
30. A M Fra. E. Warnson .  K. Slmons. R. G. Parton J. 
13101. Chem. 269. 30745 (1994), A Gorodnsky and 
D A. Harrs J. Cell B ~ o l  129. 61 9 (1 995). 

31 \/$/e do not w~sh to mply that GP-anchored protens 
can never enter caveoae. Antbody-cross nked a -  
kane  phosphatase clusters and slowly enters 
caveoae for endoc).ioss to endosomes and yso- 
solnes (41) consstent ?vth our stud es of nternal- 
zaton of modfled aburnns by caveoae, v'fth the 
excepton that the process of bndng ,  custerng, 
nternazaton, and degradaton \was much qucker 
for the abumns (19, $3). It appears that cell surface 
processing, at least for G P n k e d  protens probably 
comprses tliree ds tnc t  sequenta steps: (I) Induced 
movement of GPI-anchored protens (probably by a 
gand i  n t o  m~crodoma~ns near the caveoae thereby 
ncreasng the local coricentrat~on of GP-nked  pro- 
tens by drect sequestraton of prevousy free mol- 
ecues'or poss,bly by asselnbly of several smaller 
clusters (11) eventual lnovement n to  the caveolae: 
and ( i  flsson or buddng of the caveoae from the 
melnbrane for potocytos~s or endocytoss 

32 F Zhang er al.. J Cell B~ol. 11 5. 75 (1 991 r :  F. Zhang 
era l ,  Proc, filar/. Acad. SCI. U.S.A. 89, 5231 (1992). 

33 Specazed glycol~p~d domans are resstant to deter- 
gent extracton and are necessary for ma~nta~n~rig 
detergent-cesstant custe :~  of G P n k e d  prote~ns 
(2-5). Removal of cholesterol frorn plasma mem- 
branes can dssocate or prevent the formaton of 
such c l~~sters  and assure a random, free ds t rbuton 
of GP-anchored protens (391. As expected, choes- 
tero relnova reduces the resistance of G P n k e d  
protelns to detergent solub~l~zat~on (5) consistent 
w th  the noton that the freely dffusng GP-anchored 
protens are Indeed rnore ready solub~l~zed by de- 
tergents than the less l nobe  GPanchored protens 
n the glycol~p~d domans. Moreouer, In the absence 
of glycol~p~ds. GP-anchored protens are ready sol- 
u b z e d  from rnembranes by cold Trton X-100, so -  
u b t y  decreases w t h  the addton of approprate gy -  
co l~p~ds (2) Thus. GP-anchored protens randomly 
dstrbuted at the cell surface should be susceptbe 
to detergent extraction: Indeed, our percentages 
agree w~ th  those from the d~ffus~on s t~~d les  d ~ s -  
cussed In the text, In homogenates of non-sca- 
coated rat lung, -60°6 of CA and 75"0 of 5'-NT are 
s o u b z e d  by Trlton X-100 at 4'C Moreover mass 
balances perforrned on the s111ca-coated rnem- 
branes sho?ved that --20°b of 5'-NT and 40% of CA 
could be solated n the Intact, detergent-res~stant 
membrane fractlon TI 

34. As noted In (13) caveoae can be isolated w~thout 
exposure to Trlton X-100 but less efflclently. The 
usual protocol \was followed for caveolae soaton.  
?vth the exception that Trlton X-100 was ornltted 
and for shearng pllrposes the number of hornoge- 
nzaton strokes was Increased to 48 to 60 froln 12 
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45. The membrane preparations were processed for 
mmuno-electron mcroscopy by a mod~f~cat~or i  of 
a prevousy descrbed procedure [P De C a m ,  S. 
M Harrs Jr. \I$/. B Huttner, P J. Greengard, J Cell 
Blol. 96 1355 (1 983il. The detergent-res~stant 
rnembt-anesfrom rat ~ i n g  (TI) Isolated as desccbed 
(26) drec ty  In suspenson frorn the sucrose grad- 

