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differs by six amino acids from vRel in this substituted region
(6a).
To construct the LexA-vRel mutant derivatives, EcoRI

fragments from the middle of the v-rel gene containing the
indicated alterations were introduced into the LexA-v-rel
gene in place of the corresponding wild-type v-rel EcoRI
fragment. The construction of the v-rel mutant derivatives
(without the fused LexA sequences) in retroviral vectors has
been described previously by Gilmore and Temin (16). The
approximate positions of the relevant restriction enzyme
sites in v-rel are indicated above LexA-vRel in Fig. 4.

Target plasmid pJK1l1 containing a URA3 gene, a GALI-
lacz fusion gene, and a 2p.m replicator was used in all
experiments. This plasmid is derived from pLR1A20B (50)
and contains the high-affinity LexA operator from the pro-
moter of the bacterial ColEl gene (10) inserted into an XhoI
site 128 base pairs upstream of the GALI-lacZ transcription
start site.

Retroviral vectors carrying rel genes were constructed as
described previously (6a, 16). Construction of the plasmid
viral vector, pJD214c-rel, expressing the full-length c-rel
gene, is described by Capobianco et al. (6a). The viral vector
carrying the c-reldelXbaI gene was constructed by digesting
pJD214c-rel with XbaI and religating to remove the small
XbaI fragment between the 3' end of the c-rel gene and the
polylinker derived from pJD214. JD214c-rel-infected
chicken embryo fibroblasts synthesize full-length p68c-re
(6a). Chicken embryo fibroblasts and transformed spleen
cells infected with a virus carrying the c-reldelXbal gene
synthesize a correspondingly smaller cRel protein (data not
shown). The sequences surrounding serine 275 (ArgArgPro
SrAsp) and serine 304 (LysArgGluArgS.rThr) in vRel
suggest that they might be sites for phosphorylation by
protein kinase A. Mutations converting the codons for these
serines to alanines, 275A and 304A, were made by standard
techniques (16, 24) and inserted either into the yeast pro-
ducer plasmid as EcoRI fragments as described above or into
the avian retroviral vector pJD214 (9), which also carries the
wild-type v-rel gene (plasmid pGM282 in Capobianco et al.
[6a]). All mutants were confirmed by sequence analysis.
Immunoblot analysis. To prepare protein extracts, yeast

cells in mid-exponential growth phase were centrifuged,
suspended in Laemmli sample buffer (25), and immediately
frozen at -80°C. Extracts were then heated for 3 min at
100°C and separated on a sodium dodecyl sulfate-9% poly-
acrylamide gel. Transfer to nitrocellulose, hybridization with
anti-LexA antibody, and visualization of LexA protein de-
rivatives were performed as described by Samson et al. (34),
except that 3% dry milk was included in the pretreatment
buffer and incubation with the anti-LexA antibody was
performed for 4 h at room temperature. Equal amounts of
protein were loaded in each lane except the LexA-Dorsal
lane. It was necessary to load five times more extract from
cells synthesizing LexA-Dorsal to visualize the protein.

Spleen cell transformation. Spleen cell transformation data
were obtained as described previously (16) or were taken
from Gilmore and Temin (16).

RESULTS

vRel, cRel, and Dorsal activate transcription when bound to
DNA in yeast cells. To test whether DNA-bound vRel,
chicken cRel, and Dorsal activated gene expression, we
cotransformed yeast cells with two types of plasmids. Target
plasmids carried a GALI-lacZ reporter gene containing an
upstream LexA operator. Producer plasmids encoded pro-
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FIG. 2. Visualization of fusion proteins. Protein extracts were
analyzed on a denaturing 9% polyacrylamide gel, electrophoretically
transferred to a nitrocellulose filter, and detected by hybridization
with anti-LexA antibody. It was necessary to load five times more
extract from cells synthesizing LexA-Dorsal and to overdevelop the
immunoblot to visualize the protein. The positions and sizes in
kilodaltons of molecular size markers are indicated on the right. The
approximate positions of LexA fusion proteins are as follows:
LexA-cRel, 85 kilodaltons (kDa); LexA-vRel, 67 kDa; LexA-
5'vRel, 48 kDa; and LexA-3'vRel, 28 kDa. LexA-Dorsal runs as a
doublet at approximately 90 kDa under the nonspecific band at 116
kDa.

