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STAT transcription factors are expressed in many cell
types and bind to similar sequences. However, different
STAT gene knock-outs show very distinct phenotypes.
To determine whether differences between the binding
specificities of STAT proteins account for these effects,
we compared the sequences bound by STAT1, STAT5A,
STAT5B, and STAT6. One sequence set was selected
from random oligonucleotides by recombinant STAT1,
STAT5A, or STAT6. For another set including many
weak binding sites, we quantified the relative affinities
to STAT1, STAT5A, STAT5B, and STAT6. We compared
the results to the binding sites in natural STAT target
genes identified by others. The experiments confirmed
the similar specificity of different STAT proteins. De-
tailed analysis indicated that STAT5A specificity is
more similar to that of STAT6 than that of STATI, as
expected from the evolutionary relationships. The pref-
erence of STATG6 for sites in which the half-palindromes
(TTC) are separated by four nucleotides (N,) was con-
firmed, but analysis of weak binding sites showed that
STAT6 binds fairly well to Nj sites. As previously re-
ported, STAT1 and STAT5 prefer N; sites; however,
STATS5A, but not STAT1, weakly binds N, sites. None of
the STATs bound to half-palindromes. There were no
specificity differences between STAT5A and STAT5B.

STAT! proteins were discovered in the course of the analysis
of interferon signaling pathways (1, 2). Up to now seven mam-
malian genes coding for members of this family of intracellular
signaling proteins have been found. STAT molecules are pres-
ent as latent transcription factors in the cytoplasm. Signaling
by a large number of cytokine, growth factor, and hormone
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receptors leads to activation of one or more STATs by JAK
kinases or intrinsic receptor tyrosine kinase activity. The in-
teraction between the SH2 domain present in all STATs and
the STAT phosphotyrosine is the basis for the formation of
STAT dimers with 2-fold symmetry. The dimers are trans-
ported into the nucleus where they bind to a palindromic DNA
motif present in cytokine-inducible genes (see Refs. 3 and 4 for
review). The same palindromic core motif, TTCN, ,GAA, has
been found in sequences recognized by all STATSs.

Initially, the STAT signaling pathway was proposed to ac-
count for specificity of cellular responses to different ligands,
because STAT molecules directly link the receptor to the reg-
ulatory elements in responsive genes. However, it was soon
found that the same STAT molecule can be activated by differ-
ent extracellular signals and that many cytokine receptors can
activate more than one STAT protein. In view of this apparent
promiscuity of receptor-STAT interactions, it was surprising to
find that targeted disruption of STAT genes in mice resulted in
very specific and distinct phenotypes. These results suggest
that in vivo, in contrast to cell culture systems, an unknown
number of receptors acts primarily through a single STAT
species. They leave open, however, the question of how STATSs
select their target genes. The observation that the same STAT
protein can induce distinct genes in different cell types indi-
cates that the induction of these genes does not solely depend
on the presence of active STAT but may require the cooperation
of other proteins (5) or may be controlled by the state of the
chromatin of a potential STAT target gene (6). In some cell
types different receptors activate distinct STATs and induce
expression of exclusive genes (7). In these and in other cases,
target gene selection may also be determined by the capacity of
different STATS to cooperate with distinct transcription factors
that bind to regulatory elements of particular genes. Finally,
target gene selection by STATs may be determined by prefer-
ences in the sequence specificity of different STAT dimers.
Although the same palindromic core is found in sequences
bound by all STATSs, previous work (164) has shown that
STATSs can be distinguished on the basis of their sequence
specificity. The most striking finding was that STAT6 differs
from the other members of the family in that it prefers sites in
which the two halves of the palindrome are separated by four
rather than three nucleotides (8) (TTCN,GAA and TTCN;GAA
hereafter referred to as N, and Nj sites, respectively. We refer
to this distance N, as spacer.) The observation that the fine
specificity for STAT1 and STATS is different when sites of low
affinity are taken into account (9) gave rise to the suggestion
that natural STAT responsive cis-acting elements may be weak
affinity binding sites that preferentially bind specific STATS.
In some cases the specificity of such sites may be increased by
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the arrangement in pairs that allow the cooperative binding of
two STAT dimers (10-13).

