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Transcription of class I genes of the major histo-
compatibility complex (MHC) can be induced by
interferons. Treatment of HeLa cells with interferon-y
induces a DNA-binding factor, IBP-1, specific for a site
within the interferon response sequence (IRS) of the
H-2Kb promoter. The mol. wt of IBP-1, as estimated by
photoactivated protein-DNA crosslinking analysis, is
-59 kd. Point-mutation of this binding site abolishes
IBP-1 interaction and the ability of the MHC promoter
to respond to interferon. Induction of this binding activity
is rapid and closely parallels the previously reported time
course of transcriptional activation of endogenous MHC
class I genes. Treatment of cells with cycloheximide, a
protein synthesis inhibitor, blocked the induction of the
DNA-binding activity. An oligonucleotide derived from
the virus- and double-stranded RNA-inducible promoter
of the interferon-fl gene is able to bind IBP-1.
Sequences similar to the IBP-1 binding site are found
upstream of many interferon-responsive genes.
Key words: interferon-,y/interferon response element/DNA
binding factor/major histocompatibility complex

(IFN-y; type II interferon), that binds to a site within the IRS
of the MHC class I gene, H-2Kb. Site-specific mutation of
the identified binding site abolishes the capacity of the
promoter to respond to IFNy.

Results
Interferon-e induces a sequence-specific DNA binding
factor, IBP- 1
A double-stranded oligonucleotide probe, encompassing a
major portion of the H-2Kb IRS, was prepared. This
oligonucleotide, which included the sequence from -156
to - 135 in the H-2Kb promoter, was end-labeled and used
in DNA-binding experiments (Figure 1). One complex was
detected in extracts of cells treated with IFN'y that was not
present in extracts of untreated cells (Figure 1, lanes b and
c). The induced DNA-binding activity was specific, as shown
by competition with an -50-fold molar excess of an
unlabeled MHC-derived DNA fragment that includes the IRS
region and by the lack of competition by an equivalent excess
of an MHC-derived DNA fragment lacking the IRS (data
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Introduction
Interferons have been shown to influence a number of
cellular processes, including cell growth and differentiation,
in addition to stimulating the antiviral response (for review,
see Revel and Chebath, 1986). Interferon treatment results
in the transcriptional induction of many genes including those
of the class I major histocompatibility complex (MHC).
These genes encode cell-surface glycoproteins expressed in
virtually all adult tissues and have been shown to be required
for recognition of virus-infected and neoplastic cells by
cytotoxic T lymphocytes (for review, see Flavell et al.,
1986).
Stimulation of MHC class I gene expression by treatment

with a, ,B, and e interferons is controlled by the interferon
response sequence (IRS), a region located upstream of the
structural gene (Israel et al., 1986; Sugita et al., 1987). We
have identified a cellular factor, inducible by interferon--y
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Fig. 1. IFN-y induces a sequence-specific DNA binding activity in
HeLa cells. Whole-cell extracts (Manley et al., 1980) of HeLa cells,
either untreated or treated with 1000 U/ml of IFN-y (ImmuneronTM,
Biogen, Cambridge) for 3 h, were incubated with an oligonucleotide
probe and were electrophoresed on Tris/glycine polyacrylamide gels as

described in Materials and methods. The arrow indicates the specific
complex formed on the DNA probe.
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Fig. 2. Analysis of binding of IBP-1 to H-2Kb DNA. (A) Methylation
interference assay. The methylated guanine residues that interfere are
marked with asterisks. The sequence of the H-2Kb non-coding strand
is shown to the left. (B) Binding to wild-type (w.t.) and mutant (mut.)
oligonucleotide probes. Oligonucleotide probes corresponding to the
wild-type sequence and to a mutant sequence, with changes indicated,
were incubated with extracts from untreated HeLa cells, from HeLa
cells treated for 3 h with IFN-y (+y3), or HeLa cells treated for 24 h
with IFN-y (+ Y24) and electrophoresed as described in Materials and
methods. The arrow indicates the IBP-1/DNA complex.

not shown). The remaining complexes generated by extracts
of both induced and uninduced cells are not specific for the
IRS region since both MHC-derived competitor fragments

competed for this binding with equal efficiency (data not
shown). The whole-cell extracts of both untreated and IFN'y-
treated cells yielded identical binding properties relative to
H2TF1, a ubiquitous DNA-binding activity specific for the
H-2Kb promoter (Baldwin and Sharp, 1987), and MLTF,
an activity that interacts with the adenovirus major late
promoter (Carthew et al., 1985; data not shown). Therefore,
neither extract had undergone significant protein degradation.
The IFN'y-induced DNA-binding activity will be referred
to as IBP- 1, for IRS binding protein.

