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The elongin (SIII) complex strongly stimulates the rate
of elongation by RNA polymerase II by suppressing
transient pausing by polymerase at many sites along the
DNA. Elongin (SIII) is composed of a transcriptionally
active A subunit and two small regulatory B and C
subunits, which bind stably to each other to form a
binary complex that interacts with elongin A and
strongly induces its transcriptional activity. The elongin
(SIII) complex is a potential target for negative regula-
tion by the von Hippel-Lindau (VHL) tumor sup-
pressor protein, which is capable of binding stably to
the elongin BC complex and preventing it from activat-
ing elongin A. Here, we identify an elongin A domain
sufficient for activation of elongation and demonstrate
that it is a novel type of inducible activator that targets
the RNA polymerase II elongation complex and is
evolutionarily conserved in species as distantly related
as Caenorhabditis elegans and man. In addition, we
demonstrate that both the elongin A elongation activa-
tion domain and the VHL tumor suppressor protein
interact with the elongin BC complex through a con-
served elongin BC binding site motif that is essential
for induction of elongin A activity by elongin BC and
for tumor suppression by the VHL protein.
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Introduction

Eukaryotic mRNA synthesis by RNA polymerase II is
governed by the concerted action of a set of general
transcription factors that control the activity of polymerase
during the initiation and elongation stages of transcription
(Conaway and Conaway, 1993; Krumm et al., 1993; Kane,
1994; Aso et al., 1995a). At least five general initiation
factors (TFIIB, TFIID, TFIIE, TFIIF and TFIIH) have
been identified in eukaryotic cells and found to promote
selective binding of RNA polymerase II to promoters and
to support a basal level of transcription (Conaway and
Conaway, 1993). In addition, five general elongation
factors [SII, P-TEFb, TFIIF, ELL and elongin (SIII)] have
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been defined biochemically and found to increase the
efficiency of elongation by RNA polymerase II.

Of the general elongation factors, SII and P-TEFb
prevent RNA polymerase II from arresting transcription
prematurely. SII prevents arrest by promoting passage of
polymerase through a variety of transcriptional impedi-
ments, including DNA sequences that act as intrinsic
arrest sites and DNA-bound proteins and drugs (Reines,
1994). P-TEFb catalyzes the conversion of early, termina-
tion-prone elongation complexes into productive elonga-
tion complexes (Marshall and Price, 1992, 1995). The
remaining elongation factors, TFIIF (Price et al., 1989),
ELL (Shilatifard et al., 1996) and elongin (SIII) (Bradsher
et al., 1993a,b) all act to increase the overall rate of
elongation by RNA polymerase II by suppressing transient
pausing by polymerase at many sites within transcription
units. A variety of evidence implicates two of these
elongation factors in the development of certain types of
human cancers. The gene encoding ELL is a frequent
target for t(11;19) chromosomal translocations in acute
myeloid leukemias (Thirman et al., 1994; Mitani et al.,
1995). Elongin (SIII) is a potential target for regulation
by the product of the von Hippel-Lindau (VHL) tumor
suppressor gene, which is mutated in the majority of clear-
cell renal carcinomas and in families with VHL disease,
a rare genetic disorder that predisposes individuals to a
variety of cancers including clear-cell renal carcinoma,
hemangioblastomas and hemangiomas, and pheochromo-
cytomas (Duan et al., 1995b; Kibel et al., 1995).

Elongin (SIII) was initially purified from mammalian
cells as a multimeric complex composed of A, B and C
subunits of 773, 118 and 112 amino acids, respectively
(Bradsher et al., 1993a; Garrett et al., 1994, 1995; Aso
et al., 1995b). Elongin A is the transcriptionally active
subunit of the elongin (SIII) complex, whereas elongin B
and C are regulatory subunits. Biochemical studies have
shown that elongin B and C bind stably to each other in
the absence of elongin A to form a binary complex that
is capable of strongly inducing elongin A transcriptional
activity (Aso et al., 1995b; Garrett et al., 1995). By virtue
of its ability to bind directly to elongin A in the absence
of elongin B to form an elongin AC complex with increased
specific activity, elongin C appears to be responsible for
induction of elongin A activity. In contrast, elongin B
does not appear to interact with elongin A in the absence
of elongin C. Elongin B appears to play a chaperone-like
role in formation of the elongin (SIII) complex by binding
directly to elongin C and promoting its interaction with
elongin A.

Evidence that elongin (SIII) is a potential target for
regulation by the VHL tumor suppressor protein has come
from recent results indicating that the VHL protein binds
tightly and specifically to the elongin BC complex in vivo
and in vitro (Duan et al., 1995a,b; Kibel et al., 1995).
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The interaction of the VHL protein with the elongin BC
complex is mediated at least in part by a short VHL
region that is similar in sequence to a region of elongin
A (Kibel et al., 1995). Supporting the idea that the VHL-
elongin BC interaction is important for VHL protein tumor
suppressor activity, a significant fraction of all naturally
occurring VHL mutants found in VHL kindreds and in
clear-cell renal carcinoma have mutations that fall within
this conserved region, and a number of these VHL mutants
have been tested and found to exhibit reduced binding to
elongin BC. Binding of the VHL protein and elongin A
to the elongin BC complex is mutually exclusive in vitro.
Furthermore, binding of the VHL protein to the elongin
BC complex blocks its ability to activate elongin A
transcriptional activity. Thus, the normal tumor suppressor
function of the VHL protein could involve down-regulation
of elongin (SIII) transcriptional activity.

As part of our effort to understand how the elongin BC
complex regulates the activity of elongin A, we have
identified and carried out a systematic structure—function
analysis of the elongin A elongation activation domain.
The results of these studies define a new class of inducible
activation domain evolutionarily conserved in species as
distantly related as Caenorhabditis elegans and man. In
addition, they define a new protein—protein interaction
motif by demonstrating that both the elongin A elongation
activation domain and the VHL tumor suppressor protein
interact with the elongin BC complex through a highly
conserved elongin BC binding site that is essential for
induction of elongin A activity by elongin BC and for
tumor suppression by the VHL protein.