Until now, there have been relatively few studies (9, 14, 15)
comparing the sequence specificity of different STAT proteins,
and in particular, there are few data on the relative affinity of
weak binding sites that may be the physiological STAT targets.
In the course of our previous work (6), we identified two STAT-
binding sites in the interleukin-2 responsive enhancer of the
IL-2R« gene, and we showed that this enhancer responds to
STAT5 but does not seem to respond to STAT1 although the
sites do bind STAT1 in vitro. This led us to compare the fine
specificities of STAT5 and STAT1. We included STAT6 in this
study, since the domain responsible for sequence specificity is
more similar to that of STAT5 than to the one of STAT1. First
we analyzed base frequency matrices obtained from the se-
quences selected by STAT1, STAT5A, and STAT6 in binding
site selection experiments. The results revealed that apart
from its preference for N, sites, STAT6 selected sites that
resembled more the ones selected by STAT5 than by STATI.
We compared these matrices to the results from experiments in
which we quantified the relative affinity of a series of weak
binding sites for STAT1, STAT5A and -B, and STAT6. We
found that the principles that govern STAT binding to high
affinity sequences equally apply to weak binding sites. Our
results are in reasonable agreement with the sequence pattern
among the putative target sites for various STAT proteins in
cytokine-responsive genes. Thus, our results may be useful in
predicting which STAT regulates expression of a gene that
includes a STAT consensus site in its regulatory elements.

EXPERIMENTAL PROCEDURES

Recombinant Proteins and Cell Extracts—Preparation of histidine-
tagged recombinant human STAT1 and human STAT6 proteins from
insect have been described previously (8). The baculovirus expression
vector pVL1393 (PharMingen) was used. Recombinant human STAT5A
was prepared by the same method. Fig. 3A indicates that these prepa-
rations contain no major impurities. Recombinant STAT5B was also
prepared using a baculovirus expression system. Briefly, rat STAT5B
c¢DNA (without a histidine tag) was cloned into pFastBacl, and virus
was produced in SF-21 cells. Subsequently, SF-21 cells were coinfected
with STAT5B and murine JAK2 encoding viruses. 60 h post-infection
protein extracts were purified by DNA affinity chromatography, using
a biotinylated oligo with tandem STAT-binding sites and magnetic
beads, according to Dreier et al. (16). SDS-polyacrylamide gel electro-
phoresis analysis (not shown) indicates that, as expected, this prepara-
tion is much less pure than that of the histidine-tagged proteins. Ex-
tracts containing endogenous STAT1 were produced as described
previously (9) from BUD 8 fibroblasts.

DNA-binding Site Selection—The STAT1 and STAT6-binding site
selection experiments that produced the data used in Fig. 2 have been
described previously (8, 9). The selection for STAT1-binding sites was
carried out on a pool of 76-base oligomers (26 random bases sandwiched
between two constant 25-base regions containing primer recognition
sites) with nuclear extract from interferon-y-treated fibroblasts, accord-
ing to Ref. 17. Bound oligonucleotides were precipitated with an anti-
STAT1 antibody and protein A-agarose and subsequently amplified by
PCR. Sequences were cloned after five rounds of selection amplification,
and 52 clones were sequenced. The sequences of STAT5A- and STAT6-
binding sites were selected from a pool of 50-base oligonucleotides with
14 randomized positions as follows: 5'-GTCTGTCTGAGGTGAGATCT-
ATN,,ACAAGCTTGTCTAGCGACGTCGCG-3'. The constant regions
5" and 3’ of the randomized positions contained a Sacl or a HindIII site,
respectively, which was used for subsequent cloning. The binding pro-
cedure was carried out essentially as described (18), using recombinant
STAT5 and STAT6. Three rounds of selection by bandshift were per-
formed. Bound sequences were eluted, and 10 cycles of PCR amplifica-
tion were used to amplify the selected oligos for the second and third
round using the following conditions: 1 min at 94 °C, 1 min at 55 °C, and
30 s at 72 °C. PCRs were carried out in 50 ul according to the specifi-
cations of the manufacturer (PerkinElmer Life Sciences), except that
dCTP was replaced by 3 X 10® umol (3,000 Ci/mmol) of [a->2P]dCTP.
After the third mobility shift, the bound DNA was eluted, and a PCR
with 20 cycles was carried out in the absence of radioactive dCTP. The
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resulting fragments were cloned and subjected to automated DNA
sequencing from which 39 sequences (STAT5A) and 45 sequences
(STAT6) were recovered.