Localization of the IBP- 1 binding site within the
interferon response sequence (IRS)
Methylation interference was used to locate the binding site
of IBP-l more precisely. Methylation at either of two guanine
residues on the non-coding strand, G 144 and G 146,
interfered with IBP- 1 binding (Figure 2A). Methylation at
any of the guanine residues on the coding strand did not
interfere with IBP-1 binding (data not shown).

Extracts of untreated cells and cells treated with IFN7y for
3 or for 24 h were compared in binding assays using the
wild-type IRS oligonucleotide and a mutant in which the two
guanine residues, G-144 and G_ 146, were replaced by
thymine residues (Figure 2B). Alteration of only these two
nucleotides completely abolished the ability of IBP- 1 to bind
to the IRS probe. No significant difference in IBP-l binding
was observed between extracts made from HeLa cells that
had been exposed to IFN-y for 3 versus 24 h (see below).

Binding specificity of IBP-1
Comparison of the sequence in the IRS of the H-2Kb
promoter to that of the interferon-f3 promoter, HSP70
promoter, and the immunoglobulin x enhancer (Igx)
revealed nearly identical elements (Table I). These sequences
contain the two guanine residues shown to be essential for
IBP-1 binding. Sequences similar to the H-2Kb IBP- 1
binding site are also found upstream of many other type I
and/or type II interferon-responsive genes, some of which
are shown in Table I.

In order to address the binding specificity of IBP-1, we
performed direct DNA binding experiments using
oligonucleotides whose sequences are derived from the IFN-
, HSP70 and Igx genes. Using the IFN-f31-derived probe,

one complex was detected in extracts of cells treated with
IFN-y that was not present in extracts of untreated cells
(Figure 3, lanes c and d). The mobility of the induced
complex is identical to the IBP-1-H-2Kb complex (Figure
3, lane b). Neither the HSP70- nor the Igx-derived probes
bind IBP- 1 (Figure 3, lanes f and h). The complex
immediately above the IBP-1 complex formed in all the DNA
probes is non-specific (data not shown). The remaining
complex formed on the H-2Kb probe, using both uninduced
and induced extracts, and not formed on the other DNA
probes has not been explored further.

Kinetics of induction, effect of cycloheximide (CHX),
and estimated size of IBP- 1
In order to measure the kinetics of IBP-l induction, time-
course experiments were done. Extracts were made at
various times following addition of IFN-y and analyzed for
IBP- 1 binding activity by the gel electrophoresis DNA-
binding assay. As shown in Figure 4, IBP-1 activity is
maximal at - 45 min after IFN-y addition. We observe that
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Factor binding to the interferon response sequence