teins that contained the DNA-binding domain of the bacte-
rial LexA protein (residues 1 to 87) fused to Rel or Dorsal
protein derivatives (see Fig. 3 and 5). Transcription of the
GAL1-lacZ target gene was measured by assaying ,-galac-
tosidase activity. LexA-vRel, LexA-cRel, and LexA-Dorsal
proteins of the expected sizes were detected by immunoblot
analysis of yeast cell extracts with anti-LexA antiserum (Fig.
2). LexA-Dorsal was expressed at only about 10% of the
level of the other proteins.
LexA-vRel, LexA-cRel, and LexA-Dorsal fusion proteins

all stimulated expression of the GALI-facZ target gene (Fig.
3). LexA-vRel directed the synthesis of 190 U of ,-galac-
tosidase activity. LexA-cRel stimulated gene expression 10
times more strongly (1,700 U) than LexA-vRel did. LexA-
Dorsal stimulated gene expression more weakly (25 U) than
LexA-vRel or LexA-cRel; this may be attributable to its low
level of expression (Fig. 2). Consistent with this is the fact
that when LexA-Dorsal is carried on a 2,um-based plasmid
and overexpressed in yeast cells, higher levels of target gene
expression are observed (J. Kamens, unpublished results).
Expression levels were determined relative to the back-
ground of 0.1 to 0.5 U of ,-galactosidase, observed in cells
that expressed only LexA (1-87) (Fig. 3) or native LexA
(data not shown). Thus, even for LexA-Dorsal there is a 50-
to 250-fold stimulation of reporter gene expression. Cells
that contained LexA-vRel, LexA-cRel, or LexA-Dorsal did
not stimulate the expression of target genes that lacked
upstream operators (data not shown).

cRel contains two gene activation domains, one of which is
not present in vRel. The region of sequence similarity among
vRel, cRel, and Dorsal is restricted to the amino-terminal
halves of these proteins (Fig. 1) (19, 42; Capobianco et al., in
press). To investigate the functional significance of this
region, we constructed hybrid genes that encoded the DNA-
binding domain of LexA fused to either the amino terminus
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FIG. 3. Activation of gene expression by hybrid Rel and Dorsal proteins in yeast cells. The indicated LexA-vRel, LexA-cRel, and LexA-
Dorsal fusion proteins were assayed for activation of target gene expression. The region of sequence similarity between Rel and Dorsal
proteins is indicated by the striped regions. The shaded region represents the region of LexA-VCVRel that is derived from the cRel protein.
Chicken cRel differs by six amino acids from vRel in this substituted region. Yeast cells were cotransformed with target plasmid pJK1l1 and
plasmids producing the indicated proteins. P-Galactosidase activity was measured, and the results are expressed as units of ,B-galactosidase.
Here and in Fig. 5, the rectangular box at the left of each protein represents LexA (1-87). The numbers above the figures correspond to the
amino acids from the full-length vRel, cRel, and Dorsal proteins that are present in the LexA hybrid proteins.

of vRel (LexA-5'vRel) or the carboxy terminus of vRel
(LexA-3'vRel). When synthesized in yeast cells the hybrid
proteins were the expected sizes and were present in approx-
imately equal amounts (Fig. 2). As shown in Fig. 3, the
amino-terminal region of vRel, which is similar to Dorsal,
activated gene expression, whereas the carboxy-terminal
region, which contains amino acids specific to Rel proteins,
did not. Since the amino-terminal 331 amino acids of vRel
are sufficient for gene activation, and since mutations in this
region abolished gene activation (see below), we called this
region activation region I.