Analysis of in Vitro Selected Binding Sites—A hidden Markov model
(HMM) was chosen for a formal description of the binding specificity of
individual STAT proteins in the site-selection experiments. The param-
eters of the STAT1-, STAT5-, and STAT6-specific binding site models
shown in Fig. 2 were obtained by training the same initial model shown
in Fig. 1 with the respective sequence sets. The Baum-Welch algorithm
as implemented in SAM software release 1.3.3 was chosen as training
method for this purpose. All oligonucleotides were presented in both
orientations to the algorithm taking into account the perfectly symmet-
ric nature of the STAT dimer.

Competitors and Probes—Oligonucleotides (see Table II for upper
strands) were purchased from Microsynth (Balgach, Switzerland) or
MWG Biotech (Ebersberg, Germany). Complementary oligonucleotides
were annealed by heating and slow cooling in 10 mMm Tris (pH 7.4), 1 mMm
EDTA, 50 mMm NaCl and kept at —80 °C. To control for completeness of
annealing, 100 ng of double-stranded oligonucleotide was fractionated
on a nondenaturing 12% polyacrylamide gel that was stained with
ethidium bromide after the run. Oligonucleotide concentrations were
verified by running aliquots on a 12% polyacrylamide gel and compar-
ing the ethidium bromide signal with that of a titration series of the
reference competitor loaded on the same gel. Adjustments for the dif-
ferences in composition of the sequences were made. Serial 2-fold dilu-
tions of the stock solutions were used in the competition assays.

Competition Assays—Electrophoretic mobility shift assays were car-
ried out with the STAT1-responsive element of the Fc-yRI gene (re-
ferred to as GRR (19)) as a probe, which was end-labeled according to
standard procedures (20) with [y-*2P]ATP (Amersham Pharmacia Bio-
tech) and purified on a 12% polyacrylamide gel. After precipitation, the
probe was resuspended in 10 mMm Tris (pH 7.4), 1 mm EDTA, 50 mM
NaCl and kept at 4 °C. 30,000 cpm/sample were used per bandshift
reaction.

The binding buffer for the bandshift reactions contained 10 mm Tris
(pH 7.4), 1 mMm EDTA, 140 mm KCl, 10% glycerol, 1 mM dithiothreitol, 10
mM sodium hydrogen phosphate, 4 mM urea, 0.1 mM ATP, 20 mm
spermine, 1 mg/ml bovine serum albumin, 5 mg/ml poly(dI-dC).

To optimize binding conditions for recombinant STAT proteins, we
assessed several substances for their capacity to influence STAT-DNA
interactions. Among the compounds tested, the naturally occurring
polyanion spermine considerably increased recombinant STAT binding.
Maximal effects were obtained at the concentration specified above.
Note that spermine had no effect on the formation of STAT5 or STAT6
complexes using crude nuclear extracts from IL-2- or IL-4-stimulated
cells. Salt concentration was chosen to equal approximately the intra-
cellular concentrations.

For the competition experiments a constant amount of probe was
mixed with graded amounts of competitor, before addition of STAT
protein. In each experiment reactions with different concentrations of
unlabeled reference GRR oligonucleotide were included.

The following amounts of recombinant proteins were used: STAT5A,
15 ng/sample; STAT5B, 150 ng/sample; STAT6, 50 ng/sample; STATI,
10 ng/sample. Binding reactions (22 ul) were incubated for 150 min at
29 °C and then loaded onto a running 4% nondenaturing polyacryl-
amide gel, which had been prerun at 4 °C for 30 min. The binding
reaction had reached equilibrium at the time of loading on the gel.

RESULTS

In Vitro Selection Experiments—Data from binding site se-
lection experiments with human STAT1 and STAT6 have been
partly published previously, and we used the sequences derived
from these experiments for the analysis described here. For
human STAT5A we carried out a similar procedure, starting
with randomized 14-mers placed between PCR-priming sites.
Three cycles of selection were carried out by isolation of bound
fragments from a bandshift procedure, and the resulting se-
quences were cloned. 39 clones were subjected to sequencing
(for details see “Experimental Procedures”).

These three oligonucleotide sequence sets constitute the raw
data from which the binding site models specific for the indi-
vidual STAT family member were generated and they are
included as Supplemental Material.