Table I. Potential IBP-l binding sites in selected genes

Gene Sequence IBP-1 Binding
* *

H-2Kb -134 AGGTGCAGAAGTGAAACTGTGGA -156 +

IFN( -82 AaagGgAGAAGTGAAAgTGgGaA -60 +

HSP70 -65 t GGc t CAGAAGg GAAAa g Gc GGg -43

Igx Aa Ga t CAGAAGTGAAg t c t g c cA

OASE -105 t t c TGa g GAAa c GAAACc a a c a g -83

202 -49 t Gc Tc a AGAAa TGAAACa a c t c t -27

IP-10 -226 g t t Tt g g a AAGTGAAACc t a a t t -204

6-16 -157 AGa g Gg g a AAa TGAAACTc TGc A -135

-116 AGagGggaAAaTGAAACTGcaGA -94

ISG-15 -118 cct cGggaAAGgGAAACcGaaac -96

ISG-54 -83 Aa a a Gg g a AAGTGAAACTa g a a A -105

HLA-A2 -412 g GGa t a Aa AAGTGAAAg g a g a Gg -390

-165 AGa gGgAGAAa a GAAACTGc GGA -187

HLA-A3 -168 c a Gg Gg AGAAa a GAAACTGc GGA -190

INV(-y) -80 AGa TGt g GAAGTGAAAg c t a c a A -102

The proposed IBP-1 binding site of H-2Kb was compared to functionally important elements of other genes. A number of identical and highly similar
sequences were detected. Nucleotides are numbered relative to the CAP site, except for HLA-A2 and HLA-A3, which are numbered relative to the
first nucleotide of exon 1, and 202, which is numbered relative to the first nucleotide of cDNA clone 922. IFNflI, interferon-,3l gene (Degrave et
al., 1981; Goodbourn et al., 1986; Zinn and Maniatis, 1986); HLA-A2, human MHC class I gene A2 (Koller and Orr, 1985); HLA-A3, human
MHC class I gene A3 (Strachan et al., 1984); INV(-y), human MHC class I-associated invariant (y) chain gene (O'Sullivan et al., 1986); ISG-54,
IFNa-stimulated gene 54 (Reich et al., 1987); ISG-15, IFNcs-stimulated gene 15 (Reich et al., 1987); IP-10, an IFN-y-inducible gene containing
homology to platelet proteins (Luster and Ravetch, 1987); OASE, human 2',5'-oligo(A) synthetase E gene (Benech et al., 1987); 6-16, human
IFNa/fl-inducible gene (Porter et al., 1988); 202, an IFNj-inducible gene (Samanta et al., 1986); Igx, immunoglobulin x enhancer (Max et al.,
1981; Picard and Schaffner, 1984); HSP70, 70-kd heat shock protein (Wu et al., 1986). As shown in Figure 3, + indicates binding of the
oligonucleotide to IBP-1; - indicates that the oligonucleotide does not bind to IBP-1. The other sequences listed have not been tested directly for
binding.

the level does not change significantly over time, up to 24 h
(see Figures 2B and 3). As shown in Figure 3, treatment
with CHX significantly reduced the level of IBP-1 binding
activity as compared to extracts made from IFN-y-treated
control cells. The residual binding activity observed can be
attributed to the small amount of protein synthesis not
blocked by CHX (-5%; data not shown).
The mol. wt of IBP-1 was estimated by photoactivated

protein -DNA crosslinking analysis (Figure 5). The
IBP-1-specific complex was isolated and analyzed by
SDS -PAGE. This analysis has revealed IBP- 1 to be 59 kd
in size.

Mutation of the IBP-1 binding site abolishes
interferon-y response
To demonstrate that the response to treatment with IFN-y
is mediated through the identified IBP-1 binding site in vivo,
the activity of a mutant H-2Kb promoter was compared to
that of a wild-type promoter. The deletion construct
pl41H2KCAT, in which sequences from -141 to +5 of
the H-2Kb promoter have been inserted upstream of the
chloramphenicol acetyltransferase (CAT) gene (Baldwin and
Sharp, 1987), was used to construct the mutant and wild-
type promoters. Synthetic oligonucleotides containing
sequences from -141 to -190 were inserted into the
parental vector. One double-stranded oligonucleotide
contained the wild-type sequence while the other contained
a mutant sequence where G-144 and G-146 were changed

to thymines. A schematic representation of the various
constructs is shown in Figure 6.