Results

Localization of the elongin A elongation activation
domain and identification of the elongin BC
binding site

Elongin A is a 773 amino acid protein with a calculated
M; of 87.2 kDa (Aso et al., 1995b). Our previous analysis
of the predicted open reading frame (ORF) of the elongin
A cDNA revealed several notable features that suggested
the existence of potentially important elongin A functional
domains. First, the N-terminal ~110 amino acids of elongin
A resemble the N-terminus of elongation factor SII (29%
identity and 53% similarity to human SII) (Chen et al.,
1992). Second, as revealed by a MOTIFs search (Genetics
Computer Group, 1994), both rat and human elongin A
have potential ATP binding sites (residues 44-51) (Walker
et al., 1982; Gorbalenya et al., 1989), as well as the
sequence NSKMQVYSGSKCAYLPKMM (residues 530-
549), which differs by only a single residue from the
consensus topoisomerase I catalytic site motif (D,E)x6-
(G,S)xSKx2Y(L,L,VM)x3(L,LVM) (Eng et al, 1989;
Lynn et al., 1989). Third, both the Chou-Fasman (Chou
and Fasman, 1974) and Garnier (Garnier et al., 1978)
algorithms predict that the C-terminus of elongin A
between residues 749 and 766 will form an o-helix that
is rich in hydrophobic amino acids on one face of the
helix and, therefore, has the potential to form a coiled
coil protein—protein interaction domain analogous to those
found in leucine zipper sequences (Landschulz et al.,
1988; O’Shea et al., 1989). Finally, elongin A contains a
short sequence (residues 547-560) that resembles the
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elongin BC binding site in the VHL tumor suppressor
protein (Kibel et al., 1995).

To localize the elongin A elongation activation domain
and to identify the elongin BC binding site, a series of N-
and C-terminal elongin A deletion mutants (Figure 1A)
were constructed, expressed in Escherichia coli, purified
and assayed for their abilities (i) to assemble into
chromatographically isolable elongin ABC complexes and
(ii) to stimulate the rate of elongation of transcripts
synthesized by RNA polymerase II from the adenovirus
major late (AdML) promoter in a reconstituted basal
transcription system composed of TBP and the general
initiation factors TFIIB, TFIIE, TFIIF and TFIIH. To test
the abilities of elongin A mutants to bind elongin B and
C and to isolate mutant elongin ABC complexes in order
to assay their relative transcriptional activities, N- and
C-terminal elongin A deletion mutants were refolded
together with wild-type elongin B and C and subjected to
cation exchange HPLC on a TSK SP-NPR column (Toso-
Haas). Wild-type and mutant elongin ABC complexes
bind tightly to TSK SP-NPR and elute at salt concentrations
between 0.2 and 0.4 M KCl, whereas excess elongin B
and C flow through this resin at 0.1 M KClI (Aso et al.,
1995b). Figure 1B shows SDS—PAGE analysis of aliquots
of peak column fractions from TSK SP-NPR HPLC
purification of mutant elongin ABC complexes. Results
of this analysis revealed that all N- and C-terminal elongin
A deletion mutants except A(1-535), which lacks the
region similar to the elongin BC binding site in the VHL
protein (Kibel et al., 1995), were able to bind stably to
elongin B and C to form isolable elongin ABC complexes.

The relative transcriptional activities of the wild-type
and mutant elongin ABC complexes shown in Figure 1B
were then compared in run-off transcription assays. Pre-
initiation complexes were assembled at the AAML pro-
moter, wild-type and mutant elongin ABC complexes
were added to reaction mixtures, and transcription was
initiated by addition of limiting concentrations of ribo-
nucleoside triphosphates. Under these conditions, the rate
of RNA chain elongation is very slow, and run-off
transcripts do not accumulate unless elongation stimulatory
activity is present (Bradsher et al., 1993b; Aso et al,
1995b; Figure 1C, lanes 1 and 2). Results of these
experiments indicated that the first 399 elongin A amino
acids, which include the region of SII similarity and the
potential ATP binding site, are dispensable for elongin
ABC activity in vitro, since deletion of this region had no
significant effect on accumulation of run-off transcripts.
In contrast, deletion of the C-terminal 93 amino acids,
which include the potential hydrophobic zipper, decreased
elongin ABC activity by ~50%, and deletion of the
C-terminal 143 amino acids abolished detectable elongin
ABC activity. Taken together, these results identified:
(i) a 231 amino acid elongin A region (residues 400-630),
which includes sequences required for interaction with
elongin B and C; (ii) a 281 amino acid elongin A region
(residues 400-680), which includes sequences required for
transcriptional activity; and (iii) an additional C-terminal
elongin A region (residues 680-773), which includes
sequences important for maximal transcriptional activity.

To define further the elongin A sequences required for
binding to elongin B and C and for transcriptional activity,
a series of elongin A internal deletion mutants with
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mutations spanning the elongation activation domain from
residues 400 to 730 were constructed (Figure 2A),
expressed in E.coli, purified and assayed as described
above. All elongin A internal deletion mutants, except
A546-565, which lacks the region similar to the elongin
BC binding site in the VHL protein (Kibel et al., 1995),
were capable of binding to elongin B and C (Figure
2B). As shown in Figure 2C, elongin ABC complexes
containing elongin A internal deletion mutants A401-
440, A441-480, A481-520 and A691-730 all exhibited
significant transcriptional activity. In contrast, elongin
ABC complexes containing elongin A internal deletion
mutants lacking sequences between 521 and 690 were
profoundly impaired in their abilities to stimulate elonga-
tion by RNA polymerase II. Notably, the elongin ABC
complex containing elongin A internal deletion mutant
A521-545, which lacks the potential topoisomerase I
catalytic site motif, is inactive in transcription. Topo-
isomerase I activity is unlikely to play a role in elongin
(SIII) function in vitro, however, because (i) we observe
that mutation of the potential active site tyrosine at residue
543 to either phenylalanine or serine has no effect on
elongin A transcriptional activity (data not shown) and
(ii) we have been unable to detect topoisomerase I activity
associated with elongin A. Taken together, analysis of the
N-terminal, C-terminal and internal elongin A deletion
mutants localized sequences critical for transcriptional
activity to a minimal region of ~170 amino acids between
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Fig. 1. Analysis of N- and C-terminal elongin A deletion mutants.
(A) N- and C-terminal elongin A deletion mutants analyzed in this
study. On the right. the results of assays described in the text and
shown in (B) and (C) are summarized. N.D., not determined.