Initial Assumptions, Choice of the Binding Site Model—The
first critical step in the characterization of the binding speci-
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Fic. 1. Analysis of in vitro selected STAT1, STAT5A, and STAT6 sequences. A, principle of the method and data flow. The individual
protein-specific models were obtained with an HMM training algorithm starting from the same general STAT binding site model. The data flow
diagram serves to make clear that all three sequence sets were subjected to the same data analysis procedure. We therefore claim that the
differences between the resulting STAT1-, STAT5-, and STAT6-specific models shown in Fig. 2 are entirely data driven. B, initial model used in
the model building process. This HMM expresses our assumptions about a general STAT protein-binding oligonucleotide. HMMs are probabilistic
constructs that define families of related sequences (23). The rectangular boxes define the base frequencies at particular positions in the model (the
order is A, C, G, T from top to bottom). The boxes numbered —7 to —1 and +1 to +7 correspond to individual base positions. The half-sites are
connected by three alternative paths containing 0-, 1-, and 2-base positions, respectively. The arrows pointing to the right from model position —1
define the initial frequencies of the three spacer classes. Note that the half-site regions are seeded with a moderate preference for TTC and GAA
(70% for the consensus base, 10% for each mismatch). The boxes with loops at the beginning and at the end of the model represent random
sequences of the oligonucleotides outside the binding regions. The trained models have the same architecture as the input model but different

parameter values that are shown in Fig. 2 (numerical values are shown in Table I).

ficity of a transcription factor is the choice of the binding site
model. As mentioned, all STAT proteins are thought to recog-
nize the same palindromic core motif, TTCN,_,GAA (where N,
is referred to as spacer). However, the specificities of individual
STAT proteins may differ in the following aspects: (i) differen-
tial tolerance of specific mismatches in the core motif; (i)
preference of certain bases at flanking positions; and (iii) pref-
erences for different spacer lengths between the core motif
half-sites. In our model, we included three flanking positions
upstream and two flanking positions downstream of the TTC
half-site consensus triplet. The choice of the length of the
sequence analyzed was based on the most distal contact ob-
served in the co-crystal structure, the G-C base pair located
three positions upstream of the consensus triplet (21). The
number of two downstream positions is dictated by the maxi-
mal spacer length. Also on the basis of crystallographic data,
we assumed perfect dyad symmetry of the binding site, and we
used each selected sequence in both orientations. Numerically,

we express the position-specific base preferences and the
spacer length preferences as percentages. Our model thus
contains 35 parameters, 4 X 8 relating to the different bases
at different half-site positions, and 3 to alternative spacer
lengths.

Derivation of STATI-, STAT5-, and STAT6-specific High
Affinity Binding Site Models from in Vitro Selected Oligonu-
cleotides—Estimating the parameters of a binding site model of
the kind described above from in vitro selected oligonucleotide
sequences is not trivial because the oligonucleotides are longer
than the actual binding site, and the location of the binding site
within an oligonucleotide is not often not easy to determine. A
common approach in the analysis of such data is to manually
align putative binding regions according to some prior knowl-
edge and to tabulate the base frequencies observed in consec-
utive columns of the multiple alignment. The drawbacks of
such a method are its lack of reproducibility and circularity. It
will be unclear to what extent such a manual alignment rep-
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Fic. 2. High affinity binding site models for STAT1, STATS5,
and STAT6. The models were derived from primary data (in vitro
selected oligonucleotide sequences) using an HMM training algorithm
as described in the text and in Fig. 1. Only one half-site is shown since
we submitted each oligonucleotide in both orientations to the data
analysis procedure, and the result was entirely symmetric. The position
notation is shown in Fig. 1. The spacer refers to the number x of
nucleotides between the canonical half-sites (TTCN,GAA). Spacer
length frequencies are the numbers associated with the three arrows
pointing to the right from box —1 of the trained models in Fig. 1.

resents initial assumptions or the true binding specificity of the
protein used in the in vitro selection experiment. This type of
procedure is particularly inappropriate in a case like ours
where the goal of the analysis is to reveal subtle differences in
the binding preferences of members of the same transcription
factor family. Circular reasoning is a major problem when
dealing with spacer length variation. If, for instance, we align
STAT5-binding sites by making the assumption that STAT5
can only bind to Nj sites, we would not find any N, site in the
resulting multiple alignment, but this would reflect our initial
assumptions rather than an empirical finding. To make claims
about differences between binding specificities, especially with
regard to spacer length preferences of individual STAT family
members, we have to subject the in vitro selected oligonucleo-
tide sets to exactly the same procedure. This could be achieved
by applying the same ab initio method to all three data sets or
by using a model refinement procedure starting from the same
general STAT-binding site model. Since we do not know of any
robust algorithm capable of finding the optimal binding site
model without using an initial assumption for training sets of
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TABLE I
Base frequency matrices of STAT half-sites derived from selection
experiments (see Fig. 2)

POSITION:" Spacer"

