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The NF-KB family of DNA-binding proteins regulates the expression of many cellular and viral genes. Each
of these proteins has an N-terminal region that is homologous to the c-Rel proto-oncogene product, and this Rel
homology region defines both DNA binding and protein dimerization properties of the individual proteins.
Most of the NF-KB family members have been shown to associate with themselves or with each other to form
homodimers or heterodimers, and previous studies have shown that dimerization of NF-KB factors is necessary
to provide a functional DNA binding domain. We have used site-directed mutagenesis to identify regions in the
Rel homology domain of the p50/NF-KB protein that are important for DNA binding and protein dimerization.
Our studies have identified mutations of p50 that interfere with DNA binding only and those that interfere with
protein dimerization. Mutations of p50 which disrupt only DNA binding were still able to associate with other
members of the NF-KB protein family. We demonstrate that such heterodimeric complexes inhibit transcrip-
tional activation mediated in trans through a cis-acting KB motif; therefore, we have identified trans-dominant
negative mutants of p50.

Recent studies have shown that the NF-KB family of
DNA-binding proteins regulates the inducible expression of
several human and murine genes, including those for cyto-
kines, cell surface receptors, acute-phase proteins, and
viruses (including human immunodeficiency virus), by bind-
ing to the KB elements in the promoters or enhancers of
these genes (reviewed in references 2, 11, and 17). The
prototypic model of NF-KB is a complex consisting of a
p5O-p65 heterodimer that exists in the cytoplasm of unstim-
ulated cells and is rendered inactive by its association with
one (or perhaps more) of a group of inhibitors collectively
referred to as IKB. Several proteins that can bind to the
complex as inhibitors have been described previously (1, 8,
15, 32). Upon stimulation of cells, IKB dissociates from the
complex (probably by phosphorylation of IKB) (9) and the
active p50-p65 dimer is then free to translocate to the
nucleus, bind to its specific recognition sequence, and en-
hance transcription. Thus, the activation of transcription is
mediated by a posttranscriptional event that releases the
preformed NF-KB dimer from its inhibitor.
Although NF-KB was initially characterized as a complex

consisting of p50 and p65, the cloning of several other
closely related factors led to the discovery that a number of
homo- and heterodimeric complexes may form an active
NF-KB complex. Members of the NF-KB family of proteins
whose genes have been cloned include p50 (5, 10, 16, 19),
p5OB (also referred to as Lyt-10 and p49) (4, 20, 27), RelB
(25), c-Rel (and the related oncogene product, v-Rel) (12,
31), and p65 (22, 23). The Drosophila protein dorsal, which
is important in determining ventral-dorsal polarity, is also
related to the NF-KB family of proteins (13, 29). The
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approximately 320-amino-acid-long N-terminal regions (Rel
homology regions) of these factors are highly homologous to
one another and confer DNA binding, protein dimerization,
and nuclear translocation properties on the respective pro-
teins. The carboxy termini of these factors differ but may be
classified into two subgroups. p50 and pSOB are derived from
longer precursors that contain a glycine-rich region and
several so-called ankyrin repeats that prevent binding of the
precursor to DNA. The mechanism that produces the active
factors p50 and pSOB from their precursors is unknown, but
they may be cleaved from their precursor proteins by
proteolysis. No glycine-rich regions or ankyrin repeats are
present in the other family members; however, unique
regions of the C-terminal portion of p65, RelB, and c-Rel
contain sequences that mediate trans activation (4, 7, 18, 24,
25, 28).
When the NF-KB family members associate to form ho-

modimers or heterodimers, the efficiency of DNA binding
and the ability to trans activate a target sequence are
determined by the specific factors that make up the complex.
Dimerization of two proteins is required to provide an
effective DNA-binding domain. Homodimers of p50 bind to
DNA strongly but are essentially unable to transactivate
because p50 lacks an activation domain (4, 24, 28). Con-
versely, homodimers of p65 weakly bind to DNA and are
capable of transactivation (22, 24, 25, 27, 28). In vitro,
heterodimers of p50 or pSOB with p65, c-Rel, or RelB have
been described elsewhere (3, 4, 24, 25, 27, 28, 30). A
previous study (18) has shown that a deletion of up to the
first 200 amino acids of the active p50 protein could still
dimerize and form a trans-dominant negative mutant. An-
other report identified a region of p65 (residues 222 to 231)
that contributes to multimerization (24). In this study, we
have used site-directed mutagenesis to determine more
specifically which regions of the Rel-homologous part of p50
are important for DNA binding and protein dimerization.
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MATERIALS AND METHODS

