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The NF-KB transcription factor complex is composed of a 50-kDa (p50) and a 65-kDa (p65) subunit. Both
subunits bind to similar DNA motifs and elicit transcriptional activation as either homo- or heterodimers. By
using chimeric proteins that contain the DNA binding domain of the yeast transcriptional activator GALA and
subdomains of p65, three distinct transcriptional activation domains were identified. One domain was localized
to a region of 42 amino acids containing a potential leucine zipper structure, consistent with earlier reports.
Two other domains, both acidic and rich in prolines, were also identified. Of perhaps more significance, the
same minimal activation domains that were functional in mammalian cells were also functional in the yeast
Saccharomyces cerevisiae. Coexpression of the NF-KcB inhibitory molecule, IKB, reduced the transcriptional
activity of p65 significantly, suggesting the ability of IKB to function in a similar manner in S. cerevisiae.
Surprisingly, while the conserved rel homology domain of p65 demonstrated no transcriptional activity in
either mammalian cells or S. cerevisiae, the corresponding domain in p50 was a strong transcriptional activator
in S. cerevisiae. The observation that similar domains elicit transcriptional activation in mammalian cells and
S. cerevisiae demonstrates strong conservation of the transcriptional machinery required for NF-cB function
and provides a powerful genetic system to study the transcriptional mechanisms of these proteins.

Nuclear factor KB (NF-KB), originally described as a
factor involved in tissue-specific control of the mouse K

light-chain enhancer (65, 66), is now known to be involved in
the inducible expression of a wide range of genes (2, 6, 44).
The KB DNA binding site has been identified in the regula-
tory elements of cytokine, cytokine receptor, major histo-
compatibility complex class I and II antigens, inflammatory
and acute-phase response genes, and several viral enhancer
elements (2, 6, 44). DNA binding activity appears to be
constitutive in mature B cells (66) and in activated macro-
phages (24). However, in most other cells NF-KB is com-
plexed with an inhibitory molecule (IKB) in the cytoplasm (3,
4, 21). Sequestration in the cytoplasm is thought to involve
masking of the nuclear localization signal (8). Upon activa-
tion by a variety of stimuli, including mitogens, cytokines,
and various viral proteins (2, 6, 44), NF-KB shuttles to the
nucleus, a process thought to involve phosphorylation of
IKB (21, 68). Initial studies demonstrated that IKB inhibits
binding of the p65 homodimer and the p5O/p65 heterodimer
through interaction with p65 (5, 21, 54, 78). However, recent
studies suggest that both subunits can interact with IKB (8).
Biochemical studies have shown that the major form of

NF-KB is composed of a heterodimer of a 50-kDa (p50) and
a 65-kDa (p65) subunit (5). Both subunits of NF-KB have
been cloned, and sequence analyses demonstrate strong
similarity in the amino-terminal 300 amino acids to the rel

proto-oncogene product (22, 38, 54, 58), originally identified
in the avian reticuloendotheliosis virus, rev T (73). It appears
that the p50 subunit is processed from a p105 precursor
protein (22, 38). The rel homology domain, which is also
conserved in the Drosophila maternal morphogen dorsal
(70), is required for DNA binding, multimerization, and
nuclear localization (2). In contrast to the extensive similar-
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ity of these proteins at the amino terminus, the carboxy
terminus of the rel-related family members is quite diver-
gent, except for the precursors of p50 and the related protein
p49 (1, 11, 63). The carboxy terminus of p105 and the p49
precursor p100 both contain a glycine-rich region and re-
peats of the ankyrin motif, which is found in proteins playing
a role in cell growth and differentiation (47) as well as
mediating heterodimer formation (40, 74). This motif is also
present in the inhibitory molecule IKB (15, 27).

In earlier studies performed with cellular NF-KB com-

plexes, it was suggested that the p50 subunit confers DNA
binding, whereas the p65 subunit confers transcriptional
activation functions (38, 78). However, recent studies using
both native (76, 77) and cloned (54, 60) p65 protein indicate
that it can associate with the KB motif in the absence of p50.
In support of the transcriptional activation potential of p65,
cotransfection experiments using p65 or GAL4p65 chimeric
proteins demonstrated strong activation that was localized to
the carboxy-terminal domain. Similar transfection studies
with p50 have failed to demonstrate transcriptional activa-
tion functions (7, 57, 60, 64). Other studies have demon-
strated that both c-rel and dorsal have activation domains
within the C-terminal region (12, 20, 26, 29, 30, 57). In
contrast, by using an in vitro transcription assay, it has been
shown that the rel homology domain of p50 is capable of
transcriptional activation (19, 39). Similar findings have yet
to be demonstrated in an in vivo system.
To further delineate the minimal transcriptional activation

domains of p65, an extensive deletion analysis of the car-

boxy terminus was performed. Transfection experiments in
COS-7 cells revealed the presence of at least three distinct
transcriptional activation domains. One domain was found
to depend on the intactness of a potential leucine zipper,
while the others were both acidic and proline rich. As
observed with several other mammalian transcription factors
(18, 42, 52, 62, 71), p65 was found to be a potent transcrip-
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tional activator in Saccharomyces cerevisiae. Most impor-
tant, transcriptional activation in S. cerevisiae was depen-
dent upon the same three activation domains identified in
mammalian cells. In addition, IKB was able to inhibit the
activity of p65 in S. cerevisiae through an interaction with
the rel domain, similar to its mode of action in mammalian
cells. Studies with the p50 subunit in S. cerevisiae revealed
that the rel homology domain was able to induce expression
from a promoter dependent on a KB motif for activity. This
is in contrast to in vivo studies conducted in mammalian
cells but is consistent with recent in vitro transcription
studies demonstrating the ability of p50 to activate transcrip-
tion. The observation that the same minimal activation
domains are functional in mammalian cells and S. cerevisiae
implies strong conservation between the transcriptional ma-
chinery required for NF-KB function in these two systems
and provides a genetic system to characterize the mecha-
nism of trans activation by NF-KB.