STAT1 -7 -6 -5 -4 -3 -2 -1 0 N, %l
A 6 62 26 2 2 5 2 2 Nz 1.5
T 14 11 36 95 83 4 2 2 N3 98.5]
G 23 14 10 2 2 2 2 49 Ny 0|
[ 57 13 27 2 3 89 95 48

STAT5A| -7 -6 -5 -4 -3 -2 -1 0

A 23 54 a7 2 11 3 5 29 Ny 0
T 33 19 46 93 a2 2 30 29 N3 97
G 17 17 13 2 2 2 8 20 Ny 3
C 26 11 5 2 4 93 57 22

STAT6 -7 -6 -5 -4 -3 -2 -1 -0
A 23 51 33 3 5 11 18 35 Ny 0]
T 42 25 44 92 89 3 14 25 Na 7.5]
G 13 21 19 2 2 4 14 23 Ny 92.5
[ 22 3 4 3 3 82 53 18

¢ Position 0, or +0 for STATS, is the center of the palindromic binding
site that can be described as TTCN,GAA (2 = x = 4). The palindromic
nucleotides are shaded.

® See Footnote a.

the size available to us, we chose the latter approach. The
initial model used as common starting point is shown in Fig. 1.
We call it a hidden Markov model (HMM), because we use an
HMM training algorithm for parameter estimation. Note that
the initial model contains some assumptions about a general
STAT-binding site as indicated above but leaves a great degree
of flexibility. We seeded the model only with a week preference
for N3 spacers (50%) because we were concerned that a stronger
preference could mislead the refinement process in the case of
STATS6 that is expected to prefer N, spacer sites. We chose the
same initial preference for N, spacers as for N, spacers, pri-
marily to control the method.

For model refinement we used the Baum-Welch HMM train-
ing algorithm. This method, in conjunction with the specific
model architecture chosen, is equivalent to the Expectation
Maximization algorithm introduced by Cardon and Stormo (22)
for the analysis E. coli promoters. The method was chosen
because promoter recognition by Escherichia coli RNA polym-
erase can be viewed as a prototype of a protein-DNA interac-
tion governed by a sequence motif consisting of two conserved
blocks separated by a spacer of variable length. In simplified
terms, the Baum-Welch algorithm is an iterative alignment
procedure that works as follows. The initial model is used as a
guide to identify and align putative binding sites during the
first iteration. The base and spacer length frequencies of the
resulting multiple alignment define a new model that guides
the alignment process during the second iteration. One expects
that each iteration results in a model that gives a better fit to
the training sequences. With sufficiently large training sets,
such an algorithm has a remarkable capability of overcoming
errors in the initial model. In our work this is exemplified by
the increase of the frequency of the N, spacer class from 25 to
93% during the training with STAT6-binding oligonucleotides.
The simplified algorithm described above corresponds to the “Vit-
erbi training” variant of the Baum-Welch algorithm which is
more sophisticated in its original form (for details see Ref. 23).

Comparison of STATI1, STAT5, and STAT6 High Affinity
Binding Site Models—Like all other STATs, STAT5A shows a
very strong preference for sequences containing two palin-
dromic half-sites TTC ... GAA (24-26) (Fig. 2 and numerical
values in Table I). We use the position notation proposed by
Chen et al. (21) and Becker et al. (27), i.e. position —2 corre-
sponds to the C in TTC and +2 to the G in GAA. Unless
otherwise specified, we only refer to one half-site, implying that
the complementary is true for the other half-site. With regard
to the central and the flanking nucleotides, the matrix derived
from the STAT5-selected sites resembles very much the STAT6
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matrix, whereas the STAT1 matrix is more loosely related. Two
differences are most striking. (i) Almost all STAT1-selected
sites have a C in position —1, whereas about 40% of STAT5A-
and STAT6-selected sites contain other nucleotides at this po-
sition. Indeed, for STAT1 the requirement for a C at this
position appears to be even more stringent than that for C at
position —2. (ii) STAT1 shows a strong preference for G or C at
position 0, i.e. the center of the palindrome, whereas neither
STAT5A nor STAT6 strongly select specific nucleotides at this
position. Another interesting difference concerns nucleotide
—7. STAT1 has a preference for C at this position (57%), which
translates into a preference for G at position +7. This is in line
with the crystal structure of STAT1 bound to DNA that shows
a contact of glutamate 421 with a guanosine at position +7 and
the suggestion that this contact would be impossible with a
thymidine at position +7 (21). It would be interesting to know
whether this contact could be observed in crystals of STAT5A
or STAT6 that show no preference for C at this position. Note
further that at position —5 C is strongly avoided by both
STAT5A and STAT6. STAT6, and to a lesser extent STATSA,
also select against C at position —6. These results are in agree-
ment with the recently published data of Soldaini et al. (28).

