
Binding of the von Hippel-Lindau Tumor nal antibody against VHL (anti-VHL) (Fig. 
1C) (14). Together, these immunoprecipi- 

S U P P ~ ~ S S O ~  Protein to Elongin 6 and C tation studies suggested that p14 and p18 
bound svecificallv to the COOH-terminal 

Adam Kibel, Othon Iliopoulos, James A. DeCaprio, half of ~ V H L  and'that the binding of one or 

William G. Kaelin Jr.* both proteins might be linked to tumor 
suppression by pVHL. 

To map the interaction site on pVHL, we 
Germ-line mutations of the von Hippel-Lindau tumor suppressor gene (VHL) predispose incubated 35S-labeled 786-0 cell extracts 
individuals to a variety of human tumors, and somatic mutations of this gene have been with glutathione Sepharose that had been 
identified in sporadic renal cell carcinomas and cerebellar hemangioblastomas. Two preloaded with various glutathione-s-trans- 
transcriptional elongation factors, Elongin Band C, were shown to bind in vitro and in vivo ferase (GST)-pVHL fusion proteins (1 3, 
to a short, colinear region of the VHL protein (pVHL) that is frequently mutated in human 15). The Sepharose was washed under strin- 
tumors. A peptide replica of this region inhibited binding of pVHL to Elongin B and C, gent conditions and then boiled in the pres- 
whereas a point-mutant derivative, corresponding to a naturally occurring VHL missense ence of SDS to elute the bound proteins. 
mutation, had no effect. These results suggest that the tumor suppression function of Analysis by SDS-PAGE showed that GST- 
pVHL may be linked to its ability to bind to Elongin B and C. pVHL(117-213), but not GST alone, bound 

to two radiolabeled proteins that comigrated 
with p14 and p18 (Fig. 2A). Partial proteol- 
ysis profiles confirmed that these two pro- 

V o n  Hippel-Lindau disease is a hereditary beled with 35S-methionine, lysed, and im- teins were identical to p14 and p18 (16). 
cancer syndrome characterized by the devel- munoprecipitated with a monoclonal anti- GST-pVHL(157-172) was the smallest 
opment of multiple tumors including renal body against HA (anti-HA) or a control GST-pVHL fusion protein to bind efficient- 
cell carcinomas, retinal angiomas, cerebellar antibody (Fig. 1, A and B) (1 1, 13). The ly to p14 and p18 (Fig. 2B) (16). Further- 
hemangioblastomas, and pheochromocyto- immunoprecipitates were washed, fraction- more, binding of p14 and p18 to GST- 
mas (1). The von Hippel-Lindau suscepti- ated by SDS-polyacrylamide gel electro- pVHL(117-213) was inhibited by a synthet- 
bility gene (VHL) has been identified ( 2 ) ,  phoresis (PAGE), transferred to a polyvi- ic peptide (17) corresponding to pVHL- 
and mutations in this gene have been docu- nylidene difluoride (PVDF) membrane, and (157-172), but not by a point-mutant deriv- 
mented in the majority of VHL kindreds detected by autoradiography. Two proteins ative (157-172; 162F) corresponding to a 
(3-5). Tumor formation in the hereditary of -18 and -14 kD (p18 and p14) coim- naturally occurring VHL mutation (3) (Fig. 
setting is associated with a loss of heterozy- munoprecipitated with wt-pVHL but not 2C). These results suggest that pVHL(157- 
gosity at the VHL locus with retention of the with pVHL(1-115), and at diminished lev- 172) is sufficient to mediate binding to p14 
mutant VHL allele, thus depriving the cell of els with pVHL(167W). The recovery of and p18 in vitro. This region of pVHL is 
the normal VHL protein (pVHL). Most spo- each of the exogenous pVHLs was con- frequently altered by germ-line mutations in 
radic renal cell carcinomas and cerebellar firmed by anti-HA immunoblot analysis pVHL kindreds (3-5) (Fig. 3), strengthening 
hemangioblastomas are similarly deficient in (Fig. 1B). Neither p14 nor p18 was detected the hypothesis that p14 or p18 binding is 
wild-type pVHL, as the result of mutation or on the anti-HA immunoblot. Similar re- important in the tumor suppressor function 
hypermethylation of the VHL gene (6-10). sults were obtained when the cell extracts of pVHL. VHL-associated proteins of similar 
Reintroduction of the wild-type, but not mu- were immunoprecipitated with a monoclo- molecular size have been identified indepen- 
tant, VHL complementary DNA (cDNA) 
into renal carcinoma cells devoid of endog- - C 