MATERIALS AND METHODS

Plasmids. The GALp65 chimeric proteins were con-
structed by first amplifying the fragment of p65 correspond-
ing to the desired amino acids by the polymerase chain
reaction (PCR) (see Fig. 1), restricting the amplified frag-
ment with BamHI and XbaI, and cloning the fragments in
frame with the GAL4 sequence corresponding to amino
acids 1 to 147 of the GAL4 DNA binding domain in plasmid
pSG424 (61). Mutagenesis of the leucine zipper within amino
acids 416 to 458 of p65 was performed by amplification of the
respective region from CMV-p65L440/P and CMV-p65AL
442 (60). Sequence analyses of the resulting GALp65 fusion
showed that these were the only changes in the DNA
sequence. The GALVP16 chimeric was created by amplify-
ing the terminal 78 amino acids of VP16 (amino acids 413 to
490) from the vector pMSVP16 (75), digesting with BamHI
and XbaI, and cloning in frame with the GAL4 DNA binding
domain in the same manner as for the GALp65 chimeric
proteins. The reporter plasmid used throughout for COS cell
transfections was GAL4TKCAT, which contains five copies
of the GAL4 binding site (GALUAS) cloned upstream of the
herpesvirus thymidine kinase promoter (TK) in the eukary-
otic expression vector pBL2CAT (67).
For expression in S. cerevisiae, the GALp65 gene fusions,

the GALVP16 gene fusion, and the GAL4 DNA binding
domain alone were excised from the pSG424-based vectors
as HindIII-XbaI fragments and subcloned into the HindIII-
XbaI site of pVU-100 between the ADHI promoter and
terminator sequences. pVU-100 is a multicopy vector and
contains the URA3 gene for selection in S. cerevisiae (79).

Full-length p65 and p65A, a naturally occurring spliced
derivative of p65 (60) were amplified by PCR as BglII
fragments from BLp65 (58) and BLp65A (60) and subcloned
into the BamHI site of pMA91 between the constitutive
PGK1 promoter and its terminator sequences to generate
pY65 and pY65A. pMA91 is a multicopy plasmid which
contains the LEU2 gene for selection (50). The p65 rel
homology domain (amino acids 1 to 310) was isolated as a
HindIII-XbaI fragment following PCR of BLp65 and then
was subcloned into the corresponding restriction sites of
pVU-100 to generate pY65R. The p5O rel homology domain
(amino acids 1 to 386) was amplified from BLp5O (58) as a
BglII fragment and subcloned into the BamHI site between
the PGKI promoter and terminator sequences in pY316P to
give pYSOR and pYSORX (p5O in the opposite orientation).
pY316P was constructed by inserting the 3.1-kb HindIII

cassette from pMA91, containing the PGKI promoter and
terminator sequences, into the HindIII site of pRS316 (69), a
low-copy-number plasmid. The fusion between the rel ho-
mology domain of p65 and the terminal 78 amino acids of
VP16 (amino acids 413 to 480) was carried out by inserting
the resulting amplicon of a two-step PCR into the HindIII
and XbaI sites of pVU-100 to give pY65VP16. IKB was
isolated as a BamHI-XbaI fragment from BL-IKB and sub-
cloned into the corresponding sites of pVL-102 (79) to
generate pYIKB, a multicopy plasmid dependent on the
LEU2 allele for selection. I-Rel was isolated as a HindIII-
XbaI fragment from BL-I-Rel (59) and inserted into the
HindIII-XbaI sites of pVL-100 to generate pYI-Rel.
Two KB reporter plasmids were used for studies in S.

cerevisiae. The first plasmid, pYKBlacZ, is a multicopy
plasmid containing three copies of the immunoglobulin K
light-chain KB motif upstream of the Escherichia coli P-gal-
actosidase gene lacZ. This reporter was constructed by
inserting the TRPJ gene into the URA3 gene of IgK3 (34).
The full-length TRP1 gene, including 200 bp of flanking
sequence on either side, was amplified by PCR from pRS314
(69), digested by ApaI, and inserted into the ApaI site of
IgK3, thus disrupting the URA3 gene and rendering plasmid
selection in S. cerevisiae dependent on the TRPJ gene.
The second KB reporter used, pYKBHIS, is an integrated

reporter bearing four copies of the immunoglobulin K light-
chain enhancer KB motif upstream of the yeast HIS3 gene.
First, a cassette containing a GALl promoter deleted for its
UAS sequence fused to the HIS3 gene was isolated as a
BamHI-SalI fragment from HR307a (81) and inserted into
the corresponding restriction sites of pRS304 (69) to generate
pYHIS3. Oligonucleotides containing four copies of the KB
motif were then subcloned upstream of the GAL promoter
between the BamHI and SacI sites to generate pYKBHIS3.
The sequence of the sense oligonucleotide was 5'-CGGGG
GAATCTCCAGAGGGGAATCTCCTCGAGGGGAATCT
CCACTGGGGAATCTCC-3'.