(B) N- and C-terminal elongin A deletion mutants were refolded
together with wild-type elongin B and C and subjected to TSK
SP-NPR HPLC as described in Materials and methods. Aliquots
containing ~100 ng of the peak column fractions were analyzed by
SDS-PAGE, and proteins were visualized by silver staining. In this
and subsequent figures. WT designates wild-type elongin A. (C) Run-
off transcription assays were performed as described in Materials and
methods. Reaction mixtures in lanes 1 and 10 contained no elongin.
Elongin complexes were present in reaction mixtures at the indicated
relative molar concentrations: a relative molar concentration of 1 is
equivalent to ~2 nM elongin A. In this and subsequent figures, AdML
indicates the position of the full-length ~250 nucleotide run-off
transcript synthesized by RNA polymerase II from the ADML
promoter.

residues 521 and 690. Further investigation revealed,
however, that elongin A sequences outside this minimal
region also make significant contributions to elongin A
transcriptional activity since elongin A mutants composed
of residues 500-730 or residues 500-700 were transcrip-
tionally inactive, even though they assembled into isolable
elongin ABC complexes (Figure 3). Thus, elongin A
sequences outside the minimal elongation activation
domain make secondary contributions to elongin activity,
either by participating directly in interactions with the
RNA polymerase II elongation complex or by helping to
maintain the proper three-dimensional structure of the
elongation activation domain.

A conserved elongin BC binding site motif shared
by elongin A and the VHL tumor suppressor
protein

As described above, analysis of elongin A deletion mutants
revealed that the elongin A region between residues 546
and 565 plays an important role in binding to elongin B
and C. As shown in Figure 4A, this elongin A region
shares sequence similarity with a short region of the VHL
protein (residues 157-172, underlined) previously shown
to be sufficient for binding to elongin B and C (Kibel
et al., 1995). To define this elongin A region further, a
systematic series of elongin A internal deletion mutants
spanning residues 545-568 were constructed (Figure 4A),
expressed in E.coli, purified and assayed for their abilities
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to assemble into chromatographically isolable elongin
ABC complexes and to stimulate the rate of elongation
by RNA polymerase II.

As shown in Figure 4B, elongin A internal deletion
mutants A545-548, A561-564 and A565-568 bound stably
to elongin B and C to form elongin ABC complexes that
could be purified by TSK SP-NPR HPLC. In contrast,
elongin A internal deletion mutants A549-552, A553-556
and A557-560, which each lack elongin A sequences
within the region most similar to the elongin BC binding
site in the VHL protein, were impaired in their abilities
to bind to elongin B and C.

To assess the transcriptional activities of these elongin
A internal deletion mutants, aliquots of peak fractions
shown in Figure 4B from TSK SP-NPR HPLC purification
of mutant elongin ABC complexes were assayed for their
abilities to stimulate the rate of elongation by RNA
polymerase II. Because they co-purified with variable
amounts of elongin B and C, these mutants were assayed
in the absence (Figure 5A) and presence (Figure 5B) of
excess purified elongin BC complex. The results of these
assays revealed that all elongin A deletion mutants with
mutations between residues 545 and 568 were transcrip-
tionally impaired, although not all mutants were impaired
to the same extent. Two elongin A deletion mutants,
A545-548 and AS565-568, which efficiently formed
isolable elongin ABC complexes, exhibited reduced but
readily detectable transcriptional activity, whereas elongin
A mutant A561-564, which could also bind elongin B
and C, exhibited little activity. In addition, two elongin A
deletion mutants, A549-552 and A553-556, which were
severely impaired in their abilities to form isolable elongin
ABC complexes, exhibited little or no detectable transcrip-
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Fig. 2. Analysis of elongin A internal deletion mutants. (A) Elongin A
internal deletion mutants. On the right, the results of assays described
in the text and shown in (B) and (C) are summarized. (B) Elongin A
internal deletion mutants were refolded together with wild-type
elongin B and C and subjected to TSK SP-NPR HPLC as described in
Materials and methods. Aliquots containing ~100 ng of the peak
column fractions were analyzed by SDS—-PAGE, and proteins were
visualized by silver staining. (C) Run-off transcription assays were
performed as described in Materials and methods. Elongin complexes
were present in reaction mixtures at the indicated relative molar
concentrations; a relative molar concentration of 1 is equivalent to

~2 nM elongin A.
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Fig. 3. Analysis of short elongin deletion mutants containing the
minimal elongation activation domain. (A) Elongin A deletion mutants
were refolded together with wild-type elongin B and C and subjected
to TSK SP-NPR HPLC as described in Materials and methods.
Aliquots containing ~100 ng of the peak column fractions were
analyzed by SDS-PAGE, and proteins were visualized by silver
staining. (B) Run-off transcription assays were performed as described
in Materials and methods. The reaction mixture in lane 1 contained no
elongin. Elongin complexes were present in reaction mixtures at the
indicated relative molar concentrations; a relative molar concentration
of 1 is equivalent to ~2 nM.

tional activity, whereas elongin A mutant A557-560, which
was also impaired in its ability to form an isolable elongin
ABC complex, exhibited detectable activity, raising the
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possibility that deletion of elongin A residues between
557 and 560 may result in an increase in the basal activity
of elongin A.