- 
enous wild-type pVHL impairs the cells' A - ? ?  B 3 Lo 

$ g - : ?  ability to form tumors in nude mice, in keep- + g J 2  3 J 2  
ing with the suspected role of pVHL as a 1 x 1  1 J X T - I  I ~ J  1 x 1  1 x 1  
tumor suppressor ( I  1 ). To elucidate the bio- o z z ?  c, 5 2 %  , z z z  
chemical mechanisms underlying tumor sup- LC a % . % . %  C a C a % %  % % % %  ---- ---- ---- 
pression by pVHL, we searched for cellular 

a?z$z$$l n?nznln$ - x z x z z - ~  L J J A  proteins that bound to wild-type pVHL, but 2 o E o e o e o e  .' 5 .A E .A 
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not to tumor-derived pVHL mutants. o a o u v 4 o u  O a ~ < u a o u  o a o a o 4 o ~  
We stably transfected 786-0 renal carci- 

noma cells, which lack endogenous wild- 
type pVHL, with expression plasmids encod- 44- 
ing hemagglutinin (HA)-tagged pVHL(wt), 
HA-pVHL(1-115), or HA-pVHL(167W) 29- 1;J epHA-VHL 

(1 1 , 12). pVHL(1-115) lacks residues that p~c-VHL(I-I 15) 
are frequently altered by naturally occurring 

18- 
VHL mutations (2-8, 10) and, unlike +pvHL-Apl8 
pVHL(wt), does not suppress tumor forma- 14- + ~ V H L - ~ p l 4  

tion in vivo (1 1 ). pVHL(167W) is the pre- 
dicted product of a mutant VHL allele that is 
common in VHL families (3-5). Fig. 1. Identification of VHL-associated proteins. Lysates from 786-0 renal carcinoma cells, transfected 

The transfectan's were la- with the indicated pVHL constructs, were irnmunoprecipitated with anti-HA (A and B) or with anti-VHL 
(C). lmrnunoprecipitates were analyzed by 15% SDS-PAGE and were detected by autoradiography (A 

Dana-Farber Cancer Institute, 44 Binney Street, Boston, and C) or by immunoblotting (B). The positions of the exogenous VHL proteins are indicated by the open 
MA 021 15, USA. arrows (endogenous pVHL is not detectable under these conditions) and the VHL-associated proteins by 
*To whom correspondence should be addressed. the closed arrows. 
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Fig. 2. Mapping the p14 and p18 binding site on pVHL. (A) 786-0 cells producing HA-VHL(wt) or 
HA-VHL(1-115) were labeled with 35S-methionine, lysed, and immunoprecipitated with anti-HA. Parental 
786-0 cells were similarly labeled, lysed, and incubated with glutathione Sepharose preloaded with 
GST-VHL(117-213) or GST alone. (6 and C) 786-0 cells were labeled, lysed, and incubated with 
glutathione Sepharose preloaded with the indicated GST-VHL fusion proteins. In (C), the indicated 
peptides (final concentration -0.1, 1, or 10 kM) were added to the GST-VHL fusion protein before 
incubation with the radiolabeled extract. The wild-type peptide is EKEELQWBSLVKP (underlined 
residues are sites of germ-line missense mutations) (3-5). The mutant peptide is TLKERFLQWRSLVKP. 
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Fig. 4. Binding of pVHL to Elongin 6 and Elongin C in Staphylococcal VB u-Chymotrypsin 
vivo. (A) ACHN (VHL +/+), CAKI-1 ( V H L  + I + ) ,  (ng) (14 
786-0 (VHL -/-), and 293 (VHL +/+) cells were 
labeled with 35S-rnethionine, lysed, and imrnunoprecipitated with anti-VHL or a control antibody. The 
irnrnunoprecipitates were washed under high-salt conditions, resolved by 15% SDS-PAGE, and trans- 
ferred to PVDF. Bound proteins were detected by autoradiography. The identification of pVHL(wt) (open 
arrow) was confirmed by anti-pVHL irnrnunoblot analysis. The -1 9 kD protein immediately above p18 
(asterisk) in the ACHN, CAKI-1, and 293 cell anti-VHL irnmunoprecipitates reacts with a polyclonal 
antibody to VHL (16). (B) Comparison of peptides generated by partial proteolysis of Elongin B and C, 
translated in vitro, with p18 and p14. 

dently by other workers (1 8). 
To identify the VHL-associated proteins, 

we pooled the anti-HA irnmunoprecipitates 
from 786-0 cells producing HA-VHL(wt) 
and resolved the proteins by preparative 
SDS-PAGE. Anti-HA irnmunoprecipitates 
from 786-0 cells producing HA-VHL(1- 
115) were similarly treated. The proteins 
were then transferred to a PVDF membrane 
and p18, identified by its comigration with 
35S-radiolabeled p18 and by its absence in 
the HA-VHL(1-115) irnmunoprecipitates, 
was stained with amido black and excised 
(19). We obtained five tryptic peptide se- 
quences from p18, but these sequences 
showed no homology to proteins in the da- 
tabases. At this stage, we learned from other 
investigators performing similar work (20) 
that these sequences were present in Elongin 
B, a subunit of the Elongin (sIII) transcrip- 
tion elongation complex (21 ). These inves- 
tigators had also determined that p14 is 
Elongin C, another subunit of the Elongin 
(sIII) complex (22, 23). 