Site-directed mutagenesis of p50. In vitro mutagenesis was
performed with a MutaGene Phagemid kit (Bio-Rad Labora-
tories, Richmond, Calif.) with minor modifications. A Blue-
script plasmid containing nucleotides 201 to 1406 of the p50

gene was transformed into CJ236 competent cells, and
uracil-containing phagemids were grown essentially as de-
scribed in the kit's protocol. Extraction of single-stranded
DNA was performed, and the DNA was used as a template
for synthesis of the mutagenic strand. Oligonucleotides
containing the desired mutation (which created a novel
restriction site) were synthesized and treated with polynu-
cleotide kinase and ATP under standard conditions. The
kinase-treated oligonucleotides were annealed to the single-
stranded template, and a mutagenic strand was synthesized
and ligated as described in the MutaGene kit protocol except
that Sequenase 2.0 (U.S. Biochemicals, Cleveland, Ohio)
was used instead of T4 DNA polymerase. One microliter of
the reaction mixture was transformed into Library Efficiency
DH5-a competent cells (Life Technologies, Inc., Grand
Island, N.Y.). To screen individual colonies, plasmid DNA
was isolated and mutants were identified by the presence of
the appropriate new restriction site. Alternatively, colonies
were screened by colony hybridization (26) using a _32p_
end-labeled oligonucleotide that contained a sequence com-
plementary to the mutation. All mutations were confirmed
by sequencing with a Sequenase 2.0 kit (U.S. Biochemicals)
as described in the kit's instructions.

Subcloning of mutants into PMT2T. Fragments of the p50
gene containing mutations were cloned into the expression
vector PMT2T (14) in two steps. AnAsp 718-XbaI fragment
from a Bluescript plasmid containing nucleotides 201 to 1716
of p50 was blunt end ligated into the single EcoRI site of
PMT2T (now designated PMT2T wild-type p50). Subse-
quently an XhoI-SpeI fragment of each mutant (in Blue-
script) was inserted in place of the XhoI-SpeI region of
PMT2T wild-type p50. Plasmids were prepared with a plas-
mid kit (Qiagen, Studio City, Calif.).

In vitro transcription and in vitro translation. In vitro
transcription was performed on linearized plasmid con-
structs with an RNA transcription kit (Stratagene, La Jolla,
Calif.). Four micrograms of plasmid DNA was transcribed in
50 ,ul of reaction mix, and the RNA pellet was resuspended
in 25 pl of 1 mM Tris (pH 7.5)-0.1 mM EDTA. The amount
of transcript was estimated by running an aliquot on a

Tris-borate-EDTA-agarose gel and staining the gel with
ethidium bromide. In vitro translation was carried out in
wheat germ extract (Promega, Madison, Wis.) with 2 to 4 ,ul
of in vitro-transcribed RNA in 50 ,ul of reaction mixture. For
labeled transcriptions, 50 jiCi of [35S]methionine (translation
grade, 1,000 Ci/mmol; New England Nuclear/Dupont, Wil-
mington, Del.) was added. The reaction products were
evaluated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) to ensure approximately
equivalent translation for each RNA sample.

Mobility shift assay. Mobility shift assays were carried out
as previously described (6). The oligonucleotide probe used
was identical to the human immunodeficiency virus KB
element with the sequence (5' to 3') GCTACAAGGGACJTJ7
TCCGCTGGGGACTTITCCAGG. The oligonucleotide was
annealed to its complementary strand and end labeled with
[-y-32P]ATP. Two microliters of the in vitro translation reac-
tion mixture was used for each assay.

Immunoprecipitation of p50-RelB complexes. Prior to im-
munoprecipitation, the individual RNA transcripts were

titrated such that approximately equal amounts of each
protein were translated in vitro. For this assay, translation
was performed with nuclease-treated rabbit reticulocyte
lysate (Promega). RelB and p50 RNAs were cotranslated
(with [35S]methionine labeling) and immunoprecipitated with
an anti-RelB antibody as previously described (4, 25). The
translation reaction products (before and after immunopre-
cipitation) were run in adjacent lanes on a 29:1 SDS-10%
PAGE gel under denaturing conditions.