Cell culture and transfection. COS-7 cells were maintained
in Dulbecco's modified Eagle medium plus 10% fetal calf
serum supplemented with 4.5 mg of glucose per ml and 50 ,ug
of gentamicin (GIBCO) per ml. For transient transfection
assays, 2 x 10W cells were plated on 35-mm plates, and a
modified DEAE-dextran protocol was used to transfect the
cells the following day as previously described (16). Cells
were transfected with 0.5 ,ug of the reporter plasmid and 1 pg
of the pSVGALp65 chimeric expression vectors. Cells were
harvested 48 h after transfection, and chloramphenicol
acetyltransferase (CAT) assays were performed as previ-
ously described (23).

Yeast strains, media, and transcriptional assays. For stud-
ies involving the analyses of GALA DNA binding domain
protein fusions in S. cerevisiae, the strain YJO-Z (gal4A
gal80A ura3-52 leu2-3, 112 adel his3 MEL-I GALJ-lacZ)
was used (45). This strain contains an integrated copy of the
E. coli P-galactosidase (lacZ) gene under the control of the
yeast GAL1 promoter. The yeast strain W3031b (a his3 trp1
ura3 leu2 adel) was used as the recipient strain for studies
involving KB reporter plasmids. W3031b:KBHIS contains an
integrated copy of pYKBHIS at the trp-1 locus. Integration at
the tip-1 locus was achieved by digesting pYKBHIS prior to
transformation with EcoRV, which cuts uniquely within the
TRP1 gene of pYKBHIS.
Yeast strains were grown at 30°C and manipulated by

standard procedures (25). Transformations were carried out
by a variation of the lithium acetate procedure previously
described (32), and transformants were grown on selective
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minimal media containing 2% glucose. For studies involving
YJO-Z it was necessary to transfer transformants to selective
minimal media containing 2% glycerol and 3% lactic acid to
induce lacZ expression. 1-Galactosidase activity was deter-
mined by sodium dodecyl sulfate-chloroform lysis (43), and
units of activity were calculated by the method of Miller (53).
P-Galactosidase assays performed on different days were
normalized to values obtained for the reporter alone. At least
three independent transformants for each plasmid were
tested for activity.

RESULTS

p65 contains multiple transcriptional activation domains. It
has recently been established that the carboxy-terminal
portion of p65 confers the transcriptional activation proper-
ties and contains at least two activation domains (7, 60, 64).
To establish more precisely the nature of these activation
domains, progressive deletions within the carboxy-terminal
portion of p65 were tested for transcriptional activity. As
mammalian cells contain endogenous proteins which can
bind to KB sites, the transcriptional activity of p65 was
assessed via construction of chimeric proteins containing the
DNA binding domain of the yeast transcriptional activator
protein GAL4. Figure 1 depicts the regions of p65 analyzed
for transcriptional activity and summarizes the results ob-
tained.

Initially, successive carboxy-terminal (Fig. 2A) and ami-
no-terminal (Fig. 2B) deletions of p65 were fused to the DNA
binding domain of GAL4 (amino acids 1 to 147) in the
pSG424 vector (61). The GALp65 constructs were tran-
siently transfected into COS-7 cells together with a reporter
construct that contains five copies of the GALUAS sequence
upstream of the CAT gene. The activity of the various
GALp65 fusion proteins was compared to the transcriptional
activity induced by a GAL4 fusion with the herpesvirus
VP16 transcriptional activator (GALVP16). This preliminary
qualitative analyses revealed the presence of at least two
distinct transcriptional activation domains (Fig. 2). One
domain resides between amino acids 295 and 458 (Fig. 2A).
Within this domain it appears that amino acids 402 to 458 are
essential, as deletion of these residues completely abolishes
trans activation (GALp65 295-402). Taken together, these
results show that the trans-activation potential of p65 lies
within its terminal 150 amino acids. The second activation
domain lies between amino acids 491 and 550 (Fig. 2B). Both
domains direct a level of transcriptional activation compara-
ble to that obtained with GALVP16, a potent transcriptional
activator (56, 75).
To further delineate the boundaries of the activation

domains, additional deletions in p65 were constructed and
tested for trans-activation properties (Fig. 3). Progressive
amino-terminal deletions between amino acids 295 and 458
resulted in a gradual decrease in activity. While the amino
acids between 373 and 416 appear to contribute to the
trans-activation potential of this region of p65 (and perhaps
define a domain of their own), merely the 42 amino acids
present between residues 416 and 458, when fused to the
DNA binding domain of GAL4, directed a strong level of
transcriptional activation (Fig. 3A). The activity conferred
by this domain appears to reside within a putative leucine
zipper structure, as a point mutation which deletes a leucine
at position 440 abolishes activity (compare GALp65 416-458
and 416-458 AL). Furthermore, substitution of a proline for a
leucine at position 442, within this minimal domain, also
abolished activity (data not shown). These results correlate