ent were mxed  w t l i  4% agarose ( S e a p a q ~ ~ e  FMC 
Boproductsi in phosphate-buffered s a n e  (PBS) at 
37°C at a ves~cle:agarose ~ o l ~ ~ l n e  ratlo of 1 3 The 
suspenson was transferred by caplary acton n t o  
a frarne prepared from two glass s d e s  separated 
at each end by two cover s p s  (0 17 lnrn thck) .  
After c o o n g  lnmedately to sol~d~fy the agarose 
the frarne was removed and the agarose cut Into 
2-mm squares wh~ch  were then ncubated In 5"" 
ovalburnn n PBS for 30 m n  washed briefly In 
PBS, and Incubated ?v~th anti-CA anti-G:,,, or 
nonmmune seruln overnght at 4°C After fve  10- 
m n  \.vashes n PBS, the blocks were Incubated for 
8 hours at 4°C w t h  collo~dal gold par tces (1 0 to 15 
nm In dameter) conjugated with goat antbodes to 
rabbt ~mlnunoglobul~n G After flve 30 -mn  waslies 
In PBS, the agarose-embedded melnbranes were 
flxed for 30 m n  w t l i  l o b  gutaradehyde In PBS 
washed In 0.1 M s o d ~ ~ l n  cacodylate buffer (pH 7 4) 
(two tmes. 5 m n  each), Incubated for 1 hour w ~ t h  
1"" OsO,, dehydrated, and elnbedded n Epon 
Ut ra t l i~n  sectons were cut, staned ~511th 1 " C  lead 
ctrate and ~11ewed ~ ~ n d e r  a P h p s  P-300 electron 
mcroscope 

46. The s111ca-coated [membrane pellet already strpped 
of caveoae (P-V) was resuspended r i  20 mM 2-(fi/- 
morphol~no)ethanes~~lfon~c acd  ?vth 125 mM NaCl 
and an equal volume of 4 M K,HPO,, and 0.2"" 
poyacryate (pH 9 51 The solut~on was soncated (1 0 
10-s bursts) ~511th coong  mlxed on a rotator for 8 
liours at room ternperat~~re (20" to 25'Ci. and son- 
cated agan (fve 10-s bursts:. Tr ton X I  00 was add- 

ed to 1 "o, and the preparaton was then nixed for 10 
m n  at 4'C and holnogenzed with a Type AA Teflon 
tssue grnder flhomas Scent fc .  Swedesboro, NJ) 
Any Intact floatng detergent-resstant rnernbranes 
were separated and Isolated from ths  liornogenate 
by sucrose densty gradent centrfugaton as In (13) 
The pellet, contanng s c a  arid any remanng meln- 
branes, was also collected 

47. Cholera toxn B fragment (CT: at 60 pg:m was con- 
jugated to 15-rim collo~dal gold n 2 mM sodum 
borate buffer (pH 6 91 for 30 m n  w th  strrng Poy- 
ethylene glycol (20 kDi was added for the last 5 m n  
to a f n a  concentraton of 0.5 mg!ml. Unconj~~gated 
CT was removed by three cycles of cent r f~~gaton 
(10.000g for 20 lninl arid resuspension In 5 mM 
s o d ~ ~ ~ n i  phosphate buffer (pH 7.2). The resuspended 
conjugate (CT-Au) was dayzed overnght aganst a 
souton contanng 50 1nM trls (pH 6.9: and 150 mM 
NaCl. Sodum azde was added to 0 0290 arid tlie 
conj~~gate \was stored at 4°C. The Isolated mem- 
branes were labeled as descrbed (451, w th  the ex- 
cepton that CT-Au replaced the prrnary antbody 
and \was followed d,:ecty by washng wthout addl- 
tlona ncubat~ons 
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Elongin (SIII): A Multisubunit Regulator of 
Elongation by RNA Polymerase I I 

