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The Elongin BC complex was identified initially as a positive regulator of RNA polymerase II (Pol II)
elongation factor Elongin A and subsequently as a component of the multiprotein von Hippel-Lindau (VHL)
tumor suppressor complex, in which it participates in both tumor suppression and negative regulation of
hypoxia-inducible genes. Elongin B is a ubiquitin-like protein, and Elongin C is a Skp1-like protein that binds
to a BC-box motif that is present in both Elongin A and VHL and is distinct from the conserved F-box motif
recognized by Skpl. In this report, we demonstrate that the Elongin BC complex also binds to a functional BC
box present in the SOCS box, a sequence motif identified recently in the suppressor of cytokine signaling-1
(SOCS-1) protein, as well as in a collection of additional proteins belonging to the SOCS, ras, WD-40 repeat,
SPRY domain, and ankyrin repeat families. In addition, we present evidence (1) that the Elongin BC complex
is a component of a multiprotein SOCS-1 complex that attenuates Jak/STAT signaling by binding to Jak2 and

inhibiting Jak2 kinase, and (2) that by interacting with the SOCS box, the Elongin BC complex can increase
expression of the SOCS-1 protein by inhibiting its degradation. These results suggest that Elongin BC is a
multifunctional regulatory complex capable of controlling multiple pathways in the cell through interaction
with a short degenerate sequence motif found in many different proteins.
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The cytokine-inducible suppressors of cytokine signal-
ing (SOCS) proteins (also referred to as JABs, SSIs, or
CISs) are negative regulators of cytokine-induced Jak/
STAT signaling and inhibit phosphorylation of STATs
by binding to and inhibiting Jak kinases (Endo et al.
1997; Ki et al. 1997; Naka et al. 1997; Starr et al. 1997) or
through interactions with receptor tyrosine kinases
(Yoshimura et al. 1995; Matsumoto et al. 1997). Several
members of the cytokine superfamily, including inter-
leukin-6, leukemia-inhibitory factor, erythropoietin,
growth hormone, and leptin, induce transcriptional ac-
tivation of one or more of the SOCS genes (Yoshimura et
al. 1995; Endo et al. 1997; Masuhara et al. 1997; Naka et
al. 1997; Starr et al. 1997; Adams et al. 1998; Aueren-
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hammer et al. 1998; Bjorbaek et al. 1998), suggesting that
the SOCS proteins function as part of a negative feed-
back loop that dampens or attenuates cytokine signal
transduction.

The SOCS family presently includes eight proteins
that all share an amino-terminal SH2 domain and a
novel [b0 amino acid carboxy-terminal domain referred
to as the SOCS box (Endo et al. 1997; Minamoto et al.
1997; Starr et al. 1997; Hilton et al. 1998). In addition,
Hilton et al. (1998) recently obtained evidence for an
expanded role for SOCS-box proteins in cellular regula-
tion by searching DNA databases and identifying a large
number of additional SOCS-box proteins, including pre-
viously uncharacterized members of the ras, WD-40 re-
peat, ankyrin repeat, and SPRY domain families. Al-
though the function(s) of the SOCS box has not yet been
elucidated, it has been proposed that it might function
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directly in inhibition of Jak or receptor tyrosine kinases,
in light of evidence indicating that the SH2 domain of
the SOCS-1 protein is necessary but not sufficient for
preventing Jak2 kinase-dependent activation of STATs
(Endo et al. 1997). Data addressing the role of the SOCS
box in inhibition of Jak or receptor tyrosine kinases have
not yet been reported, however, and SOCS-box interact-
ing proteins have not been identified.

The Elongin BC complex was initially identified as a
potent activator of RNA polymerase II (Pol II) elongation
factor Elongin A (Bradsher et al. 1993; Aso et al. 1995),
which is one of several transcription factors that stimu-
late the rate of elongation by RNA Pol II by suppressing
transient pausing by polymerase at many sites along the
DNA. Elongin B is a 118-amino-acid ubiquitin-like pro-
tein composed of an 84-amino-acid amino-terminal
ubiquitin-homology (UbH) domain fused to a 34-amino-
acid carboxy-terminal tail (Garrett et al. 1995). Elongin C
is a 112-amino-acid protein (Garrett et al. 1994) similar
in sequence to the multifunctional SKP1 protein (Zhang
et al. 1995; Bai et al. 1996; Connelly and Hieter 1996;
Feldman et al. 1997; Skowyra et al. 1997; Patton et al.
1998b), which has been shown to bind to the conserved
F-box motif present in a large number of proteins and to
participate in regulation of diverse cellular processes in-
cluding the cell cycle, transcription, and development.

The Elongin BC complex is also a component of the
multiprotein von Hippel-Lindau (VHL) tumor suppres-
sor complex (Duan et al. 1995b; Kibel et al. 1995). The
VHL gene on chromosome 3p25.5 is mutated in the ma-
jority of sporadic clear cell renal carcinomas and in VHL
disease, an autosomal dominant familial cancer syn-
drome that predisposes affected individuals to a variety
of tumors including clear cell renal carcinomas, cerebel-
lar hemangioblastomas and hemangiomas, retinal angio-
mata, and pheochromocytomas (Latif et al. 1993; Gnarra
et al. 1996a).