295 416 458 508 521 550 ACTIVATION
I . I _ _ _ _ _ _

P65 BELv MAMMALIAN YEAST
I I III

GAL 1-147
GAL VPI6
GAL p65 (307-550)
GAL p65 (295-541)
GAL p65 (295-508)
GAL p65 (295.458)
GAL p65 (295-402)
GAL p65 (425-550)
GAL p65 (441-550)
GAL p65 (458-550)
GAL p65 (475-550)
GAL p65 (491-550)
GAL p65 (373.458)
GAL p65 (397-458)
GAL p65 (416-458)

=-

==
=

r-l

NO+
ND
ND
ND
44+

ND
ND

ND

4++

+4444

44

GAL p65 (416-458) AL 2MiL
GAL p65 (416-458) L- - P CM440LJP
GAL p65 (458-521) I I14
GAL p65 (458-508)
GAL p65 (475-521) .
GAL p65 (508-550) [CMI 4 OF

FIG. 1. Schematic representation of the p65 protein and its
deletion derivatives. The rel domain of p65 lies within its N-terminal
295 amino acids. The three activation domains identified in this
study lie between amino acids 416-458 (I), 458-521 (II), and 508-550
(III). Each of the p65 deletions was fused to the GAL4 DNA binding
domain (black box) with the amino acids present within each
deletion shown in parenthesis. The transcriptional activity of the
GALp65 fusions was determined by transfection analyses in mam-
malian cells by using a CAT reporter (Fig. 2 and 3) and in S.
cerevisiae by using a lacZ reporter (Table 1). +++, activation
within a 50% range of the activation observed for GALVP16; + +,
activation between 10 and 50% of the activation observed for
GALVP16; -, activation equivalent to the basal level obtained with
GAL1-147; ND, not determined. GALp65 chimeric proteins dem-
onstrating no transcriptional activity in either mammalian cells or S.
cerevisiae were shown by gel shift analyses to be normally ex-
pressed.

with previous studies obtained with the same two mutations
in the full-length protein (60). Figure 3B demonstrates that
the carboxy-terminal 42 amino acids of p65 are also sufficient
for a high level of transcriptional activation and define the
boundaries of a second activation domain (GALp65 508-
550). This region has previously been shown to confer strong
transcriptional activity (64). Inspection of the amino acid
sequence of this domain demonstrates a preponderance of
both proline residues and of acidic amino acids. Interest-
ingly, a third transcriptional activation domain, which spans
the region between the other two (GALp65 458-521), was
also identified. Deletion analyses of this domain (Fig. 3B,
GALp65 475-521) demonstrated that the transcriptional ac-
tivity relies on amino acids between residues 458 and 475. In
addition, the stretch of proline residues between 508 and 521
is required, as deletion of these sequences abolishes activa-
tion (GALp65 475-508).
The amino acids present within each of these trans-

activation domains are presented in Fig. 4. The activation
domains are designated AD1 (GALp65 416-458), AD2
(GALp65 458-521), and AD3 (GALp65 508-550). While there
is an overlap of amino acids between AD2 and AD3, the
sequences of these domains are quite distinct, suggesting the
possibility for different mechanisms of action.
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FIG. 2. Mapping the boundaries of the p65 transcriptional acti-
vation domains. Carboxy-terminal (A) and amino-terminal (B) dele-
tions of the carboxy-terminal half of p65 were fused to the GAL4
DNA binding domain and tested for transcriptional activity. The
plasmid DNAs indicated were cotransfected into COS-7 cells to-
gether with a CAT reporter plasmid containing five copies of the
GAL4-responsive UAS sequence upstream of the thymidine kinase
promoter (GAL4TKCAT). Each construction was assayed by COS
cell transfection three to five times. Cells were harvested 48 h
posttransfection, and CAT assays were performed. CAT activities
of the GALp65 fusions are compared with that of GALVP16 (a
potent trans-activator) and with the basal level of activation exhib-
ited by GAL1-147.

To determine whether any co-operativity exists between
the three activation domains, CAT assays were quantitated
under conditions of linearity (Fig. 5). The entire carboxy
terminus of p65, containing all three of the minimal activa-
tion domains, directed a level approximately 8.5-fold greater
than the basal level. When present independently, both AD1
and AD3 were found to direct a similar level of transcrip-
tional activation. Therefore, the presence of either of these
activation domains alone appears sufficient to direct maxi-
mal levels of trans activation. This demonstrates that at least
in COS cells, the individual activation domains do not
appear to synergize to mediate a higher level of transcrip-
tional activation. AD2 appears to be a weaker trans-activa-
tion domain than AD1 and AD3, directing a level of activa-
tion approximately fourfold greater than the basal level.
Interestingly, when AD2 is present in combination with
either AD1 or AD3 it appears to lower the level of transcrip-
tional activation obtained by AD1 and AD3 individually (Fig.
5).

p65 activation domains are functional in the yeast S. cere-
visiae. Several studies have established that certain mamma-
lian transcriptional activators, including both the human

FIG. 3. Identification of three transcriptional activation domains
within p65. The indicated GALp65 fusions, the GALVP16 fusion,
and GAL1-147 plasmids were transiently transfected into COS-7
cells together with the reporter plasmid GAL4TKCAT. CAT assays
were prepared from cell lysates harvested 48 h posttransfection.
Each construction was assayed by COS cell transfection three to
five times. (A) Activities of the GALp65 fusions which map the
activation domain present within amino acids 295 and 458. (B)
Activities of the two activation domains between 458 and 550.