Plasmid DNAs were introduced with a human growth
hormone reference plasmid (Selden et al., 1986) into HeLa
cells by electroporation and tested, in transient expression
assays, for their ability to respond to treatment with IFN-y
as measured by the stimulation of CAT production (Figure
6 and Table II). The wild-type H-2Kb reconstruction
responded to treatment with IFN-y with a specific
enhancement of 3.1-fold above the uninduced, basal level
of expression (Table II). This level of induction of H-2Kb
gene expression in HeLa cells by IFN-y is in good agreement
with that reported by others (Israel et al., 1986) and is similar
to, but reproducibly slightly less than, that observed with
pl9OH2KCAT (Figure 6 and Table II). This difference in
induction is not due to an altered transcription start site
utilized by the wild-type reconstruction in the presence of
IFN-y, since the wild-type reconstruction and pl9OH2KCAT
start transcription at the same nucleotide (data not shown).
This difference may be an effect of the XhoI linker insertion.
In contrast, the promoter reconstruction bearing the two point
mutations was not stimulated upon exposure of cells to IFN^y.
The basal level of expression from the mutant promoter is
similar to that observed from the wild-type H-2Kb
promoter. It appears, therefore, that the IBP-1 binding site
is essential for stimulation of the MHC class I promoter by
IFN-y, but plays little or no role in the basal activity of the
H-2Kb promoter.
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Discussion
We have identified an IFN-y-inducible, sequence-specific,
59-kd DNA binding factor, IBP-1. The binding site of this
factor is required for IFN-y-stimulated expression of the
MHC class I gene, H-2Kb. Specifically, mutation of two
guanine residues in the binding site prevents the induction
of H-2Kb expression by IFN-y; the same mutation also
prevents binding of IBP-1 to this site. Presumably, therefore,
binding of IBP- 1 to this site is necessary for response of the
gene to IFN-y. Interestingly, preliminary experiments
utilizing the oligonucleotide containing the H-2Kb sequence
from -156 to - 135 demonstrate that this sequence by itself
is unable to confer IFN-y responsiveness to a thymidine
kinase promoter-CAT construction (data not shown),
suggesting that IBP-1 binding alone is not sufficient for
induction. IBP-1 binding activity is rapidly induced in HeLa
cells by treatment with IFN-y and maximal levels of binding
activity are observed within 45 min following lymphokine
treatment. Induction of IBP-1 binding activity was blocked
by treatment with CHX, suggesting a requirement for protein
synthesis.

Recently, Porter et al. (1988) and Rutherford et al. (1988)
have described IFN type I-inducible DNA binding activities
specific for regulatory sequences upstream of the 6- 16 and
the 2',5'-oligo(A) synthetase (OAS) genes, respectively.
Treatment with CHX apparently has no effect on the
induction of the type I IFN-inducible factor (Rutherford
et al., 1988). This contrasts with the ability ofCHX to inhibit

the induction of IBP- I by IFNy, suggesting that IBP- and
the type I IFN-inducible factor may be different. Of course,
it is possible that both type I and type II IFNs induce the
same factor, in one case by a pathway that is protein synthesis
sensitive and in the other which is insensitive. Similarly,
since our experiments and those of Rutherford et al. used
different cell lines, we cannot exclude the possibility that
the pathways of induction are cell-type specific. Consistent
with this, IBP-1 binding activity is induced by IFN-y (type
II), but preliminary experiments indicate that IFNcx (type
I) is unable to stimulate IBP-1 binding in HeLa cells (data
not shown).

Similar sequences to the H-2Kb IBP-1 binding site are

found in the promoter regions of many genes inducible either
by IFNa/3 or by IFN-y (Table I). In all instances, where
it has been tested, the potential IBP-l binding site is located
within regions of DNA required for response of the promoter
to treatment with either type I or type II interferons. It is
not clear if IBP-1 plays a role in type I IFN-regulated gene
expression.
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Fig. 3. Binding specificity of IBP-1. Whole-cell extracts of HeLa cells,
either untreated (--y) or treated with 1000 U/ml of IFN-y (+.y), were

incubated with end-labeled, oligonucleotide probes specific to the
IBP-1-like binding sequences of the IFN,3I, HSP70 and Igx genes (see
Table I) and were electrophoresed as described in Materials and
methods. The arrow indicates the specific complex formed on the
DNA probe. Binding to the H-2Kb oligonucleotide was performed for
comparison.