The results described above indicate that elongin A
sequences most critical for binding to elongin B and C
fall within a 12 amino acid region between residues 549
and 560. Both elongin A and the VHL protein share
conserved threonine, leucine, cysteine and valine residues
in this region at the positions designated 1, 2, 6 and 9 at
the bottom of Figure 4A. Investigations of mutations
found in VHL families and in clear-cell renal carcinoma
have identified naturally occurring VHL point mutations
of the conserved threonine, leucine and cysteine residues,
but not of the conserved valine residue (Latif et al., 1993;
Foster et al., 1994; Gnarra et al., 1994; Kanno et al., 1994;
Whaley et al., 1994; Chen et al., 1995). To investigate the
importance of these residues for elongin A transcriptional
activity, elongin A mutants carrying point mutations of
the conserved threonine, leucine, cysteine and valine
residues were constructed, expressed in E.coli, purified
and assayed for their abilities to form isolable elongin
ABC complexes and to stimulate the rate of elongation
by RNA polymerase II. As shown in Figure 4B, each of
the elongin A point mutants, except L550S, formed readily
detectable elongin ABC complexes that could be purified
by TSK SP-NPR HPLC, although elongin A mutants
T5491 and C554F appeared somewhat impaired in their
abilities to form elongin ABC complexes.

To assess the transcriptional activities of the elongin A
point mutants, aliquots of peak fractions shown in Figure
4B were assayed for their abilities to stimulate the rate of
elongation by RNA polymerase II in the absence (Figure
5A) and presence (Figure 5B) of excess purified elongin
BC complex. Interestingly, only elongin A point mutant
V557E, which is mutated at a position where there are
no corresponding naturally occurring VHL mutations,
exhibited near wild-type activity.

Inducible elongin A elongation activation domain
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Fig. 4. Analysis of elongin A internal deletion and point mutants with
mutations in the potential elongin BC binding site. (A) Elongin A
internal deletion mutants. At the top is shown a comparison of the
similar regions of elongin A and the VHL protein. The portion of the
VHL protein shown to be sufficient for binding to elongin B and C
(Kibel er al.. 1995) is underlined: vertical lines indicate identical
amino acids: colons indicate chemically similar amino acids. EloA.
elongin A: VHL, VHL protein. At the bottom are shown the synthetic
elongin A point mutants and a summary of naturally occurring VHL
mutants. (B) Elongin A internal deletion mutants were refolded
together with wild-type elongin B and C and subjected to TSK
SP-NPR HPLC as described in Materials and Methods. Aliquots
containing ~100 ng of the peak column fractions were analyzed by
SDS-PAGE. and proteins were visualized by silver staining.

Evolutionary conservation of the elongin A
elongation activation domain
A TBLASTN search of the GenBank non-redundant
database using rat elongin A as the query sequence
identified a predicted C.elegans ORF encoding a potential
elongin A homolog. By screening a C.elegans cDNA
library with a probe derived from the predicted ORF, we
isolated a cDNA encoding a highly basic, 434 amino acid
protein with a calculated M; of 49.2 kDa. Comparison of
the predicted amino acid sequences of mammalian elongin
A and the potential C.elegans elongin A homolog revealed
two conserved regions: an N-terminal region resembling
the SII-like N-terminus of mammalian elongin A and a
C-terminal region resembling the C-terminal elongation
activation domain of mammalian elongin A. Notably, the
potential C.elegans elongin A homolog exhibited the
greatest similarity (33% identity, 53% similarity, alignment
score 17.8 SD) to mammalian elongin A residues 520-
662, which include the majority of the region most critical
for transcriptional activity (Figure 6). In addition, this
region of the C.elegans protein includes a short sequence
that resembles the elongin BC binding site in the VHL
protein, but it lacks the topoisomerase I catalytic site motif.
To determine the functional relationship between mam-
malian elongin A and the potential C.elegans elongin A
homolog, the intact C.elegans ORF and two N-terminal
deletion mutants C.e.EloA(94-434) and C.e.EloA(202—-
434) were constructed, expressed in E.coli, purified and
assayed for their abilities to interact with mammalian
elongin B and C and to stimulate the rate of elongation
by mammalian RNA polymerase II. Mutant C.e.EloA(94—
434) lacks sequences related to SII, but contains sequences
similar to the elongin A elongation activation domain
and elongin BC binding site. Mutant C.e.EloA(202-434)
contains the potential elongin BC binding site, but lacks
sequences similar to the N-terminus of the elongation
activation domain of mammalian elongin A.

5561



T.Aso et al.

A 33 3R 2 3
0 v w i B
Il = w Pl ] v
n uw o ~ o ™ N - o =
< O < W ¥ OV I3 W © W
— wn v v n = n W0 n n n wn
2 q q = > 2 4 d 4 o4 d o 1
S | e Dt W | s 2 Wi By s 3% P
a8 e <AdML
12_1% 16 _18 20 22 24 26
12345678910M 1315 17 19° 21723 25
B 565 557
A W ~568 E
BC 10 00 0 110 1
- % (AdML
1234567 89101112 131415161718
AS549 4557 549 550 554
A WT 552 =560 T~I L=+S C=F
BC 01100 1100 1900110 0110 0 10
o m <AdML

19 21 23 25 27 29 31 33 35
20 22 24 26 28 30 32 34 36

Fig. 5. Transcription activity of elongin A internal deletion and point
mutants with mutations in the potential elongin BC binding site.

(A) Run-off transcription assays were performed as described in
Materials and methods. The concentration of elongin complexes was
adjusted so that elongin A was present in reaction mixtures at either
2 or 6 nM. (B) Run-off transcription assays were performed as
described in Materials and methods in the absence and presence of
excess wild-type elongin BC. Run-off transcription assays were
performed in the presence of either 4 nM TSK SP-NPR-purified wild-
type elongin A or 4 nM TSK SP-NPR-purified mutant elongin
complexes and the indicated relative molar concentrations of purified
elongin BC complex; a relative molar concentration of 1 is equivalent
to ~4 nM elongin BC. BC, purified elongin BC complex.