Further investigation of the function of the Elongin BC
complex revealed that VHL is a potent inhibitor of Elon-
gin BC-dependent activation of Elongin A in vitro. Inter-
action of Elongin BC with Elongin A and VHL is mutu-
ally exclusive and depends on binding of Elongin C to a
short [l2-amino-acid BC-box motif that is evolution-
arily conserved in Elongin A and VHL proteins and that
is a site of frequent mutations in VHL disease (Duan et
al. 1995b; Kibel et al. 1995; Aso et al. 1996; Gnarra et al.
1996a). On the basis of these findings, it was initially
proposed that VHL may function in cells as a negative
regulator of Elongin A transcriptional activity by com-
peting with Elongin A for binding to the Elongin BC
complex. One prediction of this simple competition
model is that the Elongin BC complex is limiting in
cells.

In the process of investigating this model, we fraction-
ated liver extracts and quantitated the relative amounts
of Elongin A, VHL, and Elongin BC. Unexpectedly, we
found (1) that Elongin BC is much more abundant in
cells than either Elongin A or VHL, and (2) that Elongin
BC is present in multiple chromatographically distinct
complexes. Taken together with recent evidence indicat-
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ing that Elongin BC functions in VHL-dependent nega-
tive regulation of expression of hypoxia-inducible genes
like VEGF and GLUTI by controlling the stability of
their mRNAs (Gnarra et al. 1996b; Iliopoulos et al. 1996;
Lonergan et al. 1998), these findings suggest that like
SKP1 (Bai et al. 1996; Feldman et al. 1997; Skowyra et al.
1997; Patton et al. 1998b), the Elongin BC complex could
interact with and regulate multiple proteins that play
roles in distinct cellular processes.

In this report, we present evidence consistent with
this hypothesis. We identify the SOCS-box proteins as a
new class of Elongin BC binding proteins. We show that
Elongin BC interacts with a conserved BC box located in
the amino terminus of the SOCS-box motif found in
members of the SOCS, ras, WD-40 repeat, ankyrin re-
peat, and SPRY domain families. In addition, we show
that (1) the Elongin BC complex is a component of a
multiprotein SOCS-1 complex that binds to and inhibits
Jak kinase and activation of STATS, (2) that the SOCS
box is not responsible for SOCS-1 inhibition of Jak ki-
nase, but (3) that by interacting with the SOCS box,
Elongin BC can regulate SOCS-1 expression by inhibit-
ing its degradation. These results suggest that Elongin
BC participates in regulation of multiple cellular path-
ways through interaction with a short degenerate se-
quence motif found in a diverse collection of proteins.

Results

To determine the relative cellular concentrations and
distributions of the Elongin A, VHL, and Elongin BC pro-
teins, we systematically fractionated (150 grams of rat
liver and measured the levels of Elongin A, VHL, and
Elongin B by quantitative Western blotting. As shown in
Figure 1, nearly all of the detectable VHL (Ol pg) was
found in the 0.1 m KCIl phosphocellulose flowthrough
fraction derived from a 0%—-40% ammonium sulfate pre-
cipitation of cytosol, and nearly all of the detectable
Elongin A ([b pg) was found in the 0.6 m KCI phospho-
cellulose fraction derived from a 0%-40% ammonium
sulfate precipitation of nuclear extract. In contrast, a
substantially greater quantity of Elongin B ([150 pg) was
found distributed in multiple phosphocellulose fractions
derived from both cytosol and nuclear extract. Because
our anti-Elongin C antibodies were not of sufficient qual-
ity, we were unable to obtain reliable estimates of the
levels of Elongin C protein in the relatively crude phos-
phocellulose fractions. Further purification of Elongin B-
containing species in each of the phosphocellulose frac-
tions examined, however, has revealed the presence of
equimolar amounts of Elongins B and C in more highly
purified fractions, suggesting that the majority of Elon-
gin B is associated with Elongin C (data not shown).
Taken together, these results raised the possibility that
Elongin BC may be present in cells in association with
additional proteins besides Elongin A and VHL.
Sequence alignments of Elongin A and VHL proteins
from mammalian cells, Caenorhabditis elegans, and
Saccharomyces cerevisiae reveal a single region that is
conserved between Elongin A and VHL and that has the
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Figure 1. Partial purification of Elongin BC-containing com-
plexes from rat liver. Homogenate was prepared from the livers
of 10 male Sprague-Dawley rats (200-250 grams) and subjected
to subcellular fractionation, ammonium sulfate precipitation,
and phosphocellulose chromatography as described (Conaway
et al. 1996). Ten microliters of each fraction was subjected to
SDS-PAGE along with the indicated amounts of recombinant
histidine-tagged Elongin A (6His-EloA), histidine- and FLAG-
tagged VHL (6His-FLAG-VHL), or histidine- and HPC4-tagged
Elongin B (6His-HPC4-EloB) and then immunoblotted with
anti-Elongin A, anti-VHL, and anti-Elongin B antibodies. The
0.1, 0.3, 0.6, and 1 M KCI eluates from phosphocellulose are
indicated as 0.1, 0.3, 0.6, and 1.0, respectively. The volumes of
the fractions shown in lanes 5-8 were 50, 25, 25, and 20 ml;
fractions in lanes 9-12 were 200, 150, 120, and 120 ml; fractions
in lanes 17-20 were 15, 10, 10, and 10 ml; and fractions in lanes
21-24 were 40, 20, 15, and 15 ml. (AmSO,) Ammonium sulfate;
(EloA) Elongin A; (EloB) Elongin B; (P-11) phosphocellulose.