glucocorticoid (62) and estrogen (52) receptors, the fos and
jun proto-oncogene products (42, 71), and mammalian p53
(18), can function to activate transcription in S. cerevisiae.
However, this is not a universal phenomenon, as certain
mammalian transcriptional activators do not function in S.
cerevisiae (e.g., Spl [10]). To determine whether any of the
domains of p65 which activate transcription in mammalian
cells can also function in S. cerevisiae, the series of GALp65
fusion proteins examined in COS cells were subcloned into a
yeast expression plasmid under control of the constitutively
expressed ADH-J promoter. The resultant plasmids were
transformed into a gal4 mutant yeast strain, which contains
an integrated copy of a GALUAS/lacZ reporter, and the

AD1 4 1 6 - EQA

AD2 458 - PAVFTDLASVDNSEFQQLLNQGIVVArHTTE1LMEYEEAITRLVTGAQRE.D1LArArLGArGL - 521

AD3 508 - E.D1AiAZLGA1LGL1NGLLSGDEDFSSIADMDFSALLSQISS - 550

FIG. 4. Amino acid sequence of the activation domains present
in p65. The amino acid sequences of the three activation domains
identified in this study are presented. The residues bearing a positive
charge (R and K) are marked +, while those bearing a negative
charge (D and E) are marked -. Prolines (P) are underlined, and the
triad of leucines (L) separated by seven amino acids (amino acids
435, 442, and 449) and predicted to form a potential leucine zipper
structure are in boldface.

* * e , *. *
o

VOL. 13, 1993

-N>
'N QV

3



1670 MOORE ET AL.

ACTIVATOR PROTEIN

ACTIVATION DOMIN
OFp65 PRESENT GAL4(1-147)

1 2 3 GALpS5(307-550)

1 GALpS5(2954M
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3 GAp5491-550)
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RELATIVE LEVEL OF CAT ACTIVITY

FIG. 5. The activation domains of p65 do not cooperate to
mediate a higher level of transcriptional activity. Plasmids express-
ing the indicated activator proteins were transiently transfected into
COS-7 cells together with the GALTKCAT reporter. The activation
domain(s) present in each of the GALp65 fusions is shown. Cell
lysates were prepared 48 h posttransfection, and CAT assays were
performed under conditions such that less than 40% of the chloram-
phenicol substrate was acetylated. The percent counts per minute
converted to the acetylated form per minute per microliter of extract
was calculated for each activator protein. The relative level of CAT
activity for each activator protein was then normalized to a nominal
value of one given to the basal level of expression exhibited by
GAL4(1-147).

trans-activation potential of the various GALp65 fusion
proteins was determined. Remarkably, each of the minimal
p65 activation domains (AD1, AD2, and AD3) functional in
COS cells also induced strong transcriptional activation in S.
cerevisiae (Table 1).

Analyses of AD1 in S. cerevisiae demonstrated that as
observed in mammalian cells, the activation domain mapped
to be between amino acids 295 and 458 can be restricted to
the amino acids residing between 416 and 458 (Table 1). This
region directed a 120-fold level of trans activation greater

TABLE 1. Transcriptional activity of the GALp65 chimeric
proteins in S. cerevisiae'

Plasmid 13-Galactosidaseactivity

YpGAL(1-147)........................................ 0.83

YpGALVP16........................................ 98.8

YpGALp65(295-458) ........................................ 100.0

YpGALp65(295-402) ........................................ 0.33

YpGALp65(373-458) ........................................ 112.6

YpGALp65(397-458) ........................................ 81.7
YpGALp65(416-458)c ........................................ 61.4

YpGALp65(416-458A&L) ....................................... 0.91

YpGALp65(416-458L/P) ...................................... 1.33

YpGALp65(458-550) ........................................ 53.9

YpGALp65(458-521)c ........................................ 30.1

YpGALp65(458-508) ........................................ 60.7

YpGALp65(475-521) ........................................ 2.10

YpGALp65(508-550)C ........................................ 57.3

a Plasmids expressing the indicated GALp65 fusion proteins, GAL(1-147),
and the GALVP16 fusion were transformed into the yeast strain YJOZ which
contains an integrated copy of the E. coli lacZ gene under the control of the
GAL-I promoter. To induce 3-galactosidase activity, transformants were
grown in 3% glycerol and 2% lactic acid.

b 3-Galactosidase activity was determined for at least three independent
transformants, and each entry represents the average of these measurements.

c The minimal activation domains of p65 functional in mammalian cells.

TABLE 2. Both p65 and p5O can activate transcription from a KB
reporter in S. cerevisiae'

Plasmid 13-Galactosidaseactivity"
pYKBIacZ alone........................................ 0.58
pYKBlacZ + pY65 ........................................ 75.8
pYKBlacZ + pY65A ........................................ 2.10
pYKBIacZ + pY65R ........................................ 0.62
pYKBIacZ + pY5OR ........................................ 17.7
pYKBIacZ + pY5ORX........................................ 0.92

a The yeast strain W3031b was transformed with the KB-dependent reporter
plasmid pYKBlacZ alone or together with plasmids expressing the indicated
derivatives of p65 and p50 (described in Materials and Methods).

b For each construct, 13-galactosidase activity was determined for at least
three independent yeast transformants grown in selective media containing
2% glucose. Each entry represents the average of these measurements.