Transient transfections and CAT assay. NTERA-2 cells
were maintained in Dulbecco modified Eagle medium with
4,500mg of D-glucose (Life Technologies) per liter, 10% fetal
calf serum, 22 ,ug of gentamicin (Life Technologies) per ml,
and lx Pen-Strep (Biofluids, Rockville, Md.). Transient
transfections and chloramphenicol acetyltransferase (CAT)
assays were performed as described elsewhere (4, 21).
Plasmid J-16 (kindly provided by M. Lenardo), which was
used as an indicator plasmid, contains the KB site from the
immunoglobulin K light chain enhancer, a minimal fos pro-
moter, and a CAT indicator gene. PMT2T p65 is an expres-
sion plasmid for the NF-KB protein p65 and has been
described previously (4). The amount of each plasmid used
in the transfections was chosen to yield strong trans activa-
tion by p65 and included 10 jig of J-16, 1.2 ,ug of PMT2T p65,
and 2 ,ug of PMT2T vector or wild-type or mutant p50 per ml
of transfection solution. The transfection solution (0.5 ml)
was added to 60-mm-diameter tissue culture plates contain-
ing NTERA-2 cells that were seeded the day prior to
transfection at 7.5 x 105 cells per plate in a total volume of
5 ml of media. Cell extracts were harvested 2 days after
transfection by washing the plates three times with phos-
phate-buffered saline (without calcium and magnesium) and
by adding 1 ml of TEN buffer (40 mM Tris [pH 7.5], 1 mM
EDTA, 150 mM NaCl). Cells were harvested by gentle
scraping, then pelleted, resuspended in 110 ,ul of 100 mM
Tris, pH 7.5, and freeze-thawed three times on dry ice and at
37°C. The cell debris was pelleted, and the protein concen-
tration of the supernatant was measured with a protein assay
kit (Bio-Rad). Each CAT assay was adjusted to contain an
equal amount of protein from each individual transfection.
CAT assays were performed as described previously (4, 21)
in a total volume of about 150 ,ul and were generally
performed in triplicate. Fold induction was calculated by
dividing the counts per minute of the test samples by the
baseline counts per minute of samples from cells transfected
with the J-16 construct alone.

In vivo labeling and immunoprecipitation of pSO-p65 com-
plexes. Wild-type or mutant p50 DNA subcloned into the
expression vector PMT2T was cotransfected with p65 into
NTERA-2 cells (5 pg of DNA each) as described above.
Cells were labeled 3 days after transfection by incubation for
2 h in growth medium lacking methionine and cysteine and
containing [35S]methionine plus [35S]cysteine (NEN; 300
,uCi each per ml). Cells were harvested as described above
and extracted by freeze-thawing in 100 ,ul of buffer contain-
ing 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid) (pH 7.9), 0.2 mM EDTA, 0.5 mM
dithiothreitol, 1.5 mM MgCl2, 0.4 M NaCl, 25% glycerol,
and 0.5 mM phenylmethylsulfonyl fluoride. Extracts were
centrifuged at 40,000 rpm at 4°C for 30 min, and aliquots
were immunoprecipitated with a polyclonal rabbit anti-p65
antibody as previously described (4, 25). Immunoprecipi-
tated proteins were run on an SDS-10% PAGE gel.
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TABLE 1. Identification of p50 mutations'

Amino Nucleic acid sequence Amino acid(s) Newrestrictionacid(s) Wild type Mutant Wild type Mutant site

56-57 CGT TTC AAA GCC Arg-Phe Lys-Ala DraI
59-60 TAT GTA GCT AGC Tyr-Val Ala-Ser NheI
111 CAC GCT His Ala NheI
114-115 GTG GGA GCTAGC Val-Gly Ala-Ser NheI
136-137 TTC GCA GCT AGC Phe-Ala Ala-Ser NheI
137-138 GCA AAC GCT AGC Ala-Asn Ala-Ser NheI
149-150 GTA r1r1 CCG CGG Val-Phe Pro-Arg SacII
153-154 CTG GAA CCC GGG Leu-Glu Pro-Gly SmaI
193-194 AAA GAG CCC GGG Lys-Glu Pro-Gly SmaI
197-198 CGC CAA CCC GGG Arg-Gln Pro-Gly SmaI
274-275 AAA GTT GCT AGC Lys-Val Ala-Ser NheI
276-277 CAG AAA GCG CGC Gln-Lys Ala-Arg BssHII
320 TIT TCC GCT AGC Phe Ala NheI
326-327 CAT AGA GCT AGC His-Arg Ala-Ser NheI

a Mutations are named by their positions in the amino acid sequence of p5O.