consensus sequence T/SL/MxxxC/SxxxV/L/I (Fig. 2A).
Several lines of evidence argue that this conserved region
defines a consensus Elongin BC binding site or BC box.
First, Elongin A and VHL mutants lacking this region are
unable to bind to the Elongin BC complex, and mutation
of conserved residues within this region interferes with
Elongin transcriptional activity and with binding of
Elongin BC to the VHL protein (Aso et al. 1995, 1996;
Duan et al. 1995a,b; Kibel et al. 1995; Kishida et al.
1995). Second, a GST-VHL (157-172) fusion protein,
which includes the conserved region, is sufficient to bind
Elongin BC (Kibel et al. 1995). Finally, peptides corre-
sponding to VHL (157-172) inhibit the binding of Elon-
gin BC to VHL and to Elongin A, whereas point-mutant
derivatives altered at the conserved residues do not (Ki-
bel et al. 1995; data not shown).

Recently, Hilton et al. (1998) identified a large family
of SOCS-box proteins belonging to the SOCS, Ras, WD-
40 repeat, ankyrin repeat, and SPRY domain families. As
shown in Figure 2B, the amino-terminal half of the SOCS
box found in each of these proteins includes a potential
Elongin BC binding site. To determine whether SOCS-
box proteins bind the Elongin BC complex, we tested the
abilities of representative members of four of the five
SOCS-box containing protein families to bind Elongin
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BC in vitro. ORFs encoding full-length SOCS-1, SOCS-3,
and the WD-40 repeat-containing protein WSB-1, all but
the first 9 and final 34 amino acids of the ras-related
protein Rar-1, and the 545 carboxy-terminal amino acids
of the ankyrin repeat-containing protein ASB-2 (Fig. 2C)
were expressed in Escherichia coli with amino-terminal
6-histidine and epitope tags, purified by Ni**-agarose af-
finity chromatography, and tested in coimmunoprecipi-
tation assays for their abilities to bind Elongin BC. As
shown in Figure 3A, all five of the recombinant SOCS-
box proteins tested could be specifically coimmunopre-
cipitated with Elongin BC at high ionic strength (0.5 m
NaCl) and in the presence of detergent. We note that a
super-stoichiometric amount of bacterially expressed
Elongin BC was sometimes immunoprecipitated with
epitope-tagged SOCS-box proteins (e.g., Flag-Rar-1 and
Flag-ASB2), most likely due to the tendency of Elongin
BC to form multimers (Takagi et al. 1997). We also as-
sessed the binding of in vitro-translated SOCS-1, SOCS-
3, WSB-1, ASB-2, and RAR-1 to in vitro-translated Elon-
gin BC. As shown in Figure 3B, in vitro-translated Elon-
gin BC was specifically coimmunoprecipitated with each
of the in vitro-translated SOCS-box containing proteins.

To determine whether the BC box motif in the amino
terminus of the SOCS box is necessary for binding of
Elongin BC to a SOCS-box protein, we compared the
abilities of wild-type SOCS-1 and SOCS-1 mutants to
bind Elongin BC. Baculovirus and mammalian expres-
sion vectors encoding wild-type epitope-tagged SOCS-1
and two SOCS-1 derivatives containing mutations of the
potential Elongin BC binding site were constructed (Fig.
4A). One SOCS-1 mutant (M1) contained point muta-
tions at positions 2 (L - P) and 6 (C - F) of the consen-
sus BC-box motif shown in Figure 2A; point mutations
at the corresponding positions of Elongin A and VHL
disrupt Elongin BC binding. The other SOCS-1 mutant
(M2) was a carboxy-terminal deletion mutant that lacked
the entire SOCS-box, including the amino-terminal BC-
box motif. T7-tagged SOCS-1 and SOCS-1 mutants M1
and M2 were coexpressed with epitope-tagged Elongins B
and C in Sf21 insect cells and in mammalian 293T cells
and their abilities to bind Elongin BC were assessed in
coimmunoprecipitation experiments. As shown in Fig-
ure 4B, coimmunopreciptiation of the Elongin BC com-
plex with SOCS-1 in Sf21 cells was strongly dependent
on the presence of an intact BC box. Elongins B and C
were both coimmunoprecipitated with wild-type
SOCS-1 (lanes 7,10). In contrast, Elongins B and C did
not coimmunoprecipitate with either of the SOCS-1 mu-
tants M1 (lanes 8,11) or M2 (lanes 9,12), even though
approximately equivalent levels of the wild-type and
mutant SOCS-1 proteins were expressed in baculovirus-
infected cells (lanes 1-3). Similarly, coimmunoprecipita-
tion of the Elongin BC complex with SOCS-1 in 293T
cells was strongly dependent on the presence of an intact
BC box (Fig. 5A, top and middle panels).