Some of the variation between the matrices may be due to
differences between the conditions of the STAT5A and STAT6
selection experiments on the one hand and the STAT1 selection
on the other hand. However, the results of the competition
experiments described below reveal the same preference pat-
terns, which strongly suggest that they are not an experimen-
tal artifact.

The hidden Markov modeling confirms the strong preference
of STAT® for sites in which there are four nucleotides between
the two halves of the palindrome (TTCN,GAA), as is shown in
Fig. 2 and Table I. Nevertheless, STAT6 selected 7% N sites
(TTCN;GAA), and below we provide specific evidence that
STAT6 can indeed bind to Nj sites. Like STAT1, STAT5A
seems to select preferentially Nj sites, but the preference for
such sites appears less absolute. Unlike STAT5A or STATS6,
STAT1 appears also to select some N, sites. Among the oligo-
nucleotides selected in vitro by STAT1 (see Supplemental Ma-
terial), we found at least one candidate for such a binding mode
(CATCAC TTCCGGAA ATGGCGMT).

Comparison of Low Affinity Binding Sites—We wanted to
investigate whether the differences between the sequence speci-
ficities of the various STAT proteins revealed by the compari-
son of the selected high affinity binding sites also apply to low
affinity binding sites. For this purpose we tested the effect of
base changes on the affinities for STAT1, STAT5A and -B, and
STAT6. We used recombinant STAT proteins to avoid effects of
unknown cellular components on DNA binding. To determine
relative affinities, we carried out competition assays in which
graded amounts of accurately quantified double-stranded syn-
thetic oligonucleotides were added as competitors to a standard
binding reaction between a STAT protein and a radioactive
reference probe (for an example see Fig. 3B). For the latter we
used the GRR element of the Fc-yRI gene, as it binds strongly
to STAT1, -5, and -6 (12, 29, 30). Binding reactions were carried
out under conditions that had been optimized in preliminary
experiments (see “Experimental Procedures”). They were frac-
tionated on nondenaturing polyacrylamide gels. Autoradio-
graphs of the gels were used to determine the quantities of test
and reference competitor that reduced the amount of bound
labeled probe to the same level (see Fig. 3B). For example the
affinity of STAT1 for sequence II, spacer N3 was calculated in
the following way (the roman number in front of the sequence
name designates the class of the element in Table II for better
orientation). By using 5880 fmol of spacer N3 sequence and 35
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Fic. 3. A, characterization of recombinant STAT. Histidine-tagged
proteins were produced in insect cells as described previously. Cells
were coinfected with two baculovirus samples, one encoding JAK2
tyrosine kinase and the other a STAT protein. Tagged proteins were
purified by Ni?* affinity and analyzed by SDS-polyacrylamide gel elec-
trophoresis. 500 ng of each protein were loaded on the gel and stained
with Coomassie Brilliant Blue. Numbers on the side refer to molecular
weight standards. We do not know why STAT5A migrates as a doublet;
the upper band does not represent the phosphorylated portion. B,
experimental procedure for the determination of relative affinities of
STAT proteins. Different amounts of carefully quantified reference or
test competitor were added to bandshift reactions containing a constant
amount of STAT protein and labeled reference probe (see “Experimen-
tal Procedures”). Reactions loaded onto the same gel were compared by
assessment of the resulting autoradiographs. This allows one to deter-
mine with an accuracy of less than 2-fold the amount of test competitor
required to reduce the signal due to the shifted probe to the same level
as a given quantity of reference competitor.

Reference
(:GRR)

fmol of unlabeled GRR sequence, the shifted bands had the
same intensity. The adjacent bands served as control. We di-
vided the amount of test competitor by the amount of the
reference competitor (5580 fmol/35 fmol = 168), and we
rounded the final result to 170 times reduction of affinity
compared with the affinity of the reference probe. In some
instances, gels were also scanned with a PhosphorImager to
verify the accuracy of the results obtained by visual comparison
and to ascertain that the amount of probe added to each reac-
tion and loaded on the gel was constant. The complete results
obtained with 40 sequences are reported in Table II, where
they are expressed as the fold reduction of affinity compared
with that for the reference probe.

