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Elongin (SllI): A Multisubunit Regulator of
Elongation by RNA Polymerase Il

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

The Elongin (Slll) complex activates elongation by mammalian RNA polymerase Il 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 110, 18, and 15 kilodaltons,
respectively. Here, the mammalian Elongin A gene was isolated and expressed, and the
Elongin (Slll) complex reconstituted with recombinant subunits. Elongin A is shown to
function as the transcriptionally active component of Elongin (Slil) 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 (SlIl) complex.

Eukaryotic messenger RNA synthesis is a
complex biochemical process controlled in
part by the concerted action of a set of
general transcription factors that regulate
the activity of RNA polymerase II (Pol II)
at both the initiation and elongation stages
of transcription. At least six general initia-
tion factors (TFIIA, TFIIB, TFIID, TFIIE,
TFIIF, and TFIIH) have been identified in
eukaryotic cells and found to promote se-
lective binding of RNA polymerase 1I to
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promoters and to support a basal level of
transcription (1).

In addition to the general initiation fac-
tors, three general elongation factors [SII,
TFIIF, and Elongin (SIII)] from eukaryotes
have been defined biochemically and
shown to increase the overall rate at which
Pol II transcribes duplex DNA (2—4). SII is
an ~38-kD elongation factor (5) that pro-
motes passage of Pol Il through transcrip-
tional impediments such as nucleoprotein
complexes and DNA sequences that act as
intrinsic arrest sites. Sll-dependent read-
through is accompanied by reiterative tran-
script cleavage and reextension of nascent
transcripts held in the Pol II active site
(6-9).

TFIIF from higher eukaryotes is a het-
erodimer composed of ~70-kD (RAP74)
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and ~ 30-kD (RAP30) subunits (1). In the
yeast Saccharomyces cerevisiae, TFIIF is a
heterotrimer, two subunits of which are ho-
mologs of RAP74 and RAP30 (10, 11).
Elongin (SIII) is a heterotrimer composed
of an A subunit (~110 kD), a B subunit
(~18 kD), and a C subunit (~15 kD) (12,
13). In contrast to SlI, Elongin (SIII) and
TFIIF neither release Pol II from transcrip-
tional arrest at Sll-sensitive sites in duplex
DNA nor induce nascent transcript cleav-
age. Instead, they appear to function by
suppressing transient pausing of Pol II 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
(12). Elongin A was purified free of Elongin
B and C by reversed-phase high-perfor-
mance liquid chromatography (HPLC) and
digested with trypsin. The NH,-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. 1B, 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. 1B, lanes 3 to 6).

Elongin (SIII) increases the overall rate
of RNA chain elongation by Pol II in a
reaction that is strongly dependent on the
Elongin A subunit (12). To test the activity
of recombinant Elongin A, we assembled
Elongin (SIII) complexes by renaturation of
different combinations of individual Elongin
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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 complexes were assembled at the AAML
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 NH,-termi-