Two lines of evidence indicate that Elongin BC ex-
pressed at physiological concentrations is capable of in-
teracting with SOCS-box proteins. First, endogenous
Elongins B and C could be immunoprecipitated with
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Figure 2. The SOCS box includes a con-
sensus Elongin BC binding site. (A) Se-
quence alignment of the Elongin BC bind-
ing site regions of VHL and Elongin A pro-
teins from mammalian cells, C. elegans,
and S. cerevisiae. (B) The SOCS-box re-
gions of several SOCS-box proteins (Hil-
ton et al. 1998) are aligned beneath Elon-
gin BC binding sites from VHL and
Elongin A proteins. (C) Diagrammatic
representation of Elongin A, VHL, and the
SOCS-box SOCS-box proteins used in this study.
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Figure 3. Binding of the Elongin BC complex to SOCS-box proteins. (A) Recombinant proteins were expressed in E. coli and purified
from guanidine-solubilized inclusion bodies by Ni**-agarose affinity chromatography. Untagged or epitope-tagged SOCS-1, SOCS-3,
Rar-1, WSB-1, ASB-1, Elongin B, and Elongin C were mixed together in the combinations indicated, renatured by dilution and dialysis,
and immunoprecipitated with the antibodies indicated. Following SDS-PAGE, immunoprecipitated proteins were visualized by Coo-
massie Blue staining. (B) T7-tagged SOCS-1 and SOCS-3, Flag-tagged WSB-1, ASB-2, and RAR-1 were in vitro transcribed and translated
together with HPC-4 tagged Elongin B and HSV-tagged Elongin C by use of the Promega TNT/T7 rabbit reticulocyte lysate kit with
[®°S]methionine according to the manufacturer’s instructions. In vitro-translated proteins were immunoprecipitated with the anti-
bodies indicated, subjected to SDS-PAGE, and visualized with a PhosphorImager (Molecular Dynamics). (H,L) Immunoglobulin heavy
and light chains, respectively. (IP) Immunoprecipitate; (WB) Western blot; (F) Flag epitope; (B) Elongin B; (C) Elongin C.
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Figure 4. Binding of the Elongin BC complex to SOCS-1 is
disrupted by mutation of the SOCS-box Elongin BC binding site
motif. (Lanes 1-3) Twenty-five micrograms of total cell lysate
from Sf21 cells infected with the baculovirus vectors encoding
HPC4-tagged Elongin B, HSV-tagged Elongin C, and the indi-
cated wild-type or mutant T7-tagged SOCS-1 proteins was im-
munoblotted with anti-T7, anti-HPC4, or anti-HSV antibodies.
(Lanes 4-12) Three hundred micrograms of total cell lysate pro-
tein from baculovirus-infected Sf21 cells was immunoprecipti-
ated with antibodies specific for T7 epitope (IP: T7-SOCS-1),
HPC4 epitope (IP: HPC4-EloB), or HSV epitope (IP: HSV-EloC)
and then immunoblotted with anti-T7, anti-HPC4, or anti-HSV
antibodies. (H,L) Immunoglobulin heavy and light chains, re-
spectively.

anti-T7 epitope antibody from lysates of Hep3B cells sta-
bly transfected with a vector encoding T7-tagged SOCS-
1, but not from lysates of cells stably transfected with a
control vector (Fig. 6A) or with a vector encoding the
T7-tagged SOCS-1 M1 double point mutant (Fig. 7B, be-
low; T. Kamura, ].W. Conaway, and R.C. Conaway, un-
publ.). Second, endogenous Elongins B and C could be
immunoprecipitated from lysates of y-interferon-stimu-
lated NIH-3T3 cells and IL-6-stimulated M1 cells with
goat polyclonal antibodies raised against an amino-ter-
minal peptide of SOCS-1 (N18), a carboxy-terminal pep-
tide of SOCS-1 (C20), and amino- and carboxy-terminal
peptides of SOCS-3 (S19 and M20) but not with control
goat IgG (Fig. 6B).