The major difference between cRel and vRel is at their
carboxy termini. cRel contains 118 amino acids not present
in vRel (19; Capobianco et al., in press). To determine
whether this difference was responsible for the high level of
gene activation by cRel, we made the following two con-
structions: we created a truncated cRel protein by deleting
55 amino acids from the carboxy terminus of LexA-cRel
(LexA-cReldXbal), and we fused the carboxy terminus of
cRel directly to LexA (LexA-3'cRel) to create a protein
analogous to the LexA-3'vRel construction. LexA-cReldX-
bal activated gene expression much less well than LexA-
cRel, at a level similar to that of LexA-vRel (110 U [Fig. 3]).
However, the carboxy terminus of cRel activated gene
expression very strongly (LexA-3'cRel; 490 U). These re-
sults suggest that the carboxy terminus of cRel contains an
independent gene activation region (region II, see below)
that augments the transcription activation function present
in the amino-terminal half of cRel. The idea that it is the
carboxy-terminal region that confers heightened transcrip-
tion activation by cRel is supported by results of an exper-
iment in which we replaced most of activation region I of

vRel with the corresponding sequences from cRel (Fig. 3,
LexA-VCVRel, 130 U). The level of gene activation was
similar to that seen with intact LexA-vRel, indicating that
cRel contains an activation region I that is structurally and
functionally analogous to that of vRel.
A truncated cRel derivative transforms spleen cells. We

define activation region II as the 55 carboxy-terminal amino
acids of cRel, since deletion of these amino acids abolished
strong transcription activation by cRel. When expressed
from a retroviral vector, vRel (which contains activation
region I but lacks region II) transforms spleen cells. Full-
length cRel, which contains regions I and II, does not do so
(Fig. 4). To determine whether the presence of region II is
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FIG. 4. Truncated cRel protein transforms spleen cells. Spleen
necrosis virus vectors carrying the indicated genes were assayed for
their ability to transform avian spleen cells. Virus stocks were
prepared by cotransfection of chicken embryo fibroblasts with
defective virus DNA and helper virus DNA as described previously
(16), and these virus stocks were used to infect fresh chicken spleen
cells. Transformed colonies were detected as described previously
(16, 21). Symbols: +, transforming; -, nontransforming.
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FIG. 5. Lesions in activation region I inhibit cell transformation by derivatives of vRel. These altered forms of the LexA-vRel protein were

introduced into yeast cells carrying a target plasmid. The approximate positions of the relevant restriction enzyme sites are indicated above
LexA-vRel. In-frame deletions are indicated by gaps. The shaded regions represent insertions of a 15-amino-acid sequence corresponding to
the simian virus 40 nuclear localization sequence. NW refers to a site-directed mutation that inactivates the major vRel nuclear localizing
sequence (16). LexA-275A and LexA-304A have site-directed mutations in serine residues that are consensus sites for phosphorylation by
protein kinase A. All hybrid proteins were synthesized in S. cerevisiae and were the expected sizes, as demonstrated by immunoblot analysis
with anti-LexA antibody (data not shown). Spleen cell transformation data were obtained for the indicated mutant vRel proteins as expressed
from spleen necrosis virus vectors (without the LexA moiety), and data are from Gilmore and Temin (16) or were from assays as described
in the legend to Fig. 4 (for 304A and 275A). Symbols: +, transforming; -, nontransforming; +/-, abortive transformation.

related to the inability of cRel to transform, we tested
truncated cRel (cReldelXbal) in the spleen cell transforma-
tion assay. This cRel derivative transformed spleen cells
(Fig. 4), demonstrating that region II inhibits transformation
by native cRel. cRel that is missing region II thus resembles
vRel in both the cell transformation and transcription acti-
vation functions. This demonstrates that region II is not
necessary for transformation by Rel proteins.

Transcription activation by region I correlates with cell
transformation by vRel. To examine the relevance of region
I to the transforming function of Rel, we tested the effect of
mutations in this region on oncogenicity and transcription
activation by vRel. Transcription activation was measured
with LexA-vRel derivatives. These derivatives lack one
amino acid from their amino termini, which has been re-
placed by the LexA DNA-binding domain. Oncogenicity
was measured by a spleen cell transformation assay with
vRel derivatives expressed from retroviral vectors; many of
these results have been reported previously (16). The LexA
moiety was not included on these proteins because it was
known that vRel derivatives that carry the LexA moiety or

other amino-terminal additions or alterations do not trans-
form in this assay (16, 47; data not shown).
The ability of vRel mutants to transform spleen cells

