mV at 25°C (33)], which is reduced 
by superoxide, mbredoxin [E,,  = 0 mV at 25OC 
(21)] is oxidized, in accord with the ability of 

oxygen toxicity had been suggested (36). In P. 
jirrioszrs, an enzyme termed reduced nicotin- 
amide adenine dinucleotide phosphate WAD- 
PHknlbredoxin oxidoreductase (NROR) re- 
duces rubredoxin [Michaelis constant (K,,) = 
10 yM] using NADPH (K,, = 5 yM) or 
NADH (K,,, = 34 yM) as the electron donor 
(37). Thus, the reducing power for superoxide 
reduction by SOR is probably provided by 
NAD(P)H (Fig. 3). 

Although the SOR reaction (Eq. 5) does 
not produce oxygen, it does produce hydro- 
gen peroxide and this must be removed. We 
could not measure catalase activity in cell- 
free extracts of P. firrioslrs (35), but peroxide 

superoxide to act as either an oxidant or a conversion is unlikely to occur through cata- 
reductant in biological systems (2). Oxidation lase activity because this activity, like the 
of colorless reduced lubredoxin was measured SOD reaction, produces oxygen (Eq. 2). Al- 
by the increase in absorbance at 490 nm. Re- though most of the anaerobic genomes do not 
duced mbredoxin auto-oxidizes, so exposure of contain genes for classical catalases (5), most 
dithionite-reduced rubredoxin to air results in a contain genes encoding other enzymes in- 
slow increase in the visible absorbance (trace 1; volved in peroxide detoxification (39), and 
Fig. 2, A and B). Subsequent addition of super- thus these organisms have other mechanisms 
oxide (from xanthine plus xanthine oxidase) to remove peroxide (Fig. 3). Evidence for 
causes a rapid increase in the rate of rubredoxin additional oxygen-related reactions in anaer- 
oxidation (trace 2; Fig. 2, A and B) that is obes comes from the finding that most of 
inhibited by bovine SOD (trace 3, Fig. 2A), these genomes also contain genes encoding 
showing that it is a superoxide-dependent oxi- alkyl hydroperoxide reductase (40), which in 
dation. Addition of catalase did not significant- aerobes is involved in the protection of lipid 
ly affect the rate of mbredoxin oxidation (trace components against damage from reactive 
5, Fig. 2A), demonstrating that peroxide plays a oxygen species, and rubrerythriil (411, which 
minimal role in these reactions. Pvi~ococczrs in anaerobes can have SOD, ferroxidase, or 
.filriosiu SOR had the opposite effect ffom that peroxidase activities (42). In both P. jiri.ioszls 
of SOD and increased the rate of iubredoxin (20) and T. muritinzcr (16), the rubrerythrin- 

Fig. 3. Model for detoxification 
of reactive oxygen species in 
anaerobes such as P. furiosus. 
Abbreviations are as follows: 
NROR, NAD(P)H-rubredoxin ox- o2 - 
idoreductase; Rdr,,, reduced ru- 
bredoxin; Rdo,, oxidized rubre- 
doxin; XH,, unknown organic 
electron donor. Enzymes and 
proteins shown in bold were pu- 
rified from P. furiosus; the others 
are hypothetical, based on ge- 
nome sequence analyses. 

Peroxiredoxin 
XH2 X 

SOR 7' 

~d~~~ Rdox NADH NAD 
4 I NADH Peroxidase 

encoding gene is adjacent to the genes encod- 
ing rubredoxin and SOR. 

P~~rococcvs firrios~ls SOR functions effi- 
ciently in vitro at 25"C, which is 75°C below 
the organism's optimal growth temperature 
(19), yet enzymes from hyperthelmophiles 
typically exhibit no or barely detectable ac- 
tivity at such temperatures (43). Other than 
SOR, the only known exception is NROR 
from P. firf.iostls, which reduces rubredoxin 
with high efficiency at 25OC [catalytic con- 
stant (k,,,)~K,, = 22,000 mM-' s-'] (37). 
Hence, a combination of SOR, rubredoxin, 
and NROR would rapidly reduce superoxide, 
using NAD(P)H as the electron donor (Fig. 3) 
at temperatures far below the growth temper- 
ature of P. jirriosus. Organisms such as this 
inhabit marine hydrothermal fluids, and they 
can survive (cold) exposure to oxygen when 
hot, anaerobic vent waters mix with the sur- 
rounding cold, oxygen-saturated seawater (44, 
45). Thus, one would expect that a protective 
mechanism in anaerobic hyperthermophiles 
would be constitutively expressed and active at 
low temperatures, like the SOR system of P. 
firrios~rs. Regardless of their growth tempera- 
ture, however, the data presented here indicate 
that anaerobic microorganisms possess a mech- 
anism for detoxifying reactive oxygen species 
that is independent of the SOD- and catalase- 
based system of the aerobic world. 