Although results of initial studies on SOCS-box pro-
teins provided little insight into the function of the
SOCS box (Endo et al. 1997; Naka et al. 1997; Starr et al.
1997), it had been suggested that the SOCS box might
play a role in suppressing signal transduction, perhaps by
inhibiting protein kinase activities, or, alternatively,
that it might regulate aspects of protein metabolism
such as protein stability (Hilton et al. 1998). SOCS-1 has
been shown to bind to and inhibit tyrosine phosphory-
lation by multiple kinases including Jak2 (Endo et al.
1997; Naka et al. 1997; Starr et al. 1997). To address the
role of the SOCS box and the Elongin BC complex in
regulation of Jak2 kinase by SOCS-1, epitope-tagged
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Elongins B and C, Jak2, and T7-tagged wild-type SOCS-1
or the M1 or M2 mutants were coexpressed in 293T
cells. Coimmunoprecipitation experiments revealed that
Elongins B and C are components of a multiprotein
SOCS-1 complex that binds to Jak2. As shown in Figure
5A, Elongins B and C could be coimmunoprecipitated by
anti-Jak2 antibodies in the presence of wild-type SOCS-1
but not the M1 or M2 mutants. Furthermore, Elongins B
and C could be coimmunoprecipitated by anti-T7 anti-
bodies in the presence of wild-type SOCS-1 but not the
SOCS-1 M1 or M2 mutants, and Jak2 was coimmuno-
precipitated with SOCS-1 and Elongins B and C by anti-
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Figure 5. Elongins B and C are components of the SOCS-1
complex but are not required for inhibition of Jak activity. 293T
cells were transiently transfected with the indicated combina-
tions of Jak2, wild-type or mutant T7-SOCS-1, HPC4-Elongin
B, and HSV-Elongin C expression vectors. The amount of the
T7-SOCS-1 expression vectors used in each transfection was
adjusted so that comparable levels of wild-type SOCS-1 and
SOCS-1 mutants would be expressed. (A) Three hundred micro-
grams of total cell lysate protein from transfected cells was
immunopreciptiated with antibodies specific for Jak2 (IP: Jak2),
T7 epitope (IP: T7-SOCS-1), or HPC4 epitope (IP: HPC4-EloB)
and then immunoblotted with anti-pTyr, anti-Jak2, anti-T7,
anti-HPC4, or anti-HSV antibodies. (L) Immunoglobulin light
chain. (B) Twenty-five micrograms of the indicated total cell
lysates was immunoblotted with the antibodies indicated. (C)
Hep3B cells were transiently transfected in 35-mm dishes with
1 pg each of the IL6-inducible STAT-dependent CAT reporter
construct TIK (gift of W. Liao, M.D. Anderson Cancer Center,
Houston, TX) and the B-galactosidase control reporter pPCMV
(Clontech), with or without 1 pg of expression vectors encoding
T7-tagged SOCS-1, HPC4-tagged Elongin B, and HSV-tagged
Elongin C. After 40 hr, cells were stimulated with 100 ng/ml
IL-6 for 3 hr, and cell extracts were assayed for CAT and B-ga-
lactosidase activities with the CAT and B-galactosidase assay
systems from Promega. CAT activity, normalized to B-galacto-
sidase activity, is expressed as the percent of that observed in
lysates from cells not transfected with SOCS-1, Elongin B, and
Elongin C expression vectors.
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Figure 6. Interaction of SOCS-Box proteins with Elongin BC.
(A) Hep3B cells stably transformed with T7-SOCS-1 (lane 1) or
empty control vector (lane 2) were incubated for 9 hr with 100
M ZnCl, in DMEM, 10% fetal calf serum prior to harvesting
and cell lysis. Two-hundred micrograms of total cell lysate pro-
tein was immunoprecipitated with anti-T7 antibodies and then
immunoblotted with anti-T7, anti-Elongin B, or anti-Elongin C
antibodies. (B) NIH-3T3 cells were stimulated with 1000 units
of y-interferon for 5 hr before harvesting and cell lysis (lanes
1-4). M1 cells were stimulated with 50 ng/ml IL-6 for 5 hr
before harvesting and cell lysis (lanes 5-7). Approximately 5 mg
of total cell lysate protein was immunoprecipitated with the
indicated antibodies and then immunoblotted with anti-
SOCS-1 (N18) (lanes 1-2), anti-SOCS-3 (S19) (lanes 3-4), and
anti-Elongin B and anti-Elongin C antibodies as indicated.

bodies against the HPC4 epitope on Elongin B or by anti-
T7 antibodies; the small amount of Jak2 coimmunopre-
cipitated by anti-HPC4 from cells not transfected with
SOCS-1 was most likely due to the presence of endog-
enous SOCS proteins. Consistent with the previous ob-
servation that the SOCS-1 SH2 domain is sufficient for
binding to Jak2 (Endo et al. 1997), wild-type SOCS-1 and
both SOCS-1 mutants could be coimmunoprecipitated
with Jak2. In addition, we observed that all three SOCS-1
proteins were capable of inhibiting tyrosine phosphory-
lation of Jak2 (Fig. 5A, top, and B) and of inhibiting IL-
6-induced activation of a STAT-dependent CAT reporter
(Fig. 5C), indicating that an intact BC box is not essential
for these SOCS-1 functions.

In the course of these experiments, we observed that
wild-type SOCS-1 was expressed at significantly higher
levels than SOCS-1 mutants M1 or M2 following trans-
fection of 293T cells with equal concentrations of ex-
pression vectors (data not shown). To determine whether
this increased expression of wild-type SOCS-1 could be
attributed at least in part to stabilization of SOCS-1 by
Elongin BC, wild-type SOCS-1 or the M1 double point
mutant was transiently expressed in 293T cells with or
without Elongins B and C. Twenty-four hours after
transfection, cycloheximide was added to cultures to
block further protein synthesis, and the rate of decay of
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Figure 7. Interaction of Elongin BC with SOCS-1 increases its
stability. 293T cells were transiently transfected in 35-mm
dishes with 1 pg of the HPC4-Elongin B expression vector, 1 ug
of the HSV-Elongin C expression vector, and 1 pg of the wild-
type T7-SOCS-1 expression vector or 3 ug of the T7-SOCS-1 M1
expression vector as indicated. (A) Cycloheximide block.
Twenty-four hours after transfection, 100 ng/ml cycloheximide
was added to culture dishes. Cells were harvested and lysed
after an additional incubation for the indicated times. Twenty-
five micrograms of total cell lysate protein was immunoblotted
with the indicated antibodies. SOCS-1 protein was quantitated
by densitometry of Western blots using NTH Image 1.60/ppc. (B)
[>°S]Jmethionine pulse chase. Cultures were washed twice with
PBS and incubated with methionine-free medium containing
10% dialyzed fetal calf serum for 1 hr prior to addition of
[?*SJmethionine (0.5 mCi/ml of medium; EXPRE35S35S protein
labeling mix, NEN), followed by an additional 2 hr incubation.
The cells were then washed twice with PBS and cultured in
DMEM with 10% fetal calf serum. Cells were harvested and
lysed after an additional incubation for the indicated times. Ap-
proximately 200 ng of total cell lysate protein was immunopre-
cipitated with T7 antibody and analyzed by SDS-PAGE. Radio-
active proteins were detected and quantitated by PhosphorIm-
ager analysis. The data plotted represents the mean of three
independent experiments. Error bars indicate the standard error
of the mean.
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wild-type and mutant SOCS-1 proteins was measured by
Western blotting. As shown in Figure 7A, the level of
wild-type SOCS-1 protein remained constant for at least
9 hr after addition of cycloheximide to cells cotrans-
fected with SOCS-1 and Elongins B and C. In the absence
of cotransfected Elongins B and C, however, 50% of
SOCS-1 protein was lost within [b hr. Thus, wild-type
SOCS-1 protein is stabilized by coexpression of Elongins
B and C. In contrast to wild-type SOCS-1, the M1 mutant
was unstable in both the presence and absence of co-
transfected Elongins B and C.