than the GAL4 binding domain alone. Two point mutations
which disrupt the leucine zipper structure of this region
abolished activity (compare YpGALp65 416-458 with Yp-
GALp65 416-458AL and YpGALp65 416-458 L/P), demon-
strating that AD1 functions in a similar manner in S. cerevi-
siae and in COS cells. Furthermore, trans activation by this
domain is not due to the fusion of acidic amino acids to the
GAL4 DNA binding domain as has been observed for
random sequences from E. coli (48, 49). AD2 is also a strong
transcriptional activator in S. cerevisiae (YpGALp65 455-
521) directing an approximate 40-fold increase in trans
activation. In accord with results from COS cells, the
activity of AD2 is dependent on the amino acids between 458
and 475, as deletion of these amino acids abolishes activity
(YpGALp65 475-521). However, in contrast to activity in
mammalian cells, the activity of AD2 in S. cerevisiae is not
dependent on the amino acids between 508 and 521, a
proline-rich stretch. Indeed, deletion of this stretch of amino
acids creates a more powerful activator in S. cerevisiae
(YpGALp65 458-508). Finally, AD3 also directs a high level
of trans activation in S. cerevisiae (YpGALp65 508-550)
directing a 70-fold increase in transcriptional activity.
Hence, in accord with activity in mammalian cells, AD1 and
AD3 are also slightly stronger transcriptional activators than
AD2 in S. cerevisiae (Fig. 5).
To determine whether the GALp65 fusion proteins unable

to direct trans activation in either COS or yeast cells were
being made, high-salt cell extracts were prepared from both
COS and yeast cells and analyzed by gel shift analyses for
GALA specific DNA binding. Each of the inactive GALp65
fusion proteins were able to bind the GALUAS sequence as
efficiently as active GALp65 fusions. There was no signifi-
cant difference in binding efficiencies to the GALUAs DNA,
suggesting no difference in levels of expression (data not
shown). Thus, the inability of certain GALp65 fusion pro-
teins to trans activate is not due to abnormal expression.

Full-length p50 and p65 can trans activate a cB reporter in
S. cerevisiae. To examine the function of the NF-KB tran-
scriptional activation domains within their natural context,
the ability of full-length p65 and p50 to function in S.
cerevisiae was examined. A yeast vector expressing p65 or
p50 was cotransfected into S. cerevisiae together with a
reporter plasmid containing three copies of an NF-KB DNA
binding motif upstream of the lacZ gene. Significant tran-
scriptional stimulation was observed when the reporter
construct was cotransformed with p65 alone (Table 2).
Therefore, full-length p65 is able to bind to the KB motif in S.
cerevisiae in the absence of p50. This finding is consistent
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with results obtained in mammalian cells, suggesting that p65
is a strong transcriptional activator in the absence of p5O (7,
60). Furthermore, p65A, a naturally occurring mutation of
p65 that lacks residues within the dimerization domain (60),
was unable to direct trans activation in S. cerevisiae. This
suggests that transcriptional activity of p65 in S. cerevisiae
also requires homodimer formation. The region of p65 re-
sponsible for trans activation lies within the carboxy termi-
nus, as the ret homology domain alone (pY65R; Table 2) was
unable to activate the KB reporter.

In contrast to results obtained with p65, transfection
studies in mammalian cells have failed to demonstrate tran-
scriptional activation with the p5O DNA subunit (38, 64).
However, in an in vitro transcription system, the ret homol-
ogy domain of p5O is a potent transcriptional activator of
certain KB DNA binding motifs (19, 39). To examine the
transcriptional activity of p5O, experiments similar to those
using p65 were performed with a yeast vector expressing p5O
and a reporter plasmid containing three copies of the KB
motif. Whereas the ret homology domain of p65 was unable
to activate gene expression, the ret homology domain of p5O
demonstrated strong transcriptional activity (p5OR; Table 2).
When expressed in the opposite orientation, p5O was unable
to induce activity (pSORX; Table 2). Therefore, the domain
of p5O identified as a transcriptional activator in a mamma-
lian transcription assay also confers transcriptional activa-
tion in S. cerevisiae.
IKB functions in S. cerevisiae to repress p65 function

through the rel homology domain. To analyze further the
similarities of NF-KB function in mammalian cells and S.
cerevisiae, the ability of IKB to repress p65 function in S.
cerevisiae was examined. For these studies, which involved
the interaction of two foreign gene products, it was neces-
sary to use an integrated reporter system. Therefore, the
yeast strain W3031b:KBHIS, which contains a copy of the
KB:HIS reporter pYKBHIS integrated at the trp-i locus, was
constructed (see Materials and Methods). This strain was
transformed separately with plasmids expressing p65, p65A,
or p65VP16 (an in-frame translational fusion of the amino-
terminal half of p65 with the acidic activation domain of the
herpesvirus VP16 protein). The ability of the resulting trans-
formants to grow in the absence of histidine serves as a
measure of transcriptional activation on the KB motif.
pYKBHIS plus pY65 and pYKBHIS + pY65VP16 exhibited
growth in the absence of histidine, whereas pYKBHIS alone
and pYKBHIS + pY65A did not. Thus, as shown previously,
p65 but not p65A was able to induce expression from the KB
motif. Also, p65VP16, which contains only the ret homology
domain of p65, was able to induce expression through the
acidic activation domain of VP16, which is a potent tran-
scriptional activator in S. cerevisiae (13).
As IKB is believed to inhibit p65 activity by interacting