Teijiro Aso, William S. Lane, Joan Weliky Conaway, 
Ronald C. Conaway* 

The Elongin (SIII) complex activates elongation by mammalian RNA polymerase I I  by 
suppressing transient pausing of the polymerase at many sites within transcription units. 
Elongin is a heterotrimer composed of A, B, and C subunits of 11 0, 18, and 15 kilodaltons, 
respectively. Here, the mammalian Elongin A gene was isolated and expressed, and the 
Elongin (SIII) complex reconstituted with recombinant subunits. Elongin A is shown to 
function as the transcriptionally active component of Elongin (SIII) and Elongin B and C 
as regulatory subunits. Whereas Elongin C assembles with Elongin A to form an AC 
complex with increased specific activity, Elongin B, a member of the ubiquitin-homology 
gene family, appears to serve a chaperone-like function, facilitating assembly and en- 
hancing stability of the Elongin (SIII) complex. 

E u k a r p t i c  lliessenger R N A  synthesis is a 
complex biochemical process controlled in 
part hy the  concerted action of a set of 
general transcription factors that regulate 
the activlt\- of R N A  polymerase I1 (Pol 11) 
a t  both the  initiation anci elongation stages 
of transcription. A t  least six general initia- 
tion factors (TFIIA, TFIIB, TFIID, TFIIE, 
TFIIF, anti TFIIH) have heen identified in 
eukar\-otic cells anci found to promote se- 
lective binciing of R N A  pol\-merase I1 to 

pronloters and to  support a hasal level of 
transcription ( I  ). 

I11 addition to  the general initiation fac- 
tors, three general elongation factors [SII, 
TFIIF, and Elongin (SIII)] from eukar\-otes 
have heen defilieii blocliemicall\- and 
shown to increase the overall rate at which 
Pol I1 transcribes L i ~ ~ p l e x  D K A  (2-4). SII is 
an  -38-kD elongation factor (5) that pro- 
motes passage of Pol I1 t h r o ~ ~ g l i  transcrip- 
tional inlpedi~nelits such as nucleoprotein 
conlulexes and D N A  seuuences that act as 

Aso J, \!I,, ConaiYay, R, Conaway, Program intrinsic arrest sites. SII-dependent read- 
Molecular and Cell B~ology Oklahoma Medca Research through is acconlpanied h\- reiterative trall- 
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USA. TFIIF from higher eukaryotes is a het- 
' To \.vhom correspondence should be addressed. erodirner cornposed of -70-kD (RAP74) 

SCIENCE \OL 269 Y SEPTE\lBEK 1995 1439 



and - 30-kD (RAP30) subunits (I). In the 
yeast Saccharomyces cerewisiae, TFIIF is a 
heterotrimer, two subunits of which are ho- 
mologs of RAP74 and RAP30 (1 0,  1 1 ). 
Elongin (SIII) is a heterotrimer composed 
of an A subunit (-110 kD), a B subunit 
(- 18 kD), and a C subunit (- 15 kD) (1 2, 
13). In contrast to SII, Elongin (SIII) and 
TFIIF neither release Pol I1 from transcrip- 
tional arrest at SII-sensitive sites in duplex 
DNA nor induce nascent transcript cleav- 
age. Instead, they appear to function by 
suppressing transient pausing of Pol I1 at 
many sites within transcription units (13, 
14). 

In previous studies, we isolated full- 
length complementary DNAs (cDNAs) en- 
coding the Elongin B and C subunits (15- 
17). Here, we isolated the cDNA for the 
Elongin A subunit and describe the func- 
tional reconstitution of Elongin (SIII) from 
the three recombinant subunits. 

Elongin (SIII) was purified to near ho- 
mogeneity from rat liver nuclear extracts 
(1 2). Elongin A was purified free of Elongin 
B and C by reversed-phase high-perfor- 
mance liquid chromatography (HPLC) and 
digested with trypsin. The NH2-terminal 
sequences of six tryptic peptides were deter- 
mined by sequential Edman degradation 
(18). A rat brain cDNA library was 
screened with a degenerate oligonucleotide 
(guessmer) designed from a region of low 
codon degeneracy (19). Phage clones con- 
taining Elongin A cDNA sequences were 
identified by the polymerase chain reaction 
(PCR) with one primer complementary to 
the vector sequence and a second guessmer 
primer derived from the sequence of an 
Elongin A tryptic peptide. The Elongin A 
cDNA contains an open reading frame 
(ORF) encoding a protein of 773 amino 
acids with a calculated molecular mass of 
87.2 kD; the predicted amino acid sequence 
includes the sequences of all six tryptic 
peptides (Fig. 1A). 