Similar results were obtained when the decay rates of
wild-type SOCS-1 and the M1 double point mutant were
measured in [**S]methionine pulse-chase experiments.
In these experiments, T7-tagged SOCS-1 proteins were
transiently expressed in 293 T cells with or without Elon-
gins B and C. Twenty-four hours after transfection, cells
were pulse-labeled with [3**S|methionine and then grown
for varying lengths of time in culture medium contain-
ing unlabeled methionine. Radioactively labeled SOCS-1
proteins were then immunoprecipitated from cell lysates
with anti-T7 epitope antibody, and the amounts of
SOCS-1 proteins remaining after the chase were quanti-
tated by analysis with a Phosphorlmager. As shown in
Figure 7B, wild-type SOCS-1 protein was very stable in
cells cotransfected with SOCS-1 and Elongins B and C,
but decayed rapidly in the absence of cotransfected Elon-
gins B and C. In addition, the M1 mutant decayed rapidly
in both the presence and absence of cotransfected Elon-
gins B and C. Taken together, these results indicate that
stabilization of SOCS-1 by the Elongin BC complex de-
pends on an intact Elongin BC binding site and strongly
suggest that stabilization of SOCS-1 requires interaction
of the Elongin BC complex with the SOCS box.

Discussion

The Elongin BC complex was identified initially as a
positive regulator of RNA Pol II elongation factor Elon-
gin A and subsequently as a component of the multipro-
tein VHL tumor-suppressor complex. Interaction of the
Elongin BC complex with Elongin A and VHL depends
on binding of Elongin C to an 12 amino acid BC-box
motif shared by Elongin A and VHL. In the process of
investigating the functional relationship between Elon-
gin A, VHL, and the Elongin BC complex, we discovered
that Elongin BC is much more abundant in cell extracts
than either Elongin A or VHL and, further, that Elongin
BC is present in extracts in multiple, chromatographi-
cally distinct species. In light of these findings, we con-
sidered the possibility that the Flongin BC complex
might play multiple roles in cellular regulation by con-
trolling the activities of Elongin A, VHL, and perhaps
other proteins in distinct cellular processes. As part of
our effort to identify the repertoire of cellular Elongin
BC-interacting proteins, we sought to identify additional
BC box proteins. In the course of this work, we discov-
ered that a functional BC-box is a component of the
SOCS-box motif described recently (Starr et al. 1997; Hil-
ton et al. 1998; Nicholson and Hilton 1998).
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The (b0 amino acid SOCS-box motif is composed of
two well-conserved blocks of sequence, which are sepa-
rated by 2-10 nonconserved residues. The carboxy-ter-
minal-conserved region is an L/P-rich sequence of un-
known function, and, as we have shown here, the amino-
terminal conserved region is a consensus BC box. Each
modular SOCS box protein includes a SOCS-box at its
extreme carboxyl terminus and, depending on the pro-
tein family, either an SH2, Ras-like, WD40 repeat, an-
kyrin repeat, or SPRY domain at its amino terminus (Hil-
ton et al. 1998). In this report we have tested represen-
tative members of four of the five SOCS-box protein
families for their abilities to bind Elongin BC. Our re-
sults indicate that the Elongin BC complex interacts not
only with Elongin A and VHL, but also with all SOCS-
box proteins tested, including members of the SOCS,
Ras, WD-40 repeat, and ankyrin repeat families. In addi-
tion, we have made findings that shed light on the roles
of the SOCS-box and the Elongin BC-SOCS-box interac-
tion in regulating the activity of SOCS-1, the best char-
acterized member of the SOCS-box family.