Both the full-length C.elegans protein and mutants
C.e.EloA(94-434) and C.e.EloA(202-434) were capable
of binding to mammalian elongin B and C (Figure 7A
and data not shown). In addition, the full-length C.elegans
protein was capable of stimulating the rate of elongation
by mammalian RNA polymerase II in a reaction dependent
on mammalian elongin B and C (Figure 7B), although it
is less active than mammalian elongin A. In the experiment
shown, the transcriptional activities of mammalian elongin
A and the C.elegans protein were compared using an
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oligo(dC)-tailed template assay (Kadesch and Chamberlin,
1982; Tan et al., 1994a), which permits direct measurement
of the effect of elongation factors on the rate of RNA
chain elongation by RNA polymerase II in the absence of
initiation factors. C.elegans elongin A also stimulates
elongation by mammalian RNA polymerase II in the
promoter-specific assay (data not shown). Consistent with
our results from analysis of mammalian elongin A, mutant
C.e.EloA(94-434), which contains the entire elongin
A-like elongation activation domain, was as active as the
wild-type C.elegans protein in stimulating the rate of
elongation by mammalian RNA polymerase II, whereas
mutant C.e.EloA(202—434), which lacks the N-terminus
of the elongin A-like elongation activation domain, had
significantly reduced activity.

Discussion

Here, we have investigated the structure, function and
evolutionary conservation of the elongin A elongation
activation domain. Elongin A was initially purified from
mammalian cells as the transcriptionally active component
of elongin (SIII) (Bradsher et al., 1993a; Aso et al.,
1995b), a multimeric complex composed of A, B and C
subunits of 773, 118 and 112 amino acids. Biochemical
studies have shown that elongin B and C are regulatory
subunits, which bind stably to each other to form a binary
complex that assembles with elongin A to form the intact
elongin (SIII) complex and, in the process, strongly
induces elongin A transcriptional activity (Aso et al.,
1995b; Duan et al., 1995b; Garrett et al., 1995).

The elongin A elongation activation domain

As part of our effort to understand how the activity of
elongin A is regulated by the elongin BC complex, we
have carried out a systematic structure—function analysis
of elongin A. Preliminary studies revealed that an elongin
A region encompassing amino acids 400-773 includes all
sequences necessary for full elongin A transcriptional
activity and for regulation by elongin BC. Further investi-
gation localized the most critical sequences within the
elongin A elongation activation domain to an ~160 amino
acid region between residues 521 and 680. An elongin
A mutant composed of residues 500-730 was inactive,
however, suggesting that elongin A sequences outside
this region, though not essential for transcription, either
participate in interactions with the RNA polymerase II
elongation complex or help to maintain the structural
integrity of the elongation activation domain.

Previously characterized transcriptional activation
domains fall into several broad classes according to their
amino acid compositions. These include acidic activators
such as VP16, proline-rich activators such as CTF/NF1,
serine- and threonine-rich activators such as Pit-1, and
glutamine-rich activators such as Sp1 (Mitchell and Tjian,
1989; Ingraham et al., 1990). These activators previously
were thought to function exclusively in the regulation of
initiation; however, recent studies indicate that at least
some of them can also regulate the efficiency of elongation
by RNA polymerase II (Yankulov et al., 1994; Krumm
et al., 1995). Although elongin A contains a conspicuous
cluster of acidic amino acids between residues 388 and

410, a serine- and threonine-rich region between residues
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Rat MIAAIHS ALQVN] EKLQAR|[NAAN PPEEIK L Y KKINSNL ITV DILVETGVGK TENINSFRKHE®Q 60
C. elegans -PIHTDEEKN RRYTECIQMNG | DREY4R A R YDIANNAS Id - EVFKSADTVQ CNIKRYESSPE 56

Rat VGNFIYR - - - - DIRVAQW[dK LYV PV[EHRNNEAE QPJFIIKSNSR -RPRDNP Q@ ELRIG - NYQE 114
C.elegans LAKYELYKRVRD KJ§LGGR[L4R KGGGED ARJIIBHTALK AKKEENNLD FLMIAMK S GV 112

Rat QWEEEIG SQPY SPEHRQK[§HR LPIJLERPH VAHGHERRDE RKRCHKVEPP RISSDPESSDY 174
C. elegans ASAPRA TVDYSKYL4V V RVIAVKVEP PEPVDVHEQQ ASSS---FMS QIQREHQKD - 167

Rat GHVQSPPPSS PHQMYTDLSR SPEMDQEPIV SHPKPGKVHS NTFQDRLGVS HLGEHQGKGA 234
Celegans - - = = = = = = = = = - - ececmth.asetthees eemssses s s seme s e e e eae e

Rat VSQ@NKPHKSS HKEKRPVDAR GDEKSSVMGR EKSHKASSKE ESRRLLSEDS AKEKLPSSVV 294
Celegans - - - - = = = = = = = 4 - -t ccmtn ootccttsts sessssetts sestessme e meeeeaeaa.

Rat KKEKDREGNS LKKKLSPALD VASDNHFKKP KHKDSEKIKS DKNKQSVDSV DSGRGTGDPL 354
Celegans - - - - = - = = = = - - - - - - -4 - em ot s st -t e e s e s e s sttt e e e e e e e e e e e e e e

Rat PRAKDKVPNN LKAQEGKVRT NSDRKSPGSL PKVEEMDMDD EFEQPTMSFE SYLSYDQPRK 414
C.elegans - - - - = = = = = = - - s - - sttt o sttt st t h ittt st e e e e e e e e ae e e e e e e

Rat KKKKVVKTSG TALGEKGLKK KDSKSTSKNL NSAQKLPKAN ENKSDKLQPA GAEPTRPRKV 474
C.elegans - - - - - = = = = = - = o o - oot st etme it ettt sttt e e et e e e e e e e e e e e e e e e e

Rat PTDVLPALPD IPLPAIQTNKN RELPSLELI SFQP[YRKAF SPQEEEJAGF TGERMNSKMQ 534
C.elegans - - = - - = = = =« -« oo AIdVVPTCKP GQPKI4A | PQ KSLHADIINMF KPE§K - - ERQK 206

RotYS SKCAYL PKMM HaQ[ed IR KNN S FENEKIGNEAY S VINELRNERCT PPEKYNY RINEEC 595
C.elegans {JF A[RRKRVG EGVS VSL[g QT SH M DHNAS] I NMdFD LISKLAMIDHAS TDEKSEQRHEELDV 266

RcrEHVHIEET Q LWKVHCH[EID K--EEQ@PEEY ESULEAIL - (IDAREQ RIERLINMINNEIR 648
C. elegans PMIJVI4D APIE MFHEMV SE4E PKYANIJEKSG WTULEA'RED VEKK[EIKKEND KISEMIMES REIG 326