1 142

Fig. 4. Time-course of IBP-l induction by IFN-y and effect of CHX.
HeLa cells were treated with 1000 U/mi of IFN-y for the indicated
times, after which whole-cell extracts were prepared. CHX-treated
cells were pre-treated for 60 min with 10 /Lg/ml CHX prior to addition
of IFN-y. Extracts were incubated with a wild-type H-2Kb
oligonucleotide probe and electrophoresed as described in Materials
and methods. The arrow indicates the specific complex formed on the
DNA probe.
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Fig. 5. Identification of IBP-1 by UV crosslinking. Binding reactions
and UV irradiation were done as described in Materials and methods.
M.W., protein mol. wt markers; +UV, UV-treated; No UV, UV
irradiation omitted. Arrow indicates position of the UV crosslinked
IBP-1 specific complex.

Table II. IFN-y induction of wild-type and mutant H-2Kb promoter
constructions

Construction IFN-y induction

pl9OH2KCAT 4.1 ± 0.2
pl4lH2KCAT 1.2 + 0.1
Wild-type reconstruction 3.1 ± 0.3
Mutant reconstruction 1.2 + 0.1

The ratio of the CAT activity of transfected HeLa cells treated with
IFNy to that of control cells is shown as induction. CAT activities
were normalized for transfection efficiency, as determined by hGH
assay, and the values shown are the mean of at least three independent
experiments.

IBP- 1 binds a DNA fragment derived from the interferon-
,B, promoter region (Figure 3, lane d). This fragment
contains a sequence which is very similar to the H-2Kb
IBP- 1 binding site (see Table I). DNase I footprinting of
genomic DNA following treatment of cells with double-
stranded RNA has identified a region of protection in the
interferon-flI promoter which centers on this site in the
interferon gene response element (IRE; Zinn and Maniatis,
1986). A double-stranded RNA-inducible factor that binds
this site, IRF-1, has been identified and found to be -37
kd in size (Miyamoto et al., 1988). This is appreciably
different from the mol. wt of IBP-1, shown to be 59 kd.
Thus, double-stranded RNA and IFN'y apparently induce
distinct DNA-binding activities with similar, or identical,
sequence specificity.
MHC class I genes are transcriptionally induced by

interferons within 2-3 h (Rosa et al., 1983; Luster et al.,
1985; Blanar et al., 1988). This correlates well with the
induction of IBP-1 binding activity of HeLa cells: relatively
high within 1 h of IFN-y treatment, but barely detectable after
only 30 min (Figure 4). Since class I genes are expressed
in most cell types, IBP-1 probably functions to stimulate
existent gene expression. Analysis of the expression of IBP-1
is likely to be important to our understanding of the process
of IFN-stimulated gene expression. Purification of this factor
and isolation of its gene will facilitate the unravelling of the
complex pleiotropic effects mediated by interferons.

Materials and methods
Cell culture
HeLa cells were maintained as spinner cultures in Dulbecco's modified
Eagle's medium supplemented with 5% horse serum. Cells were treated
with highly purified recombinant human IFN-y (Biogen ImmuneronTM) at
a concentration of 1 x 103 U/ml for the indicated times. CHX was used
at a final concentration at 10 ug/ml.

Whole-cell protein extracts
Whole-cell extracts of HeLa cells were prepared according to Manley et al.

*0 , .*
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Fig. 6. Functional analysis of wild-type and mutant H-2Kb promoter reconstructions. Top. The result of one representative CAT expression
experiment is shown (see Materials and methods). 100 [ig of protein extract was used per reaction and the data shown is from a 2-h incubation.
Bottom. The solid box represents the wild-type IBP-1 binding site and the hatched box represents that of the mutant. x, position of the XAoI site.
CAT, chloramphenicol acetyltransferase gene.
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(1980). Protein concentrations were determined by the method of Bradford
(1976) using bovine -y-globulin as a standard.

Gel electrophoresis DNA-binding assay
DNA binding reactions were performed as described previously (Fried and
Crothers, 1981; Singh et al., 1986). Extracts were added to the binding
reactions as noted. Reactions were electrophoresed on Tris/glycine
polyacrylamide gels as described (Singh et al., 1986). Oligonucleotides
corresponding to the wild-type sequence from -156 to - 134 in the H-2Kb
promoter and to a mutant sequence (see Figure 2B) were synthesized with
BamHI ends and were cloned in the BamHI site of the pUC13 polylinker.
Oligonucleotides corresponding to the IFN-l1, HSP70 and Igx sequences,
as shown in Table I, similarly were synthesized with BamHI ends.