with its N-terminal ret homology domain (8), the ability of
IKB to effect p65 function in S. cerevisiae was examined by
cotransforming the pY65VP16 expression plasmid sepa-
rately with pYIKB and pVL-102 into the KBHIS reporter
strain. pVL-102 is the backbone expression plasmid present
in pYIKB and serves as a negative control. Although cotrans-
formants of pY65VP16 and pYIKB were still able to grow in
the absence of histidine, their ability to grow in aminotriaz-
ole was blocked at a lower concentration than the negative
control (Table 3). Aminotriazole is a competitive inhibitor of
the HIS3 gene product, and the ability of S. cerevisiae to
grow at various concentrations of this compound serves as a
direct measure of the level of HIS3 expression (28). Thus,
the presence of IKB reduces the level of activation of the

TABLE 3. Inhibition of p65VP16 activation in S. cerevisiae by
coexpression of IKBa

Growth phenotype
Plasmid

+HIS -HIS 1 mM AT 2 mM AT 4 mM AT

pVL-100 +++ +++ +++ +++ ++
pYIKB +++ +++ ++ + -
pYI-Rel +++ +++ +++ +++ +++

a The yeast strain W3031bKBHIS was transformed with the expression
vector pY65VP16 together with either pVL-100, pYIKB, or pYI-Rel. Growth
of the resulting transformants in the presence of histidine (+HIS) and in its
absence (-HIS) was determined. The transformants were then tested for their
ability to grow in the presence of increasing concentrations of aminotriazole
(AT), a competitive inhibitor of the HIS3 gene product (29). Phenotypes are
designated as follows: + + +, indistinguishable from growth in the presence of
histidine; + +, slightly poorer growth; +, weak but detectable growth; -, no
growth.

HIS3 expression achieved by p65VP16. In contrast, coex-
pression of p65VP16 with I-Rel (an inhibitor of p50 binding
[58]) did not inhibit p65VP16 induction of the KB reporter.
This suggests that the ability of IKB to partially block p65
activity in S. cerevisiae is conferred through an interaction
with the rel homology domain.

DISCUSSION
Results of earlier studies have established that the car-

boxy-terminal domain of NF-KB p65 confers the transcrip-
tional activity of the NF-KB complex. To gain further insight
into the mechanism of p65 transcriptional activation, the
domains of p65 responsible for trans activation were
mapped. The activity of p65 was measured by using chimeric
proteins consisting of the DNA binding domain of the yeast
transcriptional activator GAL4 and subdomains of p65.
Transcriptional activity was first assessed in cotransfection
assays into COS cells with a GALUAS-driven CAT reporter
plasmid. We chose to examine the transcriptional activity
with the GAL4 fusion proteins as opposed to the full-length
p65, for two principal reasons. First, with p65, a reporter
system containing KB DNA binding motifs would be re-
quired. Thus, the presence of endogenous NF-KcB as well as
additional rel-related proteins, each of which can interact
with a KB binding sequence on their own, could influence
results. Second, the presence of the rel homology domain
would also allow for multiple protein associations with
endogenous rel-related proteins.
The transfection studies with the GALp65 fusion proteins

in COS cells revealed the presence of at least three func-
tional transcriptional activation domains. The first activation
domain was localized to a region of 42 amino acids that
contains a potential leucine zipper structure. This finding is
consistent with earlier studies demonstrating the importance
of this region for NF-KB activity (7, 60, 64). The importance
of this domain was further evidenced by the observation that
deletion of a single leucine abolished activity. Thus, while
this region is acidic, it appears that the predicted amphip-
athic structure is essential for activation functions. The
classical leucine zipper structure was first identified as a
motif important for dimerization and concomitant binding to
DNA (41). However, functional leucine zipper structures
have been identified in the motifs of proteins not involved in
DNA binding. For example the proto-oncogene myb has
been shown to contain a leucine zipper structure that is not
involved in DNA binding but interacts with a negative
regulatory element (36). Likewise, we predict that the
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leucine zipper-like structure in p65, although not involved in
DNA binding, is involved in protein-protein interaction. In
addition to this domain, two other regions of p65 that impart
transcriptional activation were identified. The first resides
within amino acids 458 to 521 and stretches of amino acids
containing both acidic and proline residues appear to be
important for the activity of this domain. The second domain
between 508 and 550 also contains a high density of proline
residues and acidic amino acids. The presence of a high
content of both acidic (28, 33, 74) and proline-rich (51, 80)
residues is a hallmark of many of the well-characterized
transcriptional activators. The presence of multiple tran-
scriptional activation domains may have important implica-
tions for NF-KB function. First, as each of these regions
appears to be quite distinct, with respect to amino acid
composition, they are likely to elicit their effects via different
mechanisms. Therefore, it might be envisioned that each
domain forms associations with different regulatory partners
such as coactivator or adaptor proteins (9, 17). The ability of
NF-KB to regulate transcription through association with
numerous cellular components, some of which are likely to
be cell and tissue specific, provides a mechanism by which
NF-KB can differentially regulate the numerous genes con-
taining KB-responsive sites.
A second and perhaps most significant aspect of this study