RctSAHANKPKm AKMAFVNSV AKPPRDVRRR QEKFGTGGAA VPEKNE]! PA PYHITGSEHNP 708
C.elegans KSNSAQSQ RITMV I - - - - - - e e e e e DM AHTRNEASL4S F FNRIVKDEIQWAK 363

Rat A NSSESFHS E PEELAY PS---lISSA HLAPNMAHSHV YDPRKP - - - - -ANESS INd 757
C.elegans MEJAT PEJALQ L QARKNVKI KAQLRINI TP RGGGNPHTHR RSNNNNNMN NGLVEEEYTLEd 423

RGIM NRFSRR 773
C.elegans L CK ML 434

Fig. 6. Comparison of the amino acid sequences of rat and C.elegans elongin A. Identical amino acids are shaded with black: chemically similar
amino acids are shaded with gray. The elongin BC binding site motif is boxed. and the region most highly conserved between rat and C.elegans

elongin A is underlined.

704 and 744 and a proline-rich region between residues
463 and 498, each of these regions can be deleted without
dramatically affecting elongin A transcriptional activity.
In addition, based on the results of both homology and
MOTIFs searches, the elongin A elongation activation
domain lacks structures, such as zinc fingers or helix—turn—
helix motifs, which are commonly found in transcriptional
activators. Thus, the elongin A elongation activation
domain appears to define a structurally distinct type of
activator that targets the RNA polymerase II elongation
complex.

We noted previously that the N-terminus of elongin A
shares significant sequence similarity with the N-terminus
of elongation factor SII (Aso et al., 1995b). The results
described here indicate that the N-terminus of elongin A
is dispensable for stimulation of elongation by RNA
polymerase II in vitro. Likewise, the N-terminus of SII
has been shown to be dispensable for its transcriptional
activity in vitro and for rescue of the phenotype of an SII
deletion mutant in yeast (Marshall et al., 1990; Reines,
1992; Cipres-Palacin and Kane, 1994; Nakanishi ef al.,
1995). The striking similarity between the N-termini of
elongin A and SII, however, suggests that this region may
have some function not yet revealed by current assays.

Elongin A also contains a potential ATP binding site
(Walker et al., 1982; Gorbalenya et al., 1989) and a near
consensus topoisomerase I catalytic site (Eng et al., 1989;
Lynn et al, 1989). The potential ATP binding site is
located within the SlI-like region at the N-terminus of
elongin A and is therefore not required for transcriptional

activity. The potential topoisomerase I catalytic site is
located in an elongin A region (residues 530-549) that is
required for transcription. Topoisomerase I activity is
unlikely to be required for elongin A transcriptional
activity, however, because mutation of the potential active
site tyrosine at residue 543 to either phenylalanine or
serine has no effect on elongin A transcriptional activity.

A conserved elongin BC binding site motif in
elongin A and the VHL tumor suppressor protein
Although both elongin A and the VHL tumor suppressor
protein bind elongin B and C with high affinity, elongin
A and the VHL protein share only a short region of
similarity between residues 547 and 559 of elongin A and
residues 155 and 167 of the VHL protein (Aso et al.,
1995b). This region of the VHL protein frequently is
mutated in VHL kindreds and in sporadic clear-cell renal
carcinoma (Latif et al., 1993; Foster et al., 1994; Gnarra
et al., 1994; Kanno et al., 1994; Whaley et al., 1994;
Chen et al., 1995), and a number of these VHL mutants
have been tested and found to be impaired in their abilities
to bind elongin B and C (Gnarra et al., 1994; Duan et al.,
1995b; Kibel et al., 1995). In addition, a peptide replica
of the wild-type VHL sequence between residues 157 and
172 was found to block the interaction of VHL with
elongin B and C, whereas a peptide containing a point
mutation corresponding to a naturally occurring VHL
mutant was not (Kibel er al., 1995). Finally, a GST-VHL
fusion protein containing VHL residues 157-172 is capable
of binding specifically to elongin B and C (Kibel et al.,
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Fig. 7. Analysis of wild-type and mutant C.elegans elongin A.

(A) Wild-type or mutant C.elegans elongin A was refolded with rat
elongin B and C and subjected to TSK SP-NPR HPLC as described in
Materials and methods. Aliquots of the peak column fractions were
analyzed by SDS-PAGE, and proteins were visualized by silver
staining. WT C.e. EloA, wild type C.elegans elongin A; 202-434,
C.elegans elongin A mutant containing residues 202—434.

(B) Approximately 2 pmol of human (Aso et al., 1996) or C.elegans
elongin A proteins were refolded as described (Bradsher et al., 1993a)
in the presence or absence of ~2 pmol of rat elongin B and C.
Aliquots of refolded protein were assayed for transcriptional activity in
oligo(dC)-tailed template assays performed as described in Materials
and methods. Reaction mixtures contained no elongin (lane 1); 3 and
9 ul of renatured human elongin A without (lanes 2 and 3) or with
(lanes 4 and 5) elongin B and C; 3 and 9 pl of renatured wild-type
C.elegans elongin A without (lanes 6 and 7) or with (lanes 8 and 9)
elongin B and C; 3 and 9 pl of renatured C.e. EloA(94—434) without
(lanes 10 and 11) or with (lanes 12 and 13) elongin B and C; and 3
and 9 pl of renatured C.e. EloA (202—434) without (lanes 14 and 15)
or with (lanes 16 and 17) elongin B and C.

1995), arguing strongly that these residues of the VHL
protein comprise an elongin BC binding site.