Mutant ,i <t se <9 W 0b
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FIG. 2. Mobility shift assay of p50 mutations. In vitro translation
reactions of each mutant were assayed for NF-KB binding by
incubation with the NF-KB binding site from the human immuno-
deficiency virus enhancer. The mutant or wild-type translation mix
that was used in each reaction is indicated above each lane.

RESULTS

Site-directed mutagenesis of the NF-.cB pSO protein. To
determine the regions of the NF-K3B p5O protein important
for DNA binding and protein dimerization, we used site-
directed mutagenesis to make amino acid substitutions in
regions that are highly conserved among the NF-KB family
of proteins. Generally double amino acid changes were made
throughout the sequence and were designed to introduce a
new restriction enzyme site that would allow detection of the
particular mutation. The locations, amino acid changes, and
new restriction sites of the different mutations are shown in
Table 1 and Fig. 1. Seven regions of the p50 protein were
targeted with pairs of mutations very close to one another
(Fig. 1). In some regions, fairly conservative changes were
made; however, in a region which may be a helical (mutants
149-150, 153-154, 193-194, and 197-198) more drastic muta-
tions were made with the introduction of helix-disrupting
proline residues. In all cases the mutations were confirmed
by sequencing.

Mutations in three different regions of p50 inhibit DNA
binding. The mutants were first analyzed by their DNA
binding properties in a mobility shift assay. RNA was
transcribed in vitro from either wild-type plasmid or mutant
plasmid and then translated individually in vitro.
The translation products were analyzed by mobility shift

\X\1i\g1,~~C. C'1J
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FIG. 1. Locations of mutations in the p50 protein. Amino acid
mutations are named according to their position in p50. Numbers
indicate the amino acid residues affected. Amino acid 1 is the
initiator methionine (4, 16).

assay with the KB sequence of the human immunodeficiency
virus long terminal repeat as a probe (Fig. 2). DNA binding
was abrogated by mutants 56-57, 59-60, 149-150, 153-154,
274-275, 320, and 326-327. Very faint DNA binding was seen
with mutant 276-277 (with longer exposures of the gel [data
not shown]), and some decrease in binding was seen with
mutant 197-198. Thus, DNA binding activity was affected by
mutations in three different regions of the NF-KB protein.
Since dimer formation of p50 is necessary to form an intact
DNA binding domain (4, 10, 16), it may be anticipated that
mutations which disrupt either the DNA binding domain
itself or the protein dimerization region will inhibit binding to
DNA.

Identification of regions of p50 that are involved in protein
dimerization. To determine whether certain mutations af-
fected DNA binding only or protein dimerization, we tested
the ability of each p50 mutant to coimmunoprecipitate with
RelB, another member of the NF-KB family. RelB was
chosen because it has been shown to heterodimerize effi-
ciently with p50 (25) and its larger size allows it to be
distinguished from p50 on SDS-PAGE gels. RelB and p50
mutant RNAs were cotranslated in a rabbit reticulocyte
lysate mixture, and the labeled products were immunopre-
cipitated with RelB antibody and protein A-Sepharose. The
immunoprecipitates were analyzed by SDS-PAGE (Fig. 3).
In this figure, the labeled translation products before and
after immunoprecipitation are shown for each reaction in
adjacent lanes. RelB coimmunoprecipitated with wild-type
p50 and all p50 mutants except for 274-275, 320, and 326-327.
These results indicate that mutants 274-275, 320, and 326-327
interfered with pSO/RelB dimerization. The loss of DNA
binding activity on mobility shift assay by these mutations
was probably the result of inhibition of p50 homodimeriza-
tion. Because mutants 56-57, 59-60, 149-150, and 153-154
were able to dimerize efficiently in the immunoprecipitation
assay but were unable to bind DNA on mobility shift assay,
they most likely prevented DNA binding only. Our results
are in agreement with those of a previous study (18) that
showed a putative DNA-binding domain in the 5' region of
p50 and a protein dimerization region in the 3' region of p50.
In another recent report (24), amino acid residues 222 to 231
of p65 were found to be essential for dimerization of p65 with
p50. These residues in p65 lie within the corresponding,
homologous region of p50 spanned by residues 274 to 327
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FIG. 3. Assay for heterodimerization of p5O mutants with another NF-KB protein, RelB. Mutant or wild-type p5O RNA was cotranslated
with RelB RNA and analyzed for dimerization by immunoprecipitation of the complex with RelB antibody. RelB and p5O are identified by
their different sizes on SDS-PAGE. The translations before (-) and after (+) immunoprecipitation are indicated. The first two lanes are RelB
translations, and the next two lanes are wild-type p5O translations. These four lanes demonstrate the specificity of the RelB antibody.