Effect of Changing Spacer Length between Palindromic Half-
sites—To investigate the role of the spacer of the half-palin-
dromes in the binding of different STATS to low affinity binding
sites, we added a base to the center of the N spaced palin-
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TaBLE II

Comparison of the affinities of different DNA sequences for STATI1, STAT5A, STAT5B and STAT6

Lowercase letters in the XI, SIE element indicate single-stranded overhangs in the annealed oligo used for competition. The following
abbreviations are used: GRR, IFN-y response region of the Fc-yRI gene (19, 41); mIL-2rE site I/II, distal/proximal GAS element of mouse IL-2R«a
gene (42); hIL-2rE site I/II, distal/proximal GAS element of human IL-2R«a gene (43, 44); APRE, acute phase response element of rat a,-
macroglobulin gene (45); €, GLS of human Ig heavy chain germ line gene (46); IL-4R, STAT6-binding site of human IL-4R gene (30); SIE,
sis-inducible element of human c-fos gene (47); N3-selected, sequence selected in random selection experiment with STAT5A; N4 artificial 1-3,
artificial N4 sequence 1-3; N4-selected, sequence selected in random selection experiment with STAT6; N3 artificial 1, artificial N3 sequence 1;
half-site 1-5, artificial half-sites. The sequences designed to test effect of specific base changes and spacer length are as follows: spacer N3,
reference sequence (N, spaced palindrome); spacer cttc, A — C change at position —5; spacer ttcc, G — C change at position —1; spacer N4,
conversion to N, site by insertion of a base (see text); spacer N3/N4, A — T change at position 4 (see text); spacer half, mutation in one side of the
palindrome to create a half-site (see text); no STAT1-2, sequences without STAT-binding element nor half-sites; suffix var-1, -2. . . denominates
sequence variations of the original sites.

Fold reduction in relative affinity "
. Element " Sequence STAT1 |STATSA|STATSB| STATE
class | TATTTCCCAGBAAARS
| GRR GTATTTOCCAGARAAAGGAAC 1 i 1 1
GRR-var1 GTATTTECCAGAAAAGCTAC 1 1 1 1
GRR-var2 GTTATTTECCABARAGOCCAGACATGOAGTCECCGAGAG 3 3 ND &
GRR-var3 GTATETECCCAGARAGGGAAC H 3 ND 5
GRR-vard GTTATETECCABAAAGCCCAGACATTTCTGATAAGAGAG 5 5 ND 6
class Il AAMPTCSCSGAAKNT
spacer-N3 GACAAATTEGCCBAATTTGG 170 5 10 10
spacer-ctic GACAACETEGCCGAATTTGG 140 8 17 20
spacer-tice GACAAARATTCOCCCGBAATTTGG 5 3 5 10
N3-selected GATCTGTTAACEBECCCEARGATC 3 5 5 40
class Il TYCEPTETRAGAAKTM
hiL-2rE site | CAGTTTCETTOTAGEAAGTACCA 60 10 10 7
| mIL-2rE site | CAGTTTCITETGAGAAGTACCA 90 10 ND 5
APRE GATCCITEGTGGE@AATTCCTA 5 2 Z Z
class IV CATPTPTCTGRTAAKAG
hiL-2rE site | CAGACATTTETGATAATAGAG 60 70 70 70
| mIL-2rE site I CAGACATOTCOTGATAAGAGAG 50 100 180 100
| mIL-2rE site |l-vart CAGACATTTOCTGGTRAAGAGAGTTG 20 100 100 100
class V GACTTECCAAGBAACAG
E GATCCTCGACTTECCAAGAACAGCA =200 20 B0 2
e-vari GATCCCGCTGTTGCTCAATCGACTTECCAARGARCAGCA =200 20 40 Z
e-var2 GATCCCGCTGCGTCOAGGCCOACTTECCAABARACAGCA =200 25 100 5
class VI WRRITCGCGCGAAY Y W
N4-artificial 1 TGCATGATATGATGTGCAGTTGGETECGCGCBARACCACCAGACA =180 =200 =100 10
spacer-N4 GACARAATTCGCEGCBAATTTG =200 [i) 130 3
class VIl WEYTTCYBRAGAASYW
miL-2rE site I-var1 CAGTTTCOTTCECTGAGBAAGTACCAGAC =200 BO =100 3
miL-2rE site |-var2 GCAGTTTCITTETCGABARGTACCA =200 =200 =150 10
N4—an@§|2 GATCCATGGGAGTTTETGAAGAACCTTCAGCTGTGCACAG =200 80 =200 5
class VIl TWMEITCAYMYGAAWTA
IL-4R TGATAT GATGTGCAGTTTCHMTGAT CTGAMATACCAGACA =200 200 =100 15
N4-selected CATAATTCOACACGAATTACAGATC =200 30 40 3
class IX cnx-r“f’-{:ayanrnnsna
miL-2rE site |l-var2 GAAGTACCACGACATITTCCTGATAAGAGAG =200 110 =100 7
miL-2rE site ll-var3 CAGAC E TCGATAAGAGAGTTG =200 =200 =200 20
Md-artificial3 ACCAGACGG BC CGCTAACCGAGTTGAGCAACTTCCTCGATATG| »200 =200 =200 25
class X ca CACTGTAGTC
N3-artificial1 C G ACTGTAGTCTGGCTGC =200 >200 ND =200
class XI R WM BSGBSWWEKEK
SIE CCccGTA CCGTCAATGCA 10 >200 >200 >200
spacer-N3/N4 GACAAAT CGCGATTTTG =200 130 =200 25 |
| Nd-artificiald CGCTGCTGCCCCCAGCATC TGGGGTAGGAAGTGGTTG =200 =200 ND =200 |
|class X1l R H MYSDRENGB |
spacer-half GACAARA CCCAGCTTTGG =200 =200 =200 >200
half-site1 ATAGAGTTGAGCAAC CTGA =200 =200 =200 =200
_half-site2 CAAAGAGGGAT EACCTACAT 120 =200 ND >200
half-site3 CARAGACTCAT CCTACAT =200 =200 ND =200
| half-site4 CAARGGGARCCAACCAC  CTGGGGGCAGCAGCGCCACGT =200 >200 ND =200
| half-site5 AMGGAGAGGGAGANMMBCCCTGCCGTTG =200 =200 =200 45
class Xl RRYYWNKGSRYKGRCWDKRYKSK
| NOSTAT1 GATCATGCATTGACATCATTGT =170 =160 ND =160
EOSTATQ AGCTTGGGGCOGGGBCTGGACEGCAGBACA =200 =200 ND =200