The Elongin A ORF was subcloned into 
an M13 expression vector (20) under the 
control of the T7 RNA polymerase promot- 
er and expressed in Escherichia coli (21). 
Recombinant Elongin A had an apparent 
molecular mass of 110 kD and an electro- 
phoretic mobility indistinguishable from 
that of rat liver Elongin A (Fig. lB, lanes 1 
and 2). Polyclonal antisera raised against a 
synthetic peptide corresponding to Elongin 
A amino acids 100 to 115 recognized (22) 
both recombinant Elongin A and rat liver 
Elongin A (Fig. 1 B, lanes 3 to 6). 

Elongin (SIII) increases the overall rate 
of RNA chain elongation by Pol I1 in a 
reaction that is strongly dependent on the 
Elongin A subunit (1 2). To test the activity 
of recombinant Elongin A, we assembled 
Elongin (SIII) complexes by renaturation of 
different combinations of individual Elongin 

subunits (12) and assayed their ability to 
increase the rate of accumulation of full- 
length runoff transcripts synthesized from 
the adenovirus 2 major late (AdML) pro- 
moter (17). In these experiments, preinitia- 
tion com~lexes were assembled at the AdML 
promoter, the renatured Elongin subunits or 
the native Elongin (SIII) complex from rat 
liver was added to the reaction mixtures, and 
transcription was initiated by addition of 
limiting concentrations of ribonucleoside 
triphosphates (Fig. 1C). Under these condi- 
tions, the rate of RNA chain elongation is 
very slow and full-length runoff transcripts 

do not accumulate unless elongation stimu- 
latory activity is present. Approximately 
equal amounts of runoff transcripts were syn- 
thesized in reactions containing native Elon- - 
gin (SIII) complex and those containing the 
fully reconstituted Elongin (SIII) complex. 
In contrast, there was no detectable stimu- 
lation of runoff transcription in reactions 
containing Elongin B and C that had been 
renatured in the absence of Elongin A. 

Although Elongin A contains no struc- 
tural motifs characteristic of transcription 
factors, such as zinc finger, leucine zipper, 
or helix-turn-helix domains, its NH2-termi- 