To address whether Elongin B and Elon- 
gin C bind to pVHL under physiologic con- 
ditions, we prepared cell extracts from 35S- 
radiolabeled ACHN (VHL +/+ ), Caki-1 
(VHL +/+), and 786-0 (VHL -1-) renal 
carcinoma cells ( I  I), and from 293 (VHL 
+I+) human embryonic kidney cells. Anti- 
VHL immunoprecipitates from cell extracts 
containing wild-type pVHL contained two 
proteins that comigrated with Elongin B and 
C and that did not react directly with anti- 
VHL (Fig. 4A) (16). In contrast, these two 
proteins were not detected in immunopre- 
cipitates from 786-0 cell extracts, which 
lack wild-type pVHL, although these ex- 
tracts did contain Elongin B and C (Fig. 2). 
The identity of the proteins detected in 
these native immunoprecipitates as Elongin 
B and C was confirmed by partial proteolysis 
(Fig. 4B). 

The demonstration that Elongin B and 
Elongin C bind to pVHL in vivo, and the 
localization of the interaction site to a re- 
gion of pVHL that is frequently altered by 
germ-line VHL mutations (3-5), strongly 
suggest that these two proteins contribute 
to the tumor suppression function of pVHL. 
It will be of interest to determine whether 
any genes involved in renal growth and 
development are regulated at the level of 
transcription elongation by Elongin (sIII) 
and pVHL. 
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Decreased Muscarinic Receptor Binding 
in the Arcuate Nucleus in 

Sudden Infant Death Syndrome 
Hannah C. Kinney,* James J. Filiano,i- Lynn A. Sleeper, 

Frederick Mandell, Marie Valdes-Dapena, W. Frost White 

Muscarinic cholinergic activity in the human arcuate nucleus at the ventral medullary 
surface is postulated to be involved in cardiopulmonary control. A significant decrease 
in [3H]quinuclidinyl benzilate binding to muscarinic receptors in the arcuate nucleus is now 
shown to occur in sudden infant death syndrome (SIDS) infants, compared to infants dying 
acutely of known causes. In infants with chronic oxygenation abnormalities, binding is low 
in other nuclei, as well as in the arcuate nucleus. The binding deficit in the arcuate nucleus 
of SIDS infants might contribute to a failure of responses to cardiopulmonary challenges 
during sleep. 

Sutlden infant death syndrolne is the lead- 
ing cause of postneonatal infant death in 
the Unlted States. SIDS is defined as the 
sudden death of an infant under 1 year of 
age that remains ~~nexplained after a thor- 
ough case investigation, incl~lding perfor- 
mance of a complete autopsy, exainination 
of the death scene, and review of the clin- 
ical history ( I ) .  The syndrome is temporally 
associated with sleep periods, resulting in 
the premise that SIDS occurs d~lring sleep 
or during tra~lsitiolls between sleep and 
waking. Recent epidemiologic data have 
shown a positive association hetween prone 
sleeping position and SIDS incidence, and 
decreased SIDS rates have been reported in 
countries that have initiated intervention 
programs advocating a s ~ ~ p i n e  sleeping po- 
sition (2) .  The mechanism for the associa- 
tion hetween decreased prone prevalence 
and decreased risk for SIDS is unknown, hut 

an interaction possibly exists hetween 
prone position and ilnpalred cardioventila- 
tory control, particularly iinpaired ventila- 
tory and arousal responsiveness (3). 

We 11ypothesi:e that SIDS, or a subset of 
SIDS, is associated with a deficiency in inus- 
carinic cholinergic receptor (mAChR) bind- 
ing in the arcuate n~~cleus  of the ventral 
surface of the medulla (ventral lnedullary 
surface, VhtS), which results in an iinpaired 
respoilse tto hypercarhia or asphyxia during 
sleep and sudden death. In animals, the pre- 
cise location of the chemosensors is debated, 
hut there is substantial evidence that the 
\'MS participates in the ventilatory response 
to carbon dioxide (CO?) and hydrogen ion, 
cardioventilatory co~~pling,  and pressor re- 
sponses (4). VhtS cells are intimately asso- 
ciated with ventrolateral neurons of the 
hrainstem that integrate ventilatory, pressor, 
and defense responses (5, 6).  The precise 
function or functions of the human arcuate 
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