is the observation that NF-KB can function in yeast cells.
Although several mammalian transcriptional activators have
a demonstrated transcriptional function in yeast cells (18, 42,
52, 62, 71) and it is believed that the transcriptional appara-
tus is highly conserved between higher eukaryotes and yeast
cells (56, 72), in many instances the domains required for this
activity are quite dissimilar to the regions required for
corresponding functions in mammalian cells. For example,
the glutamine-rich trans activator Spl has been reported not
to function in yeast cells (10). Previously it has been dem-
onstrated that two rel-related proteins, c-rel and dorsal, can
also activate transcription in yeast cells (12, 34, 35). How-
ever, as neither the activation domains of c-rel or dorsal
resemble those of p65, it remained to be shown that p65
could activate in yeast cells. Full-length p65 was found to be
a potent transcriptional activator of a KB-motif dependent
reporter in yeast cells. Furthermore, the observation that
each of the three regions of NF-KB p65 found to be important
for activity in mammalian cells was also a strong transcrip-
tional activator in yeast cells suggests there is a strong
conservation between the transcriptional machinery in mam-
malian and yeast cells required for NF-KB function. It might
thus be envisioned that factors which associate with the
activation domains in mammalian cells have homologous
counterparts in yeast cells. This is perhaps somewhat sur-
prising, as an NF-KB-like activity has not been demonstrated
in yeast extracts (53a). Further evidence for conservation in
the NF-KB pathway comes from analysis of the NF-KB p50
protein in S. cerevisiae. Transfection studies in mammalian
cells have as yet failed to demonstrate transcriptional activ-
ity with this subunit (38, 60, 63, 64). In contrast, in vitro
analysis suggests that p50 is indeed a transcriptional activa-
tor and that activation is dependent upon the KB sequence
used (19, 39). In accord with results obtained with mamma-
lian in vitro transcription systems, the p50 subunit was found
to be a strong transcriptional activator in S. cerevisiae. It
would therefore appear that the results obtained in the yeast
system mimic more closely those obtained with the mamma-
lian in vitro transcription assay. Considering the fact that S.
cerevisiae is not believed to contain any rel-related proteins,
it is unlikely that p50 activates transcription in S. cerevisiae

following heterodimerization with another rel-related pro-
tein. The observation that p50 homodimers which are iden-
tical to the factor KBF-1 (38) have been implicated in
controlling the expression of the murine major histocompat-
ibility complex class I genes (31) and of tumor necrosis
factor a (14) suggests that such a complex may play a role in
controlling the expression of specific genes. The fact that p50
homodimers can activate in yeast cells but not in transient
transfection of mammalian cells may be due to the absence
of inhibitor proteins in yeast cells which are likely present in
mammalian cells. For example, IKB-y is known to specifically
inhibit p50 binding (46), I-Rel is believed to regulate NF-KB
complexes through an interaction with p50 (59), and a
protein present in nontransformed CD4' T lymphocytes
causes sequestration of the p5O-p5O complex (37).

In further agreement with the results of in vitro transcrip-
tion experiments, the sequences of p50 mediating activation
in S. cerevisiae were located within the rel homology do-
main. In contrast, the p65 rel homology domain did not
appear to activate transcription, again mimicking results of
the in vitro analyses. However, it remains to be determined
whether on specific KB motifs the rel homology domain of
p65 can activate transcription as has been seen in vitro for
p50 (19, 39). One could envisage that depending on the KB
motif and the surrounding sequence, the NF-KB complex
may adopt different conformations exposing or concealing
activation domains, thus adding a further level of control.
As a final analysis of NF-KB function in S. cerevisiae, we

chose to examine the effect of the inhibitory molecule, IKB,
on p65 function. IKB is the cytosolic repressor that when
bound to NF-KB elicits cytoplasmic sequestration of the
complex (2). Upon mitogenic stimulation, NF-KB shuttles to
the nucleus, a process thought to reflect phosphorylation of
IKB. To examine the effect of IKB on NF-KB function, a
yeast strain containing an integrated copy of a KB-dependent
HIS3 reporter gene was transformed with the expression
vector pY65VP16 (a fusion protein between the rel homol-
ogy domain of p65 and the acidic activation domain of VP16)
alone or together with pYIKB. Alone, pY65VP16 was capa-
ble of activating the KBHIS3 reporter and thus allowing the
resulting yeast transformants to grow in the absence of
histidine. Cotransformation of pYIKB reduced the ability of
pYVP16 transformants to grow in the absence of histidine
with increasing concentrations of aminotriazole, a competi-
tive inhibitor of the HIS3 gene product (28). This observa-
tion strongly suggests that IKB functions in S. cerevisiae and
provides further evidence that S. cerevisiae serves as a
credible model to study the interplay between the various
components of the NF-KB complex.

Our-findings demonstrate the possibility of multiple inde-
pendent transcriptional activation functions for the NF-KB
p65 and p50 subunits. The observation that transcriptional
activity of the individual domains is conserved between
mammalian cells and yeast cells should aid in further dissec-
tion of the NF-KB activation pathway, as studies in this
system will not be complicated by the presence of endoge-
nous host factors that interact with either the KB DNA motif
or the rel homology domain. Therefore, the power of yeast
genetics may prove to be a useful tool for the isolation of
putative cofactors of p65 and p50, as has recently been
achieved for the herpes simplex trans activator VP16 (10).
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