MMESALQWEKLQmLAANPDPKKLLKYLKKLSVLPITMILVETGVGKTVNSFRKXEQVGNFARDLVAOWKKLVPVER 

NNEAEDQDFEKSNSRKRPRDVPOOEEEAEG~QESWQ.~,SGSQPYSPEHRQK~KLPELERPHW~GHERRDERKRCHK 

VSPPYSSDPESSDYGHVQSPPPSSPHQMYTDLSRSPEMDQEPIVSHPKPGKVHSNTFQDRLGVSHLGEHQGKGAVSQVXP 

HKSSHKEKRPVDARGDEKSSVMGREKSHKASSKEESRRLLSEDSAKEKLPSSWKKEKDREGNSLKKKLSPALDVASDNH 

FKKPKAKDSEKIKS3KNKQSVDSVDSGRGTGDPLPRAWWPNNLKAQEGKVRTNSDRKSPGSLPKVEEMDMDDEFEQPT 

MSFESYLSYDQPRKKKKKVVKTSGTALGEKGLKKKDSKSTSKNLNSAQKLPKANENKSDKL0PAGP.EPTRPRKVPTDVLP 

ALPDIPLPAIOTNYRPLPSLELISSFQPKRKAFSSPQEEEEAGFTGRRMNSKMQVYSGSKCAYLPKMMTLHQQCIRVLKN 

NIDSIFEVGGVPYSVLEPVLERCTPD3LYRIEECNAVLIEETDQLW~CHRDFKEERPEEYESWREMYLRLQDAREQRL 

RLLTNNIRSAHANKPKGRQAKMAFVh'SVAKPPP.DVRF.P.QEKFGTGGWIVPEKVRIKPAPYTTGSSHVPASNSSSSFHSSP 

EELAYEGPSTSSAIiLAPVASSSVSYDPRKPAVKKIAPMMAKTIKAFKNRFSRR 773 
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t-~g. I .  sequence and expression of Elongin A. (A) Predicted 
amino acid sequence of Elong~n A (33). Ammo acid sequences 
matching those determined for tryptic peptides are underlined. a 
The cDNA sequence has been deposited in GenBank (acces- 
sion number L46816). (B) Native Elongin A from rat liver and . 
recombinant Elongin A with a His tag at its NH,-terminus were ' 
subjected to 8% SDS-PAGE. Lanes 1 and 2 were visualized by I0 ;b silver staining. Lanes 3 to 6 were transferred to nitrocellulose 3 , 
(Millipore) and analyzed by imrnunoblotting (34) with rabbit anti- 
serum raised against an Elongin A synthetic pept~de (22). Size 1 2 3 4 5 6 7 8 Q 
markers are in kilodaltons. (C) Transcriptional act~vity of recom- 
binant Elongin A. Various combinations of recombinant Elongin (SIII) subunits were renatured together 
and assayed for transcriptional activity (1 7). Briefly, -1 50 ng of His-Elongin A (27), -30 ng of His-Elongin 
B (1 7) ,  and -30 ng of His-Elongin C (75), all in 6 M guanidine-HCI denaturing buffer, were mixed together 
in a total of 5 k l  and diluted with 45 pI of renaturing buffer. After90 rnin on ice, the renatured proteins were 
dialyzed for -2 hours against 40 mM Hepes-NaOH (pH 7.9), 0.1 M KCI, 50 pM ZnSO,, and 10Q/o (vlv) 
glycerol. Reaction mixtures contained -20 ng of rat Elongin (Sill) (lane 2); 1. 3, and 9 k l  of renatured 
Elongin B and C (lanes 3 to 5): and I .  3. 9. and 9 ~1 of renatured Elongon A. 6. and C (lanes 6 to 9). The 
reaction shown in lane 9 contamed 1 k g  of n-amanitin per millil~ter. Arrowhead indicates position of the 
full-length (250-nucleot~de) runoff transcript synthesized from the AdML promoter. Lane 1, no Elongin. 

Fig. 2. Sequence simi- ~ 1 1  2 EDEWRFAKKMD~QKKNAAGALDLLKELKNIPMTLELLQSTRIGMSVN 51 
larity between Elongin A 1 . .  . . : :  1 . . 1 1 . 1 .  : 1 : 1 : : : 1  . I  : 1 . . 1 1  
(El A) and human SII (33, 

EIA 4 ESALQVVEKLQARLAAIVPDPKKLLKYLKKLSVLPITVDILV 53 

35), identified with the 52 AIRKQSTDEEVTSLAKSLIKSWKKLL .... DGPSTEKDLD..EKKKEPAI 95 
GAP program of the Ge- . : I :  : :  : :....:.I:: : . : I  I 

54 SFRKH ... EQVGNFARDLVAQWKKGVPVERNNEAEDQDFEKSNSRP 100 
netics Com~uter Grout, 
package (36); lines, do"- 96 TSQNSPEAREESTSSGNVSN 115 

. . I . . . I I  :: . I  . . I .  
ble dots, and dots are as 101 VPQQEEEAEGNYQESWQASG 120 
described (36). 
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nus shares sequences with the NH2-termi- 
nus of elongation factor SII (Fig. 2). The 
two proteins are 29% identical over a 108- 
amino acid overlap; when conservative 

ABC 

Fig. 3. Reconstitution of transcriptionally active 
Elongin (SIII) and Elongin subassemblies. Vari- 
ous combinations of His-Elongin A (-150 ng), 
His-Elongin B (-30 ng), and His-Elongin C (-30 
ng) were renatured together, and 9 JLI of each 
renaturation mix was assayed for transcriptional 
activity. Synthesis of full-length AdML runoff 
transcripts was quantitated by densitometry of 
autoradiograms. 