1 MAAESALQVVEKLOARLAANPDPKKLLKYLKKLSVLPITVDILVETGVGKTVNSFRKHEQVGNFARDLVAQWKKLVPVER 80

81 NNEAEDQDFEKSNSRKRPRDVPOOEEEAEGNYQESWQASGSQPYSPEHRQKKHRKLPELERPHKVAHGHERRDERKRCHK 160
161 VSPPYSSDPESSDYGHVQSPPPSSPHOMYTDLSRSPEMDQEPIVSHPKPGKVHSNTFQDRLGVSHLGEHQGKGAVSQONKP 240
241 HKSSHKEKRPVDARGDEKSSVMGREKSHKASSKEESRRLLSEDSAKEKLPSSVVKKEKDREGNSLKKKLSPALDVASDNH 320
321 FKKPKHKDSEKIKSDENKQSVDSVDSGRGTGDPLPRAKDKVPNNLKAQEGKVRTNSDRKSPGSLPKVEEMDMDDEFEQPT 400
401 MSFESYLSYDQPRKKKKKVVKTSGTALGEKGLKKKDSKSTSKNLNSAQKLPKANENKSDKLOPAGAEPTRPRKVPTDVLE 480
481 ALPDIPLPAIQTNYRPLPSLELISSFOPKRKAFSSPQEEEEAGFTGRRMNSKMQVYSGSKCAYLPKMMTLHQQCIRVLKN 560
561 NIDSIFEVGGVPYSVLEPVLERCTPDQLYRIEECNHVLIEETDQLWKVHCHRDFKEERPEEYESWREMYLRLQDAREQRL 640
641 RLLTNNIRSAHANKPKGRQAKMAFVNSVAKPPRDVRRROEKFGTGGAAVPEKVRIKPAPYTTGSSHVPASNSSSSFHSSP 720
721 EELAYEGPSTSSAHLAPVASSSVSYDPRKPAVKKIAPMMAKTIKAFKNRFSRR 773
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Fig. 1. Sequence and expression of Elongin A. (A) Predicted
amino acid sequence of Elongin A (33). Amino acid sequences
matching those determined for tryptic peptides are underlined.
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
silver staining. Lanes 3 to 6 were transferred to nitrocellulose
(Millipore) and analyzed by immunoblotting (34) with rabbit anti-
serum raised against an Elongin A synthetic peptide (22). Size
markers are in kilodaltons. (C) Transcriptional activity of recom-
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binant Elongin A. Various combinations of recombinant Elongin (SlIl) subunits were renatured together
and assayed for transcriptional activity (7 7). Briefly, ~150 ng of His—Elongin A (27), ~30 ng of His—Elongin
B (77), and ~30 ng of His—Elongin C (15), all in 6 M guanidine-HCI denaturing buffer, were mixed together
in a total of 5 pl and diluted with 45 i of renaturing buffer. After 80 min on ice, the renatured proteins were
dialyzed for ~2 hours against 40 mM Hepes-NaOH (pH 7.9), 0.1 M KCI, 50 uM ZnS0O,, and 10% (v/v)
glycerol. Reaction mixtures contained ~20 ng of rat Elongin (Slll) (lane 2); 1, 3, and 9 pl of renatured
Elongin B and C (lanes 3 to 5); and 1, 3, 9, and 9 pl of renatured Elongon A, B, and C (lanes 6 to 9). The
reaction shown in lane 9 contained 1 pg of a-amanitin per milliliter. Arrowhead indicates position of the
full-length (250-nucleotide) runoff transcript synthesized from the AdML promoter. Lane 1, no Elongin.

Fig. 2. Sequence simi-  g|| 2 EDEVVRFAKKMDKMVQKKNAAGALDLLKELKNIPMTLELLOSTRIGMSVN 51

larity between Elongin A A
(El A) and human SII (33, B!

ot .. NIRRT
4 ESALQVVEKLQARLAANPDPKKLLKYLKKLSVLPITVDILVETGVGKTVN 53

35), identified with the 52 AIRKQSTDEEVTSLAKSLIKSWKKLL. .. .DGPSTEKDLD..EKKKEPAT 95

GAP program of the Ge-
netics Computer Group
package (36); lines, dou-

ble dots, and dots are as 101 VPQOEEEAEGNYQESWQASG 120

described (36).
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nus shares sequences with the NH,-termi-
nus of elongation factor SII (Fig. 2). The
two proteins are 29% identical over a 108 -
amino acid overlap; when conservative

325

AdML runoff transcript
(arbitrary units)

Fig. 3. Reconstitution of transcriptionally active
Elongin (Slll) 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 pl of each
renaturation mix was assayed for transcriptional
activity. Synthesis of full-length AdML runoff
transcripts was quantitated by densitometry of
autoradiograms.
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Fig. 4. Isolation of Elongin (Slll) 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 Elongin 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 together in various combinations
and measured the activity of the resultant
complexes in the AAML 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 together. Elongin 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 Elongin 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 (Flg. 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-
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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 Elongin 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 AAML runoff tran-
scription assay (17) 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
Il 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 AAML 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 Elongin AC
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.

To 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 28°C for
either 30 min or 2 hours and their activity
was then measured in the AAML runoff
transcription assay. The complete Elongin
ABC complex lost little or no activity 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-
ity of the Elongin (SIII) complex.

Thus, Elongin B and C appear to regulate
the activity of the Elongin A subunit by
different mechanisms. Elongin C, a 112-
amino acid protein with homology to 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 11, 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 Il, 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
910 17), 5 nM Elongin AC (lanes 18 to 26), or 5nM
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 (Slll) 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), 5nM AC complex preheated for 30 min (lanes
6to 10), 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-
larity between Elongin A
(El' A) and VHL (33). Sim-
ilar or identical amino ac-
ids are indicated by
shaded boxes.

EIA
VHL

that Elongin C functions as a direct activator
of Elongin A. Whether it increases Elongin
A activity solely through conformational ef-
fects or is directly involved in interactions
with Pol 1I, 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 (17). Unlike Elongin C,
Elongin B does not increase the specific
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. cerevisize ribosomal
proteins function as chaperones that pro-
mote the incorporation of these proteins into
ribosomes (27). In addition, S. cerevisiae
RAD?23, 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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