Results of our mutational analysis indicate that elongin
A sequences most critical for binding elongin B and C
fall within the 12 amino acid region between residues 549
and 560. Within this conserved elongin BC binding site
motif [consensus sequence TLx3Cx2V(V,L)], identical
threonine, leucine, cysteine and valine residues are found
in elongin A and VHL at the positions designated 1, 2, 6
and 9 at the bottom of Figure 4A. Previous studies have
identified naturally occurring VHL mutations in this region
at positions 1, 2 and 6, but not at position 9 (Latif et al.,
1993; Foster et al., 1994; Gnarra et al., 1994; Kanno
et al., 1994; Whaley et al.,, 1994; Chen et al., 1995).
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Notably, elongin A point mutants altered at positions 1, 2
and 6 have dramatically reduced transcriptional activities
and are not induced detectably by addition of elongin BC,
whereas an elongin A point mutant altered at position 9
is fully active. While there is a strong correlation between
the effects of mutating the conserved residues within the
elongin BC binding site motifs of elongin A and the
VHL protein, it is noteworthy that at least two naturally
occurring VHL mutations change non-conserved residues
at positions 5 and 8 to residues found at the corresponding
positions in elongin A. Whether these VHL mutations
affect the interaction of the VHL protein with elongin BC
or whether they affect a different, as yet unknown, function
of the VHL protein is not clear.

Although these studies have defined elongin A
sequences important for induction of elongin A transcrip-
tional activity by elongin BC, it has not yet been established
at the molecular level how this induction occurs. The
elongin BC complex could induce elongin A activity
solely by an allosteric mechanism, in which binding of
elongin BC causes the elongin A elongation activation
domain to adopt a more transcriptionally active conforma-
tion. Alternatively, the elongin BC complex could be
involved directly in interactions with one or more com-
ponents of the ternary RNA polymerase II elongation
complex.

Evolutionary conservation of the elongin A
elongation activation domain

In an effort to identify model systems with which to study
the function of elongin (SIII) in vivo, we are identifying
and characterizing homologs of the elongin subunits in
genetically tractable organisms. A homology search of the
GenBank database identified a C.elegans gene that encodes
a 434 amino acid protein that includes regions exhibiting
sequence similarity to the N-terminal SII-like region and
the C-terminal elongation activation domain of mammalian
elongin A, but lacks sequences similar to the region
between residues ~170 and 490 of the mammalian protein.
As we have shown, the potential C.elegans elongin A
homolog binds mammalian elongin B and C and is capable
of stimulating elongation by mammalian RNA polymerase
II. Importantly, the most highly conserved region of the
C.elegans protein corresponds to the elongin A region
identified in our assays as most critical for elongin A
transcriptional activity. Like the elongin A elongation
activation domain, this region includes a potential elongin
BC binding site motif at its N-terminus. It is noteworthy
that the C.elegans protein conserves neither the potential
ATP binding site nor the potential topoisomerase I catalytic
site, consistent with our observation that these regions of
mammalian elongin A are not essential for transcriptional
activity in vitro. The identification of a structural and
functional C.elegans homolog of elongin A should provide
a foundation for future genetic investigations into the role
of elongin A and the elongin (SIII) complex in vivo in
the growth and development of a multicellular organism.

Materials and methods

Materials
Unlabeled ultrapure ribonucleoside 5'-triphosphates were purchased from
Pharmacia Biotech Inc. [at-32P]CTP (>>400 Ci/mmol) was obtained from



Amersham Corp. Phenylmethylsulfonyl fluoride (PMSF). heparin and
polyvinyl alcohol type II were from Sigma. Bovine serum albumin
(BSA: Pentex fraction V) was purchased from ICN ImmunoBiologicals.
Glycerol (Spectranalyzed grade) and guanidine hydrochloride (electro-
phoresis grade) were obtained from Fisher.

Expression and purification of wild-type and mutant rat
elongin A

Overexpression of rat elongin A mutants in E.coli was accomplished
using an M13mpET bacteriophage expression system (Tan et al., 1994b).
Constructs for expression of 6-histidine-tagged N- and C-terminal elongin
A deletion mutants were prepared by inserting PCR-generated fragments
of the elongin A cDNA into the Sall and BamHI sites of M13mpET.
Constructs for expression of elongin A internal deletion and point
mutants were prepared by oligonucleotide-directed mutagenesis (Kunkel,
1985) using the Muta-Gene M13 in vitro mutagenesis kit (Bio-Rad).
Elongin A mutants were sequenced by the dideoxy chain termination
method using a Sequenase kit (United States Biochemicals).

To prepare elongin A mutants, 500 ml cultures of E.coli strain
JM109(DE3) were grown to an ODg, of 0.6 in Luria broth containing
2.5 mM MgCl, at 37°C with gentle shaking. Cells were infected with
MI13mpET vectors carrying mutant elongin A ¢cDNAs at a multiplicity
of infection of 20. After an additional 2 h at 37°C, cells were induced
with 0.4 mM isopropyl B-D-thiogalactoside, and cultures were incubated
for an additional 2.5 h. Cells were harvested by centrifugation at 2000 g
for 10 min at 4°C. The cell pellets were resuspended in 25 ml of ice-
cold 20 mM Tris—HCI (pH 8.0), 10 mM imidazole (pH 8.0) and 1 mg/ml
lysozyme and incubated on ice for 30 min. After two cycles of freeze—
thaw, the suspension was centrifuged at 100 000 g for 35 min at 4°C.
Inclusion bodies were solubilized by resuspension in 25 ml of ice-cold
50 mM Tris—HCI (pH 8.0) containing 6 M guanidine hydrochloride, and
the resulting suspension was clarified by centrifugation at 50 000 g for
20 min at 4°C. Recombinant elongin A mutants were purified from the
supernatants by Ni’™-nitrilotriacetic acid (NTA)-agarose (Invitrogen)
affinity chromatography as described (Garrett et al., 1994: Aso et al.,
1995b).

Reconstitution and purification of elongin complexes
containing elongin A mutants

Recombinant elongin B and C were expressed in E.coli using the
MI13mpET bacteriophage expression system and purified as described
previously (Garrett ef al.. 1994, 1995). Reconstitution of elongin com-
plexes was carried out essentially as described (Aso et al., 1995b) by
refolding ~50 pg of wild-type or mutant elongin A, ~8 g of elongin B
and ~8 pg of elongin C. Following dialysis, the mixtures were centrifuged
at 60 000 g for 15 min at 4°C. The resulting supernatants were
applied to TSK SP-NPR columns (35 mmX4.6 mm, Hewlett-Packard)
equilibrated in 40 mM HEPES-NaOH (pH 7.9), 0.1 mM EDTA, 1 mM
dithiothreitol (DTT), 10% (v/v) glycerol and 0.1 M KCI and fractionated
using a SMART microchromatography system (Pharmacia) at 8°C. The
columns were eluted at 0.6 ml/min with a 9 ml linear gradient from 0.1
to 0.8 M KCl in the same buffer. Aliquots of each column fraction were
analyzed by 12% SDS-PAGE, and the proteins were visualized by
silver staining.