directly correlates with the ability of the corresponding
LexA derivatives to activate transcription in yeast cells (Fig.
5). Nontransforming mutants (for example, dStu/Hinc,
which is missing amino acids 274 to 331, or TG19, which
contains a 15-amino-acid insertion after residue 273) did not
activate gene expression. Mutant derivatives which retained
transforming activity (for example, NW-1, which contains
point mutations in the vRel nuclear localization sequence, or
TG18, which contains a 15-amino-acid insertion after amino
acid 331) all activated gene expression. A mutant that causes
abortive transformation of spleen cells (dHinc/Pvu, which
lacks amino acids 332 to 389 and therefore abuts region I
[colonies are formed, but do not grow indefinitely]) (16)
activated gene expression only weakly. Two mutant deriva-
tives that activated gene expression slightly better than
LexA-vRel (dHae/Hinc and TG18NW-1) may have in-
creased transformation activity, but the spleen cell assay is
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not sensitive enough to detect small differences in transform-
ing potential.
The smallest deletion in vRel that inactivated both the

transcription activation and cell transformation functions
was dStu/Hinc, which lacks 58 amino acids from region I. In
all known Rel and Dorsal proteins these amino acids are
highly conserved and contain two consensus sites for phos-
phorylation by protein kinase A (6, 6a, 17, 41, 42, 52). vRel
is phosphorylated in vivo (15), and it seemed possible that
phosphorylation of these residues (amino acids 275 and 304
in wild-type vRel) would affect transcription activation or
oncogenic transformation by vRel (26, 39). However, muta-
tions that changed serines in these protein kinase A consen-
sus recognition sites to alanines (LexA-275A and LexA-
304A) did not affect either gene activation or transformation
(Fig. 5).

DISCUSSION

We have shown that the LexA fusion derivatives of vRel,
cRel, and Dorsal proteins stimulate transcription of target
genes in yeast cells. Transcription activation depends on the
presence of the LexA operator upstream of the target genes,
and thus on binding of the fusion protein to the operator (5,
26). cRel is the strongest activator, presumably because it
contains an activation domain at its carboxy terminus that is
not present in vRel and Dorsal (Fig. 1). This region, region
II, is not necessary for transformation by Rel proteins, since
it is missing in both vRel and a transforming mutant of cRel.
The fact that cRel is such a potent activator of gene
expression in yeast cells suggests that activation of tran-
scription is a genuine function of the cRel protein in higher
eucaryotes. vRel and Dorsal are weaker activators. All
lesions that eliminate transcription activation by region I
inactivate the transforming function of vRel. One mutation
diminishes transcription activation and diminishes the trans-
forming function of vRel. These results clearly suggest that
the region I transcription activation function is required for
transformation by Rel proteins.
How do regions I and II activate transcription? In many

eucaryotic transcription regulatory proteins, activation re-
gions are characterized by stretches of acidic amino acids,
glutamines, or prolines (28, 30, 45). Region II of chicken
cRel has a net charge of -7, suggesting that transcription
stimulation by it may depend on acidic amino acids. Consist-
ent with this idea, the carboxy termini of mouse and human
cRel proteins show no obvious sequence similarity to that of
avian cRel, but are all strongly negatively charged (6, 17).
Dorsal does not contain a region II, but it does contain
stretches of glutamines in its carboxy terminus (42). Glu-
tamine-rich activation domains apparently do not function in
S. cerevisiae (C. Besmond, D. Collazo, and R. Brent,
unpublished data; G. Gill and R. Tjian, personal communi-
cation), but it is possible that these stretches constitute an
activation region equivalent to region II when Dorsal is
expressed in Drosophila cells. In contrast, region I contains
no stretches of acidic amino acids, glutamines, or prolines.
At least three other oncoproteins (Fos, Jun, and Myb) and

four other Drosophila developmental proteins (Ftz, Ubx,
abd-a, and Bicoid) stimulate gene expression when brought
to DNA via fusion to a heterologous DNA-binding domain
(13, 18, 26, 34, 46, 51). In each case, it has also been shown
that these proteins associate with specific DNA sequences.
These results have led to the idea that gene activation by
these DNA-bound proteins may be necessary for their roles
in oncogenesis and development. Although we have shown

that DNA-bound Rel and Dorsal fusion proteins all activate
transcription, no specific DNA-binding sites have been iden-
tified for the native proteins. Rel proteins are known to
associate with a number of cellular proteins (29, 37); if their
normal function requires association with specific sites on
promoter DNA, it is possible that Rel proteins are bound to
DNA via an association with one of these proteins. (A
similar model has been proposed for the adenovirus Ela
protein, which does not bind DNA directly [12] but activates
gene expression when brought to DNA by a heterologous
DNA-binding domain [27].)