SOCS-1 was shown previously to attenuate Jak/STAT
signaling by binding to and inhibiting Jak kinase-depen-
dent phosphorylation and activation of STATs (Endo et
al. 1997; Naka et al. 1997; Starr et al. 1997). These stud-
ies demonstrated that the SH2 domain of SOCS-1 is criti-
cal for binding to Jak, but is not sufficient for inhibition
of Jak kinase, raising the possibility that the role of the
SOCS box in SOCS-box proteins might be to control di-
rectly the activities of target protein kinases or other
regulatory molecules, whereas the amino-terminal SH2,
Ras, WD-40 repeat, and ankyrin repeat domains might be
responsible for dictating the specificity of interaction of
SOCS-box proteins with their targets (Hilton et al. 1998).
We observe, however, that SOCS-1 mutants lacking the
SOCS-box or containing BC-box mutations that disrupt
interaction with Elongin BC still retain their ability to
inhibit Jak kinase, arguing that, at least in the case of
SOCS-1, neither the SOCS box nor Elongin BC is directly
involved in regulating the target protein. On the other
hand, we observe that interaction of Elongin BC with the
SOCS box markedly increases the stability of the
SOCS-1 protein. Consistent with our findings, while this
paper was under revision, Narazaki et al. (1998) reported
that although the SOCS-1 SOCS box is not essential for
inhibition of Jak kinase activities or for suppression of
IL-6 signaling in cells, it does serve to protect SOCS-1
from degradation by the proteasome. Although free wild-
type SOCS-1 or SOCS-1 lacking a functional Elongin BC
binding site may be rapidly degraded simply because it is
normally part of a multiprotein complex, our results
raise the possibility that the Elongin BC-SOCS-box in-
teraction could function at least in part to fine tune the
concentration of SOCS-1 in cells and thus indirectly
regulate the activity of the target protein. The potential
importance of properly regulating cellular concentra-
tions of SOCS proteins is underscored by recent results
suggesting that the leptin resistance and consequent obe-
sity of AY/a mice may be due in part to inappropriately
elevated SOCS-3 levels (Bjorbaek et al. 1998).
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Figure 8. Multiple functions for the Elongin BC complex.

The observation that the Elongin BC complex binds to
and can regulate the activity or stability of multiple pro-
teins brings to light a striking parallel between Elongin C
and and its structural homolog Skpl. Similar to Elongin
C, which interacts with the conserved BC-box motif pre-
sent in Elongin A, VHL, and the SOCS-box proteins,
Skpl interacts with the conserved F-box motif present in
multiple families of proteins and thereby participates in
regulation of diverse cellular processes (Zhang et al.
1995; Bai et al. 1996; Connelly and Hieter 1996; Feldman
et al. 1997; Skowyra et al. 1997; Patton et al. 1998b).
Skpl is a component of the S. cerevisiae CBF3 kineto-
chore complex, in which it binds to and mediates phos-
phorylation-dependent activation of the F-box protein
Ctf13, perhaps by bridging Ctf13 to the kinase(s) respon-
sible for its phosphorylation (Connelly and Hieter 1996;
Kaplan et al. 1997). Mammalian Skpl has been shown to
bind to an F box in cyclin F, although the functional
consequences of this interaction are unknown (Bai et al.
1996). Skpl is also a component of several Skpl-
Cdc53-F box (SCF) E3 ubiquitin ligase complexes, in
which it functions as an adapter that bridges Cdc53 and
F-box proteins like the WD-40 repeat proteins Cdcdp and
Met30p and the leucine-rich repeat (LRR) protein Grrl
(Bai et al. 1996; Feldman et al. 1997; Skowyra et al. 1997;
Patton et al. 1998a,b). Notably, the Cdc53-like mamma-
lian Cul2 protein is associated with the VHL-Elongin BC
complex, and Elongin BC appears to bridge Cul2 to VHL
in a manner analogous to the SCF configuration (Pause et
al. 1997; Lonergan et al. 1998). There is presently no
evidence, however, that the VHL tumor-suppressor com-
plex is an E3 ubiquitin ligase.

In summary, our findings are consistent with the
model that Elongin BC is a multifunctional regulatory
complex that is capable of controlling multiple pathways
in the cell through its interaction with a short degener-
ate sequence motif found in many proteins, including
Elongin A, VHL, and the SOCS-box family of proteins
(Fig. 8). Elongins B and C and many BC-box proteins are
highly conserved throughout evolution (Aso et al. 1996;
Aso and Conrad 1997; Takagi et al. 1997; Nicholson and
Hilton 1998). Thus, it is reasonable to anticipate that
Elongin BC regulatory pathways are evolutionarily con-
served. Given their high degree of conservation and their
involvement in multiple, apparently distinct biochemi-
cal pathways, further analysis of the Elongin BC complex
and BC-box proteins are likely to reveal new and impor-
tant modes of regulation.

Interaction of Elongin BC with SOCS-box proteins

Materials and methods

Expression of recombinant proteins in E. coli

Full-length mouse SOCS-1 was expressed in pRSET B (Invitro-
gen) with amino-terminal 6-histidine, T7, and Xpress tags. Full-
length human SOCS-3 was expressed in pRSET B with amino-
terminal 6-histidine, T7, and Xpress tags. Mouse Rar-1 (EST
accession no. AA241036) containing sequences homologous to
residues 9-244 of human RAR-1 was expressed in pRSET B with
amino-terminal 6-histidine and Flag tags. Full-length mouse
WSB-1 was expressed in pRSET B with amino-terminal 6-histi-
dine and Flag tags. Mouse ASB-2 (EST accession no. AA104067)
containing the carboxy-terminal 545 amino acids of the ORF
was expressed in pRSET B with amino-terminal 6-histidine and
Flag tags. Full-length rat Elongin B was expressed in pET 16b
(Novagen) with an amino-terminal 6-histidine tag and in pRSET
B with an amino-terminal 6-histidine tag and a carboxy-termi-
nal HPC4 tag (Stearns et al. 1988). Full-length rat Elongin C was
expressed in pET 16b with an amino-terminal 6-histidine tag.
Proteins were purified from inclusion bodies by Ni**-agarose
affinity chromatography and renatured in various combinations
as described (Aso et al. 1995).