(defined by our mutations). Thus, the same region controls
dimerization of both p50 and p65.

Mutations that affect DNA binding but not protein dimer-
ization can trans-dominantly inhibit NF-cB activity. In the-
ory, mutations that interrupt the DNA binding domain but
still permit protein dimerization could associate with wild
type NF-KB protein. These complexes would be unable to
bind to DNA (since they would lack a functional DNA
binding domain), and they potentially could trans-domi-
nantly inhibit NF-KB activity by complexing with other
wild-type proteins of the NF-KB family.
The functional properties of our mutants were analyzed by

transient transfections of NTERA-2 cells that express no
detectable constitutive NF-KB activity (4). Wild-type and
mutant p50 constructs were subcloned into an expression
vector, PMT2T. Prior to subcloning, the entire sequence of
the subcloned fragment was confirmed by sequencing for
each of the constructs that inhibited DNA binding or protein
dimerization. The effect of each mutation was analyzed by
cotransfection into NTERA-2 cells with another member of
the NF-KB family, p65, and an indicator CAT plasmid, J-16,
that contains an NF-KB enhancer. This system was chosen
for transfection since p50 lacks a trans-activation domain
and transfection of p50 alone did not induce CAT expres-
sion. Furthermore, transfection of p65 alone yielded strong
induction of CAT expression that could then be tested for
trans-dominant inhibition by the p50 mutants. The extent of
induction of CAT activity above that seen with the vector
alone was determined for p65 cotransfected with wild-type
p50 and each of the mutants (Fig. 4). The amount of each
plasmid used in the transfections was adjusted so that the
amount of p65 synthesized did not saturate induction of the
indicator plasmid, J-16 (data not shown). Three of the
mutations (56-57, 59-60, and 153-154) that affected DNA
binding but not dimerization caused a highly significant
decrease in CAT activity and hence were trans-dominant

negative mutants; however, mutation 149-150 (that also
affected the DNA binding domain) resulted in only a modest
reduction of CAT expression. Mutations 149-150 and 153-
154 were potentially more disruptive to the overall protein
conformation, since they introduced proline residues into
the sequence. Other mutations which did not affect DNA
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FIG. 4. Functional analysis of p5O mutants by CAT assay. Each
mutant was subcloned into an expression vector and cotransfected
with a p65 expression vector plus an NF-KB-CAT reporter plasmid
into NTERA-2 cells. p65 is present in all transfections except the
first sample (CAT). PMT2T denotes transfection of the parental
plasmid construct with no insert. Induction of CAT activity was
measured by dividing the counts per minute of each sample by the
mean counts per minute of the reporter CAT construct alone (first
bar). Each transfection was performed in triplicate, and the standard
deviation is indicated on each bar. These results are representative
of two independent experiments.
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FIG. 5. Heterodimerization of p50 mutants with p65 in vivo.
Mutant or wild-type p50 DNA subcloned into expression vector
PMT2T was cotransfected with p65 into NTERA-2 cells. Proteins
were labeled in vivo with [35S]methionine plus [35S]cysteine and
analyzed for dimerization by immunoprecipitation with p65 anti-
body. p65 and p50 are identified by their different sizes on SDS-
PAGE.

binding (193-194 and 197-198) and which also introduced
proline residues, however, did not affect CAT activity.
To verify that the trans-dominant mutants (56-57, 59-60,