References and Notes 
1. 1. S. Valentine et al., Curr. Opin. Chem. Biol. 2, 253 

(1998). 
2. D. T. Sawyer and 1. S. Valentine, Acc. Chem. Res. 14, 

393 (1981). 
3. C. Beauchamp and I. Fridovich, J. Biol. Chem. 245, 

4641 (1970): 1. Fridovich, J. Exp. Biol. 201, 1203 
(1998). 

4. 1. M. McCord and I. Fridovich, J. Biol. Chem. 244, 6049 
(1969); B. L. Stoddard, P. L. Howell, D. Ringe, G. A. 
Petsko, Biochemistry 29, 8885 (1990); M. L. Ludwig, 
A. L. Metzger, K. A. Pattridge, W. C. Stallings, J. Mol. 
Biol. 219, 335 (1991); 1. A. Tainer, E. D. Getzoff, J. S. 
Richardson, D. C. Richardson, Nature 306, 284 (1983); 
S. B. Choudhury et a/., Biochemistry 38, 3744 (1999). 

5. B. Chance, H. Seis, A. Boveris, Physiol. Rev. 59, 527 
(1979). 

6. P. R. Ortiz de Montellano, Annu. Rev. Pharmacol. 
Toxicol. 32, 89 (1992). 

7. A. M. Roberton and R. S. Wolfe, J. Bacteriol. 102, 43 
(1970). 

8. H. Cypionka, F. Widdel, N. Pfennig, FEMS Microbiol. 
Ecol. 31, 39 (1985). 

9. M. S. Johnson, I. B. Zhulin, M.-E. R. Gapuzan, B. L. 
Taylor,]. Bacteriol. 179, 5598 (1997). 

10. E. W. 1. van Niel and J. C. Gottschal, Appl. Environ. 
Microbiol. 64, 1034 (1998). 

11. K.-N. Lai and E. M. Gregory, GenBank direct submis- 
sion, accession number M96560 (1992); E. R. Rocha, 
T. Selby, 1. P. Coleman, C. J. Smith, J. Bacteriol. 178, 
6895 (1996); N. V. Shenvi and D. M. Kurtz Jr., Gen- 
Bank direct submission, accession number AF034841 
(1997); M. Kitamura, S. Kojima, H. Akutsu, I. Kumagai, 
T. Nakaya, GenBank direct submission, accession 
number A8020341 (1998); K. Nakayama, J. Bacteriol. 
176, 1939 (1994). 

12. C. 1. Bult et al., Science 273, 1058 (1996). 
13. H. P. Klenk et al., Nature 390, 364 (1997). 
14. Y. Kawarabayasi et al., DNA Res. 5, 55 (1998). 
15. D. Prieur et al., Genoscope (available at w w .  

genoscope.cns.fr/) (1999). 
16. K. E. Nelson et al., Nature 399, 323 (1999). 
17. Preliminary sequence data were obtained from The 

308 8 OCTOBER 1999 VOL 286 SCIENCE www.science~ 



R E P O R T S  

Genome Therapeutics Corporation Web site at www. 
genomecorp.com. Sequencing of Clostridium aceto- 
butylicum was accomplished wi th support from the 
U.S. Department of Energy. 

18. The standard SOD assay involves steady-state genera- 
t ion of superoxide by means of bovine xanthine oxidase 
plus xanthine modified from the following: L. Flohe, R. 
Becker, R. Brigelius, E. Lengfelder, F. Otting. in CRC 
Handbook of Free Radicals and Antioxidants in Biomed- 
icine, J. Miquel, Ed. (CRC Press, Boca Raton, FL, 1988), 
vol. 3, p. 287. Reaction conditions were 50 m M  potas- 
sium phosphate (pH 7.8), 0.2 m M  xanthine, and 20 p M  
horse heart cytochrome c at 25°C. Superoxide directly 
reduces cytochrome c as measured by the increase in 
absorption (at 550 nm) due t o  the reduced cytochrome. 
SOD (bovine, Sigma) inhibits superoxide-dependent re- 
duction of cytochrome c; one unit of activity is the 
amount of protein necessary t o  inhibit the rate by 50%. 

19. G. Fiala and K. 0. Stetter, Arch. Microbiol. 145, 56 
(1986). 

20. F. E. Jenney Jr. and M. W. W. Adams, in preparation. 
The Genbank accession number for SOR from P. 
furiosus is AF156097. Iron concentration was deter- 
mined wi th a Thermo Jarrell-Ash 965 inductively 
coupled argon plasma spectrometer (ICAP) at the 
Chemical Analysis Laboratory of the University of 
Georgia. 