Fig. 4. Isolation of Elongin (SIII) and Elongin sub- 
assemblies. The indicated combinations of Elon- 
gin subunits were renatured together and ana- 
lyzed by HPLC on TSK SP-NPR (24). The column 
fractions were analyzed by SDS-PAGE, and the 
proteins detected by silver staining. Size markers 
are shown on the left in kilodaltons. FT, flow 
through. 

amino acid substitutions are included, the 
sequence similarity is 53%, which suggests 
that SII and Elonein A are members of a - 
family of related transcription factors. Inter- 
estingly, the region of similarity is dispens- 
able for the activities of both SII and Elon- 
gin A in vitro (9, 23); however, the con- 
servation of this large NH,-terminal region 
suggests that it plays an in vivo regulatory 
role not yet revealed by in vitro assays. 

To assess the individual contributions of 
Elongin A, B, and C to Elongin (SIII) 
transcriptional activity, we renatured the 
subunits toeether in various combinations " 

and measured the activity of the resultant 
complexes in the AdML runoff transcrip- 
tion assay (17) (Fig. 3). Because we tested 
equivalent volumes of each renaturation 
mix, these assays measured the recovery, 
but not specific activity, of Elongin after 
renaturation. Maximal Elongin activity was 
recovered only when the A, B, and C sub- 
units were renatured toeether. Elonein A " - 
exhibited a small amount of transcription 
activity when it was renatured in the ab- 
sence of the B and C subunits, but the B 
and C subunits had no detectable activity 
in the absence of Elongin A (Figs. 1C and 
3). Addition of the B subunit to Elongin A 
had no detectable effect on the recovery of 
Elongin activity, whereas addition of the C 
subunit to Elonein A resulted in an in- - 
creased recovery of activity; thus, Elongin B 
activity is dependent on the presence of 
Elongin C. Together, these results suggest 
that Elongin A is the transcriptionally ac- 
tive component of the Elongin (SIII) com- 
plex, whereas Elongin B and C are positive 
regulatory subunits. 

In principle, Elongin B and C could reg- 
ulate the activity of Elongin by (i) increasing 
the specific activity of Elongin A or (ii) 
functioning as "chaperones" to increase the 
recovery or stability of functional Elongin 
complexes. To distinguish between these 
possibilities, we renatured Elongin A alone 
or in the presence of various combinations of 
Elongin B and C and determined the specific 
activity of the resultant complexes in tran- 
scription assays (24). To purify the intact 
Elongin (SIII) complex and Elongin subas- 
semblies, we took advantage of the fact that 
Elongin B and C are acidic proteins that flow 
through the cation-exchange resin TSK SP- 
NPR at low salt concentrations, whereas 
Elongin A, like the native Elongin (SIII) 
from rat liver (12), binds tightly to this resin 
and can be eluted at high concentrations of 
salt (FIg. 4, top). Upon renaturation and 
cation-exchange chromatography of a mix- 
ture of the Elongin A, B, and C subunits, 
excess B and C subunits flowed through the 
column, and the remainder copurified with 
Elongin A to reconstitute an ABC complex 
resembling the native Elongin (SIII) com- 
plex (Fig. 4, A + B + C). Upon renatur- 

ation and chromatography of a mixture of 
the Elongin A and C subunits, a substantial 
portion of the C subunit copurified with 
Elongin A as an AC complex that eluted 
from the column in a single, discrete peak 
(Fig. 4, A + C). The total yield of Elongin A 
recovered under these conditions. however. 
was significantly less than when renaturation 
mixes also contained Elonein B. The ABC - 
complexes contained about three times more 
Elongin A than the AC complexes, even 
though equal amounts of Elongin A were 
used in the initial renaturations. Consistent 
with our observation that the B subunit does 
not affect Elongin A activity unless the C 
subunit is also present (Fig. 3), the B subunit 
did not copurify with Elongin A upon rena- 
turation and chromatography of a mixture of 
Elongin A and B (Fig. 4, A + B). 