Methylation interference assay
An end-labeled H-2Kb oligonucleotide probe was partially methylated with
dimethyl sulfate (Maxam and Gilbert, 1980) and used in a gel binding assay
as described above. Free probe and the bound complex were eluted as
described (Baldwin and Sharp, 1987) and cleaved with piperidine. These
reactions, along with cleaved unreacted probe, were electrophoresed on 8%
polyacrylamide/7.5 M urea gels and were exposed for autoradiography.

Photoactivated protein - DNA crosslinking analysis
A 41-bp oligonucleotide containing the IBP-1 binding site (CAGGTTAG-
GTGCAGAAGTGAAACTGTGGAGATGGGGAATCC) was annealed to
a complementary 15-bp oligonucleotide (GGATTCCCCATCTCC) and body
labeled with dATP, dGTP, 5-bromo-2'-deoxyuridine triphosphate and
[ca-32P]dCTP as described by Chodosh et al. (1986). Binding reactions
(50 Al) contained 1 ng of body labeled probe, 10 Mg of poly(dI-dC) -poly(dI-
dC), and 50 Mg of whole-cell protein extract derived from HeLa cells treated
for 3 h with 1000 U/mi of IFN-y. UV irradiation was for 60 min at 4°C.
Samples were electrophoresed on Tris/glycine polyacrylamide gels as
described above and the specific IBP-1 DNA complex was isolated and
subsequently analyzed on a discontinuous SDS -10% polyacrylamide gel
(Laemmli, 1970).

Transient expression assays
Approximately 1 x 107 cells were electroporated with 100 Mg of the test
plasmid, 10 Mg of the human growth hormone reference plasmid, pXGH5
(Selden et al., 1986), and 290 Mg of sonicated salmon sperm DNA in HeBS
(290 mM Hepes, pH 7.05, 137 mM NaCl, 5 mM KCI, 0.7 mM Na2HPO4,
6 mM dextrose) at 270 V, 960 MFD for - 10.5 ms (BioRad Gene
PulserTM). The cells were allowed to adhere for 12-16 h in Dulbecco's
modified Eagle's medium supplemented with 10% fetal calf serum after
which the cells were rinsed once and re-fed with fresh medium, either with
or without IFN-y at 1000 U/ml. A cellular protein extract was prepared
24-48 h later and CAT activity measured (Gorman et al., 1982). Protein
concentrations were determined by the method of Bradford (1976) using
bovine serum albumin as the standard. Human growth hormone concen-
trations were assayed using a solid-phase immunoradiometric assay (Tandem-
R HGH, Hybritech, San Diego, CA). CAT activities were normalized to
the HGH transfection control. p190H2KCAT contains the H-2Kb sequence
from -190 to +5 and p141H2KCAT contains the H-2Kb sequence from
-141 to +5 inserted upstream of the CAT gene (Baldwin and Sharp, 1987).
The other constructs were derived by inserting a double-stranded oligonucleo-
tide into the unique XhoI site of p141H2KCAT (previously pI38H2KCAT,
Baldwin and Sharp, 1987). The wild-type IBP-1 oligonucleotide contained
the H-2Kb sequence, GGTGGGGAAGCCCAGGGCTGGGGATTCCC-
CATCTCCACAGTTTCACTTCTGCA. Underlined residues are those
which have been alterefTiiithe mutant from the wild-type sequence (see
text). Both these oligonucleotides and their respective complements con-
tained termini suitable for ligation to the XhoI site of pl4lH2KCAT.
Oligomer sequences and their orientation in the final constructs were verified
by DNA sequence analysis.
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Note added in proof
Since submission of this paper, A.Keller and T.Maniatis (1988) Proc. Natl.
Acad. Sci. USA, 85, 3309-3313; Y.Shirayoshi et al. (1988) Proc. Natl.
Acad. Sci. USA, 85, 5884-5888 and D. Levy et al. (1988) Genes Devel.,
2, 383 -393, have reported inducible DNA-binding factors that recognize
a DNA sequence similar or identical to that for IBP. 1.
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