Preparation of RNA polymerase Il and initiation factors

RNA polymerase Il (Conaway and Conaway, 1990) and TFIIH (rat §,
TSK DEAE 5-PW fraction) (Conaway er al., 1992) were purified as
described from rat liver nuclear extracts. Recombinant yeast TATA
binding protein (TBP: Conaway er al., 1991) and rat TFIIB (rat o)
(Tsuboi et al.. 1992) were expressed in E.coli and purified as described.
Recombinant TFIIE was prepared as described (Peterson et al., 1991),
except that the 56 kDa subunit was expressed in BL21(DE3)-pLysS.
Recombinant TFIIF was purified as described (Tan er al.. 1994b)
from E.coli strain JM109(DE3) infected with M13mpET-RAP30 and
MI13mpET-RAP74.

Assay of run-off transcription

Unless indicated otherwise, pre-initiation complexes were assembled as
described (Garrett et al., 1995) by pre-incubation of 50 ng of the EcoRI-
Ndel fragment from pDN-AdML (Conaway and Conaway, 1988) and
~10 ng of recombinant TFIIB. 10 ng of recombinant TFIIF. 7 ng of
recombinant TFIIE, 40 ng of TFIIH (rat §. fractionVI), 50 ng of
recombinant yeast TBP (AcA 44 fraction) and 0.01 U of RNA polymerase
1. Transcription was initiated by addition of 7 mM MgCl,. 50 pM ATP.
2 uM UTP. 10 uM CTP. 50 uM GTP and 10 uCi [a}ZP]CTP. either in
the absence or presence of elongin preparations. After an 8 min incubation

Inducible elongin A elongation activation domain

at 28°C, run-off transcripts were analyzed by electrophoresis through
6% polyacrylamide-7.0 M urea gels. Transcription was quantitated using
a Molecular Dynamics phosphorimager.

Oligo(dC)-tailed template assay of elongation by RNA
polymerase Il

Pulse—chase assays were carried out essentially as described (Aso et al.,
1995b). RNA polymerase II (0.01 U) and 100 ng of pCpGR220S/P/X
were incubated at 28°C in the presence of 20 mM HEPES-NaOH,
pH 7.9, 20 mM Tris-HCl, pH 7.9, 2% (w/v) polyvinyl alcohol, 0.5 mg/ml
BSA, 60 mM KCl, 50 uM ZnSO,, 7 mM MgCl,, 0.2 mM DTT, 3% (v/v)
glycerol, 3 U of recombinant RNasin (Promega), 50 uM ATP. 50 uM
GTP. 2 uM CTP and 10 uCi of [0-**P]CTP. After 25 min labeling, the
reactions were chased for 7.5 min following addition of 100 UM non-
radioactive CTP, 2 uM UTP and the indicated amounts of elongin
preparations. Transcripts were analyzed by electrophoresis through 6%
polyacrylamide-7.0 M urea gels.

Isolation of cDNA encoding C.elegans elongin A

A homology search of the GeneBank database using rat elongin A
protein sequence as the query revealed that nucleotides 19 335-21 154
of C.elegans cosmid RO3D7 contained a predicted ORF encoding a
protein highly homologous to portions of elongin A. A A ZAP C.elegans
cDNA library was constructed and screened with the 5'-3’P-labeled
oligonucleotide 5'-GAGTTGGTCA GTGCTCGCGT GGTCAAGAAC
AGGCTTCAGT AGATCAAATGG-3', which corresponds to a portion
of the predicted ORF. Hybridization was performed at 65°C for 20 h in
5X standard saline citrate, 5X Denhardt’s solution, 100 mM sodium
phosphate. 0.1% sodium dodecylsulfate and 10% dextran sulfate con-
taining denatured salmon testis DNA (100 pg/ml). Three overlapping
cDNA clones with inserts of up to 1.8 kb were isolated. Clone CE22,
which contained the longest insert, was sequenced on both strands by
the dideoxy chain termination method using a Sequenase kit (United
States Biochemicals).

Expression and purification of C.elegans elongin A
Histidine-tagged C.elegans elongin A was overexpressed in E.coli using
a pET16b expression vector (Novagen). The pET16b constructs for
expression of histidine-tagged wild-type and mutant C.elegans elongin
A were prepared by insertion of PCR-generated fragments of the
C.elegans ORF into the Ndel and BamHI sites of the pET16b vector. A
100 ml culture of E.coli strain BL21(DE3) transformed with pET16b
carrying the C.elegans elongin A cDNA was grown to an ODgy, of 0.6
in Luria broth containing 50 pg/ml ampicillin at 37°C. Following
induction with 1 mM isopropyl B-D-thiogalactoside. the culture was
incubated for an additional 2.5 h at 37°C. Cells were harvested by
centrifugation at 2000 g for 10 min at 4°C. The cell pellet was
resuspended in 5 ml of ice-cold 20 mM Tris—HCI (pH 8.0), 10 mM
imidazole (pH 8.0) and 1 mg/ml lysozyme and incubated on ice for
30 min. After two cycles of freeze—thaw, the suspension was centrifuged
at 100 000 g for 35 min at 4°C. Inclusion bodies were solubilized by
resuspension in 5 ml of ice-cold 50 mM Tris-HCI (pH 8.0) containing
6 M guanidine hydrochloride, and the resulting suspension was clarified
by centrifugation at 50 000 g for 20 min at 4°C. Recombinant wild-type
and mutant C.elegans elongin A were purified from the supernatants by
Ni2*-NTA-agarose (Invitrogen) affinity chromatography as described
(Garrett et al.. 1994).
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