The specific activities of purified Elongin 
A and the Elongin AC and ABC complexes 
were compared in the AdML runoff tran- 
scription assay (1 7) and the oligo(dC)-tailed 
template assay (25, 26). The latter permits a 
direct measurement of the effect of Elongin 
on the rate of RNA chain elongation by Pol 
I1 in the absence of other transcription fac- 
tors. The specific activities of the AC and 
ABC complexes were nearly identical in 
both assays (Fig. 5A). Thus, although Elon- 
gin B increases the recovery of Elongin com- 
plexes and Elongin transcription activity, it 
makes little or no contribution to the specif- 
ic activity of the Elongin (SIII) complex. In 
contrast, the specific activity of the Elongin 
AC complex was much greater than that of 
Elongin A alone. 

These findings were confirmed by an 
experiment in which we measured the ki- 
netics of AdML runoff transcription in the 
absence of Elongin or in the presence of 
equimolar amounts of Elongin A, the Elon- 
gin AC complex, or the Elongin ABC com- 
plex (Fig. 5B). In the absence of Elongin, 
full-length runoff transcripts were first de- 
tected -15 min after addition of ribonucle- 
oside triphosphates (Fig. 5B, lanes 1 to 8). 
With addition of Elongin A, transcripts 
accumulated at an intermediate rate, with 
the first full-length runoff transcripts ap- 
pearing within 4 or 5 min (lanes 9. to 17). 
With the addition of either the Elonein AC 

'7 

or ABC complex, transcripts accumulated 
more rapidly, with the first full-length run- 
off transcripts appearing within -2 min 
(lanes 18 to 26 and lanes 27 to 35, respec- 
tively). At early time points, the rate of 
accumulation of runoff transcripts was in- 
distinguishable in reactions containing the 
AC or ABC complex (Fig. 5B). At later 
time points, however, more runoff tran- 
scripts accumulated in reactions containing 
the complete ABC complex than in those 
containing the AC complex. This differ- 
ence was small, but highly reproducible, 
and suggested that the ABC complex was 
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more stable than the AC complex over the 
time course of transcription reactions. 

T o  test this possibility, we investigated 
the effect of the B subunit on  the thermal 
stability of Elongin. Purified AC and ABC 
complexes were preincubated at 28OC for 
either 30 min  or 2 hours and their activity 
was then measured in the AdML runoff 
transcription assay. The complete Elongin 
ABC com~ lex  lost little or no  activitv dur- 
ing 2 hours of preincubation, whereas the 
AC complex lost substantial activity during 
this period (Fig. 5C). Taken together, these 
results indicate that Elongin B both facili- 
tates the assembly and enhances the stabil- 
i ty of the Elongin (SIII) complex. 

Thus, Elongin B and C appear to regulate 
the activity of the Elongin A subunit by 
different mechanisms. Elonein C. a 112- 
amino acid protein with h o ~ o l o g y  ;o the E. 
coli transcription termination protein rho 
(15), binds stably to Elongin A in the ab- 
sence of Elongin B to form an AC complex 
with increased specific activity. This suggests 