Recently, Hannink and Temin studied transactivation by
vRel derivatives in rat cells (19). They found that all trans-
forming Rel protein derivatives were also able to transacti-
vate expression of the polyomavirus late promoter. How-
ever, they found that not all derivatives that transactivate
were able to fully transform; they therefore concluded that
there is no apparent correlation between the ability of Rel
proteins to transactivate the polyomavirus late promoter and
the ability of these derivatives to transform. Two facts may
account for this apparent discrepancy with our results. First,
our assays are different. The effects of Rel proteins on gene
expression in our experiments are observed only when the
proteins are bound to promoter DNA via LexA moieties,
whereas in transactivation assays, the effects of Rel proteins
on gene expression are not necessarily due to Rel binding to
the promoter (14, 19). Second, in our experiments, transcrip-
tion activation via region I correlates with oncogenic trans-
formation in vRel derivatives which all lacked region II.
Some of the vRel-cRel hybrids used by Hannink and Temin
(19) included region II, under which conditions any putative
correlation between transactivation and oncogenic transfor-
mation might not be observed.
We have shown that region II contains a strong transcrip-

tion activation function and inhibits transformation by native
cRel. It is possible that this region inhibits transformation by
intact cRel in some way that is related to its ability to
activate transcription, for example by overstimulating
expression of some cellular target gene or by titrating some
accessory transcription factor. Alternatively, region II may
suppress transformation in a manner that is unrelated to its
role in transcription activation. For example, recent evi-
dence suggests that the cRel carboxy terminus prevents cRel
from entering the nucleus of higher eucaryotic cells (6a, 19).
Region II does not always suppress transformation by Rel
derivatives. Certain vRel derivatives containing the intact
cRel carboxy terminus do transform spleen cells (19; T. D.
Gilmore and A. J. Capobianco, unpublished data), indicating
that there is more than one mechanism by which the trans-
forming potential of cRel proteins may be activated.
We have shown that the integrity of activation region I is

necessary for oncogenic transformation by vRel. This fact is
consistent with the idea that the oncogenicity of Rel proteins
requires an interaction between region I and some compo-
nent of the transcription apparatus. We imagine two mech-
anisms by which such an interaction might be oncogenic.
First, transformation by vRel and mutant derivatives might
be due to direct stimulation of target genes. This model
requires that transforming Rel proteins interact with DNA
upstream of target genes, and thus requires that at least a
subpopulation of these proteins be present in the nucleus.
Alternatively, it is possible that transforming Rel proteins
compete with cRel for a component of the transcription
apparatus. In this case, transformation would not require an
intact region I to activate transcription per se, but, rather, to
compete for a transcription factor that normally interacts
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with cRel to suppress the malignant state. This hypothesis
would predict that transforming Rel proteins would exert a

dominant interfering effect on cRel function somewhat akin
to the dominant negative effect caused by oncogenic deriv-
atives of erb-A (8, 35). It is worth noting that such a

mechanism for Rel transformation would not require that the
Rel derivatives be present in the nucleus and would thus
explain the fact that apparently cytoplasmic Rel derivatives
transform (16). Apparent titration of transcription factors
has been observed for GAL4 derivatives, even ones that are

not localized to the nucleus (14a, 36a). These GAL4 deriv-
atives presumably sequester a component that normally
partitions between the nucleus and the cytoplasm, or seques-
ter a component while it is en route to the nucleus. Finally,
it remains possible that some other function of region I,

unrelated to its role in transcription activation, is required
for Rel to transform spleen cells. However, the strength of
the correlation between oncogenic transformation and tran-
scription activation by region I provides a simple hypothesis
to guide future work.
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