21. P. R. Blake e t  ai., Biochemistry 30. 10885 (1991). 
22. A. V. Coelho et al., J. Biol. Inorg. Chem. 2, 680 (1997). 
23. L. Chen et al., Eur. J. Biochem. 226, 613 (1994); N. V. 

Shenvi and D. M. Kurtz Jr., CenBank direct submission, 
accession number AF034965 (1997). 

24. G. Silva etal., Eur. J. Biochem. 259, 235 (1999); C. V. 
Romao e t  ai., ibid. 261, 438 (1999). 

25. Inhibition of pyrogallol auto-oxidation, epinephrine 
auto-oxidation, and nitroblue tetrazolium reduction 
were measured as described in the following refer- 
ences, respectively: S. L. Marklund, in CRC Handbook 
of Methods for Oxygen Radical Research, R. A. Creen- 
wald, Ed. (CRC Press, Boca Raton, FL, 1985), p. 243; 
D. G. Searcy, J. P. Whitehead, M, J. Maroney, Arch. 
Biochem. Biophys. 318, 251 (1995); C. Beauchamp 
and I. Fridovich, Anal. Biochem. 44, 276 (1971). 

26. A. Azzi, C. Montecucco, C. Richter, Biochem. Biophys. 
Res. Comm. 65, 597 (1975). 

27. C. M. Fraser e t  ai., Science 281, 375 (1998). 
28. The only exception is the methanogen Methanobac- 

terium thermoautotrophicum, but i t  possesses a des- 
ulfoferrodoxin homolog (as well as a classical SOD 
gene) [D. R. Smith e t  al., J. Bacteriol. 179, 7135 
(1997)l. Anaerobic eukaryotes also appear t o  have 
mechanisms t o  detoxify oxygen in the absence of 
detectable SOD and catalase [F. D. Marvin-Sikkema, 
T. M. Pedro Comes, 1.-P. Grivet, J. C. Gottschal, R. A. 
Prins, Arch. Microbiol. 160, 388 (1993)l. 

29. An amino acid sequence alignment of the nine avail- 
able SORs is available as supplementary material at 
www.sciencemag.org/feature/data/1042812.shl, 

30. T. Kaneko et ai., DNA Res. 3, 109 (1996). 
31 F. R. Blattner et al., Science 277, 1453 (1997). 
32. S. I. Liochev and I. Fridovich. J. Biol. Chem. 272, 25573 

(1997); M. J. Pianzzola, M. Soubes, D. Touati, J. Bac- 
teriol. 178, 6736 (1996). 

33. C. R. Moore and G. W. Pettigrew, Cytochromes c: 
Evolutionary, Structural and Physicochemicai Aspects 
(Springer-Verlag, Berlin, 1990). p. 328. 

34. R. Bau et al., J. Bioinorg. Chem. 3, 484 (1998). 
35. M. W. W. Adams, Adv. Inorg. Chem. 38, 341 (1992). 
36. L. Chen et al., FEBS Lett. 216, 443 (1993). 
37. K. Ma and M. W. W. Adams, J. Bacterioi., 181, 5530 

(1999). 
38. Catalase activity was assayed as in H. Aebi, Methods 

Enzymol. 105, 121 (1984). 
39. The anaerobe genomes (72-76, 27, 28) contain several 

genes whose products could be involved in peroxide 
detoxification. All have open reading frames (ORFs) that 
are highly similar t o  mammalian 1-cys peroxiredoxin 
{the P. furiosus ORF [R. Weiss et al., available at http:// 
combdna.umbi.umd.edu/bags.html (1999)l has 32% 
identity with the gene in Mus musculus [T. H. Lee etal., 
GenBank direct submission, accession number 
AAD03716 (1998); S. W. Kang, I. C. Baines, S. G. Rhee, 
J. Biol. Chem. 273, 6303 (1998)l). Many also contain 
genes encoding one or more putative NAD(P)H-depen- 
dent peroxidases. Pyrococcus furiosus contains an ORF 

that is 48% similar t o  NADH peroxidase from a meso- 
philic facultative aerobe [R. P. Ross and A. Claiborne, J. 
Mol. Biol. 277, 658 (1992); T. C. Mallett and A. Clai- 
borne, Biochemistry 37, 8790 (1998); T. Stehle, S. A. 
Ahmed, A. Claiborne, G. E. Schulz, J. Mol. Bioi. 221, 
1325 (1991)l. 

40. L. B. Poole and H. R. Ellis, Biochemistry 35, 56 (1996); 
L. A. Tartaglia, C. Storz, M. H. Brodsky, A. Lai, B. N. 
Ames, J. Biol. Chem. 265, 10535 (1990). 