Expression of recombinant proteins in insect cells

c¢DNAs encoding full-length mouse SOCS-1 containing amino-
terminal 6-histidine, T7, and Xpress tags, mouse SOCS-1 mu-
tants M1 and M2 containing amino-terminal 6-histidine, T7,
and Xpress tags, full-length rat Elongin B containing an amino-
terminal 6-histidine tag and a carboxy-terminal HPC4 tag, and
full-length rat Elongin C containing amino-terminal 6-histidine
and HSV tags were subcloned into pBacPAK 8, and recombinant
baculoviruses were generated by the BacPAK baculovirus ex-
pression system (Clontech). Sf21 cells were cultured in S£-900 II
SFM with 5% fetal calf serum at 27°C and infected with appro-
priate recombinant baculoviruses. Sixty hours after infection,
cells were collected and lysed by gentle vortexing in ice-cold
buffer containing 40 mm HEPES-NaOH (pH 7.9), 150 mm NaCl,
1mMDTT, 0.5% (vol/vol) Triton X-100, 10% (vol/vol) glycerol,
5 pg/ml leupeptin, 5 pg/ml antipain, 5 png/ml pepstatin A, and
5 pg/ml aprotinin. Lysates were centrifuged at 10,000g for 20
min at 4°C. The supernatants were used for immunoprecipita-
tions.

Expression of recombinant proteins in mammalian cells

c¢DNAs encoding full-length SOCS-1 and SOCS-1 mutants M1
and M2 containing amino-terminal 6-histidine, T7, and Xpress
tags, full-length rat Elongin B containing a carboxy-terminal
HPC4 tag, and full-length Elongin C containing an amino-ter-
minal HSV tag were subcloned into the pCl-neo vector (Pro-
mega). The Jak2 Prk5 expression construct was a gift from J. Thle
(HHMI and St. Jude Children’s Hospital, Memphis, TN).
Twenty-four hours after transfection of 293T cells, cells were
collected and lysed in ice-cold buffer containing 40 mm HEPES-
NaOH (pH 7.9), 150 mm NaCl, 1 mm DTT, 0.5% (vol/vol) Tri-
ton X-100, 10% (vol/vol) glycerol, 1 mm Na orthovanadate, 5
pg/ml leupeptin, 5 ng/ml anti-pain, 5 pg/ml pepstatin A, and 5
ug/ml aprotinin. Lysates were centrifuged at 10,000g for 20 min
at 4°C. To prepare Hep3B derivatives stably expressing SOCS-1
or the SOCS-1 M1 mutant, SOCS-1 wild type or M1 were sub-
cloned into p1093 (Sompayrac and Danna 1994) under the con-
trol of a zinc-inducible metallothionein promoter. Stable trans-
formants were selected in 500 pg/ml G418 in DMEM with 10%
fetal calf serum and maintained.
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Immunoprecipitations and Western blotting

Anti-T7 and anti-HSV antibodies were from Novagen. Anti-
HPC4 monoclonal antibody (Stearns et al. 1988) was provided
by C. Esmon (HHMI and Oklahoma Medical Research Founda-
tion); anti-Elongin C monoclonal antibody was from Transduc-
tion Laboratories; and anti-VHL monoclonal antibody (Ig32)
was from Pharmingen. Elongin A was detected by a monoclonal
antibody (ELA-4) that was raised against rat Elongin A and rec-
ognizes an epitope between residues 481 and 520 of Elongin A.
Anti-Jak2 antibody was from Santa Cruz Biotechnology, Inc. To
measure binding of Elongins B and C to SOCS-box proteins from
insect cells or E. coli, baculovirus-infected cell lysates or puri-
fied, renatured bacterially expressed proteins were incubated
with antibody for 1 hr at 4°C and then with protein A/G agarose
(Santa Cruz) for 1 hr. Protein A/G agarose was washed three
times in buffer containing 40 mm HEPES-NaOH (pH 7.9), 500
mM NaCl, 1 mm DTT, and 0.5% (vol/vol) Triton X-100. To
measure protein—protein interactions in mammalian cells, cell
lysates were incubated with antibody for 1 hr at 4°C and then
with protein A-Sepharose CL-4B for 1 hr or, in experiments
with goat polyclonal antibodies, protein A/G agarose. Protein A
or protein A/G beads were washed three times in buffer con-
taining 40 mm HEPES-NaOH (pH 7.9), 150 mm NaCl, 1 mm
DTT, and 0.5% (vol/vol) Triton X-100. Immunoprecipitated
proteins were analyzed by electrophoresis through SDS—poly-
acrylamide gels. Proteins were visualized by silver or Coo-
massie Blue staining or transferred to nitrocellulose membranes
(Micron Separations, Inc.) and visualized by Western blotting
with the chemiluminescence reagent (NEN).
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