Fig. 5. Characterization of the regulatory activities 
of Elongin B and C. (A) Comparison of specific 
activities of Elongin A, Elongin AC, and Elongin 
ABC complexes in oligo(dC)-tailed template as- 
says (left) and runoff transcription assays (middle 
and right). Reaction mixtures in lanes 2 to 5 con- 
tained 0.6, 1.2, 2.5, and 5 nM purified Elongin A 
(fraction 12, top panel of Fig. 4). Reactions in lanes 
6 to 9 contained 0.6, 1.2, 2.5, and 5 nM purified 
Elongin AC complex (fraction 11, third panel of 
Fig. 4). Reactions in lanes 10 to 13 contained 0.6, 
1.2, 2.5, and 5 nM purified Elongin ABC complex 
(fraction 1 1, bottom panel of Fig. 4). the full-length 
runoff transcripts were quantitated (right) by phos- 
phorimager analysis of the gel. Numbers on the 
left indicate DNA lengths. (B) Comparison of the 
kinetics of AdML (arrowhead) runoff transcript 
synthesis in the presence of Elongin A and Elongin 
AC and ABC complexes. After a 30-min preincu- 
bation of Pol II, transcription factors, and DNA 
template, transcription was carried out for the in- 
dicated times (top, in minutes) in the absence 
(lanes 1 to 8) or presence of 5 nM Elongin A (lanes 
9 to 17), 5 nM Elongin AC (lanes 18 to 26), or 5 nM 
Elongin ABC (lanes 27 to 35). Full-length runoff 
transcripts were quantitated by phosphorimager 
analysis (lower right). (C) Effect of Elongin B on the 
thermal stability of the Elongin (SIII) complex. Ar- 
rowheads indicate AdML. Elongin AC or ABC 
complexes were preincubated at 28°C for 30 min 
or 2 hours, and their activities were compared in 
the runoff transcription assay to the activity of un- 
treated complexes. Reaction times are at the top, 
in minutes; preincubation times are at the bottom, 
in hours. The assay was carried out as in (B) in the 
presence of 5 nM untreated AC complex (lanes 1 
to 5), 5 nM untreated ABC complex (lanes 16 to 
20), 5 nM AC complex preheated for 30 min (lanes 
6 to 1 O), 5 nM ABC complex preheated for 30 min 
(lanes 21 to 25), 5 nM AC complex preheated for 
2 hours (lanes 11 to 15), or 5 nM ABC complex 
preheated for 2 hours (lanes 26 to 30). Full-length 
runoff transcripts were quantitated by phosphor- 
imager analysis (bottom panels). 
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Fig. 6. Sequence simi- ugation at 20009 for 10 min at 4°C. Inclusion bodies 
larity between Elongin A ,, A ,,, ,,,, , , , , 
(El A) and VHL (33). Sim- ,,, ,,, LNvoGQp, , 
ilar or identical amino ac- 
ids are indicated by 
shaded boxes. 

that Elongin C functions as a direct activator 
of Elongin A. Whether it increases Elongin 
A activity solely through conformational ef- 
fects or is directlv involved in interactions 
with Pol 11, the nascent transcript, template 
DNA, or some combination of these compo- 
nents of the ternary elongation complex is 
unknown. Elongin B, a 118-amino acid pro- 
tein, is a member of the ubiquitin homology 
(UbH) gene family (1 7). Unlike Elongin C, 
Elonein B does not increase the s~ecific " 
activity of Elongin A but instead appears to 
play a chaperone-like role in promoting the 
assembly and thermostability of the Elongin 
(SIII) complex. A chaperone-like role for 
ubiquitin is not unprecedented: Ubiquitin 
moieties of several S. cereorisiae ribosomal 
proteins function as chaperones that pro- 
mote the incorporation of these proteins into 
ribosomes (27). In addition, S. cerevisiae 
RAD23, a UbH protein involved in nucle- 
otide excision repair, promotes interactions 
between RAD14 and TFIIH (28). 

Finally, the discovery that the von Hip- 
pel-Lindau (VHL) tumor suppressor pro- 
tein binds to Elongin B and C and inhibits 
Elongin (SIII) activity in vitro (29) raises 
the possibility that Elongin (SIII) may be 
an integral component of a transcriptional 
regulatory network controlled at least in 
part by the VHL protein. It is noteworthy 
that residues 547 to 560 of Elongin A are 
similar to a region of VHL that is frequently 
mutated in VHL kindreds and in sporadic 
renal cell carcinomas (30) (Fig. 6). This is 
the only region in VHL with significant 
sequence similarity to Elongin A and is the 
region required for binding to Elongin B 
and C (31). This finding, together with the 
observation that excess VHL can prevent 
Elongin B and C subunits from assembling 
into the Elongin ABC complex (29), sug- 
gest that VHL may inhibit Elongin (SIII) 
activity simply by sequestering Elongin B 
and C. Elucidation of the mechanism by 
which VHL regulates Elongin activity 
should provide insight into the molecular 
basis of VHL tumor suppressor action. 
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