41. D. M. Kurtz Jr., J. Biol. Inorg. Chem. 2, 159 (1997). 
42. Y. Lehmann, L. Meile, M. Teuber, J. Bacteriol. 178, 7152 

(1996); F. Bonomi, D. M. Kurtz Jr., X. Cui, J. Biol. Inorg. 
Chem. 1, 67 (1996); P. S. Alban, D. L. Popham, K. E. 
Rippere, N. R. Krieg, J. Appl. Microbiol. 85, 875 (1998). 

43. M. W. W. Adams and A. Kletzin, Adv. Prot. Chem. 48, 
101 (1996). 

44. Y. Fouquet et a/., Econ. Ceol. 88, 2018 (1993); M. K. 
Tivey, in Seafloor Hydrothermal Systems: Physical, 
Chemical, Bioiogical, and Ceoiogical Interactions, S. E. 
Humphris, R. A. Zierenberg, L. S. Mullineaux, R. E. 
Thomson, Eds. (American Geophysical Union, Wash- 
ington, DC, 1995). pp. 158-177. 

45. R. Huber, P. Stoffers, J. L. Cheminee, H. H. Richnow, 
K. 0. Stetter, Nature 345, 179 (1990); M. Summit 
and J. A. Baross, Deep-Sea Res. Part 11 45, 2751 
(1998). 

46. Supported by grants from the American Cancer So- 
ciety (PF-4254), the Oliver S. and Jennie R. Donaldson 
Charitable Trust, the Department of Energy (FG05- 
95ER20175), and NSF (MCB 9809060). 

18 June 1999; accepted 23 August 1999 

The Tyrosine Kinase Negative 
Regulator c-Cbl as a RING-Type, 
E2-Dependent Ubiquitin-Protein 

Claudio A. P. Joazeiro.' Simon 5. wing,* Han-kuei Huang,' 
Joel D. Leverson,' Tony Hunter,'* Yun-Cai Liu3 

Ubiquitination of receptor protein-tyrosine kinases (RPTKs) terminates signal- 
ing by marking active receptors for degradation. c-Cbl, an adapter protein for 
RPTKs, positively regulates RPTK ubiquitination in a manner dependent on its 
variant SRC homology 2 (SH2) and RlNG finger domains. Ubiquitin-protein 
ligases (or E3s) are the components of ubiquitination pathways that recognize 
target substrates and promote their ligation t o  ubiquitin. The c-Cbl protein 
acted as an E3 that can recognize tyrosine-phosphorylated substrates, such as 
the activated platelet-derived growth factor receptor, through its SH2 domain 
and that recruits and allosterically activates an E2 ubiquitin-conjugating en- 
zyme through its RlNG domain. These results reveal an SH2-containing protein 
that functions as a ubiquitin-protein ligase and thus provide a distinct mech- 
anism for substrate targeting in the ubiquitin system. 

Specific and precise signaling by WTKs re- 
quires that both the intensity and the duration of 
the elicited intracellular signals be tightly regu- 
lated. To terminate signaling, ubiquitination can 
mark receptors for degradation ( I ) .  Free ubiq- 
uitin (Ub) is recruited to ubiquitination path- 
ways by the E l  Ub-activating enzyme through 
the formation of a thioester between a cysteine 
in E l  and the COOH-terminus of Ub (2). Ub is 
subsequently transferred, also as a thioester, to 
members of the E2 Ub-conjugating (Ubc) en- 
zyme superfarnily. Ub-protein ligases, or E3s, 
are defined as the pathway components respon- 
sible for substrate recognition and for promot- 
ing Ub ligation to substrate (2). HECT domain- 
containing E3s (homologous to E6-AP COOH- 
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terminus) accept Ub *om E2s in the form of a 
thioester and then catalyze the formation of 
stable Ub-substrate conjugates (2). E3s such as 
the Skpl/cullin3F box (SCF) and anaphase-pro- 
rnoting complexes (APC) (2) do not appear to 
form thioesters u-ith Ub (3). Rather, these com- 
plexes act by bringing E2-Ub and substrate 
together and by allosterically activating E2 (3, 
4). The efficiency of poly-Ub chain synthesis 
may be increased by other factors, such as the 
E4 proteins (5).  

c-Cbl, a 120-M) protein that contains a vari- 
ant SH2 domain, a RING finger, a proline-iich 
region, and a Ub-associated domain, binds to, 
and stimulates the ubiquitination of,. active 
platelet-derived growth factor (PDGF), epider- 
mal growth factor (EGF), and colony-stimulat- 
ing factor-1 receptors (6-8). Moreover, the 
c-Cbl homolog in Caenod~abditis elegans, SLI- 
1, has been genetically defined as a negative 
regulator of W T K  signaling (9). The fact that 
c-Cbl can hnction as an adapter protein in 
tyrosine phosphorylation-dependent signaling 
raises the possibility that it recruits E3 or E4 
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