149-150, 153-154) dimerized with p65 in vivo, transfected
cells were grown in media containing [35SJmethionine plus
[35S]cysteine, and then p65-mutant p50 'S-labeled com-
plexes were immunoprecipitated with anti-p65 specific anti-
body. As seen in Fig. 5, this antibody coprecipitated mutants
56-57 and 59-60 but not mutant 326-327 (which interfered
with protein dimerization). In this assay, mutants 149-150
and 153-154 also dimerized with p65 in vivo (data not
shown). Thus, as was seen in vitro with RelB, the trans-
dominant mutants dimerized efficiently with p65 in vivo.
With the possible exception of mutation 326-327, muta-

tions that interfered with protein dimerization had little or no
effect on CAT activity (274-275 and 320). These results
indicate that mutants bearing several specific amino acid
changes within the p50 protein which inhibit DNA binding
(but not dimerization) acted as trans-dominant inhibitors of
NF-KB activity of the p65 protein.

DISCUSSION

We have analyzed the effect of specific amino acid muta-
tions of the Rel-homologous region of the NF-KB p50 pro-
tein. Mutations in two different areas of the 5' Rel-homolo-
gous region of the gene resulted in a loss of DNA binding
activity but did not affect protein dimerization; therefore,
two separate regions of p50 may be involved in the formation
of a DNA binding domain. From these studies it cannot be
determined whether the mutations affected contact between
the protein and its DNA recognition sequence or the tertiary
structure of the protein. It is possible that the more conser-
vative mutations in one region (56-57 and 59-60) interfered
with the actual DNA binding domain whereas the more
drastic mutations of the second region, which lies within a
putative a-helical region (149-150 and 153-154), altered pro-
tein conformation and thus affected DNA binding indirectly.
These four mutations inhibited DNA binding of p50 ho-
modimers in mobility shift assays and exhibited trans-dom-
inant inhibition of NF-KB pSO/p65 in vivo, although to a
variable degree. In the CAT assay, the effect of each mutant
was evaluated by its ability to heterodimerize with p65 and
inhibit trans-activation of a CAT reporter plasmid. None of

the mutants totally inhibited trans activation when cotrans-
fected with p65 into NTERA-2 cells, probably because some
homodimers of p65 were still able to form and induce CAT
activity. (Substantial trans activation by p65 alone at 40-fold-
lower levels of transfected p65 plasmid DNA has been
observed by us [data not shown].) Although mutant 149-150
inhibited DNA binding of the homodimeric complex on
mobility shift assay, it was the least effective in trans-
dominant inhibition. Perhaps this mutation prevented DNA
binding as a p50 mutant homodimer (two mutations per
complex) but did not completely block DNA binding by the
mutant pSO-p65 heterodimer (one mutation per complex).
The mutations that disrupted protein association (274-275,

320, and 326-327), as expected, had little or no effect on trans
activation as measured by CAT assay. Of this group, muta-
tion 326-327 produced a modest negative effect on cotrans-
fection with p65. Perhaps this slight variability reflects subtle
differences in the ability of these mutants to form dimers
with themselves or with RelB or with p65. Similar subtle
differences of heterodimer formation may explain why mu-
tation 276-277, which had no effect on transactivation by p65
and which is located in the putative protein dimerization
domain of p50, showed only weak DNA binding as a
homodimer but dimerized relatively well with RelB in the
immunoprecipitation assay. It is also conceivable that
changes in the dimerization domain which have no apparent
effect on dimerization may nonetheless have an indirect
effect on DNA binding by altering the overall conformation
of the heterodimeric complex.

Despite these considerations, our data clearly identified
mutations in two separate areas of the Rel homology region
of p50 that potently interrupted DNA binding and a third
region in the carboxy terminus of the Rel homology region of
p50 which appears essential for protein dimerization. The
locations and effects specifically identified by our mutations
are consistent with previous reports (18, 24) that suggested
similar effects by mutations or by deletions of several amino
acids. Our data further demonstrate that mutations which
affect DNA binding by p50 but not dimerization can act as
trans-dominant inhibitors of NF-KB activity, although the
degree of inhibition varies. These mutations provide tools to
analyze further the role of NF-KB-binding proteins in the
activation of many genes that are regulated by these factors.
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