“ The relative affinity of a STAT protein for different oligos was determined by comparing their capacity to compete for STAT binding in a band
shift assay (see Fig. 3B). For normalization the results were compared to the competition with a reference, the IFN-y response element of the

Fc-yRI gene (GRR). The numbers indicate the ratio between the concentration of the competitor and of the reference oligo that reduce band shift
intensity to the same degree.

® Sequences are classified into 13 classes according to sequence similarity, number of nucleotides between half-sites, substitutions within
half-sites, and bases between half-sites or outside the palindrome.

drome of the distal STAT consensus site in the IL-2-responsive
enhancer of the murine IL-2Ra gene (III, mIL-2rE site I;
... GTTTC TTCTGAGAA GTACCA; half-sites of core palin-
drome are underlined) (see Table II for complete results).
Insertion of a C at position —1 (VII: mIL-2rE site I-varl:
... GTTTC TTCCTGAGAA GTACC ... ; inserted bases are in
italics) resulted in an 8-fold reduction of STAT5A binding,

whereas insertion of a C at position —0 (VII: mIL-2rE site
I-var2; ... GTTTC TTCTCGAGAA GTACC. ... ) reduced bind-
ing more than 20 times. This difference is presumably due to
the fact that insertion of a C at position —1 gives rise to a
half-site TTCC, characteristic for high affinity binding sites.
Surprisingly, neither insertion significantly improved STAT6
affinity. In III, mIL-2rE site I the Nj site overlaps with an N,
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site (CAGT TTCTTCTGAG AAGTACCA) which has a mis-
match in one of the palindromic cores (dot below letter) but
lacks the unfavorable C and G residues at position —5 and +5,
respectively. It is possible that STAT6 binds to this element
that is destroyed by the insertions in the mIL-2rE site I
variants.

It is an inherent characteristic of N, sites that they contain
N; spaced palindromes with more or less mismatches. Thus the
VII mIL-2rE site I-varl sequence contains an Ny site with one
mismatch (CAGTTTC TTCCTGAGAA GTAC ... ) in addition
to the N, site. To test whether such “hidden” sites affect STAT
binding, we designed a pair of oligonucleotide sequences with
low predicted affinity that contain an N5 (II: spacer N3, GA-
CAAA TTCGCCGAA TTTGG) or an N, site (VI: spacer N4,
GACAAA TTCGCGCGAA TTTG) but no hidden sites with a
single mismatch.

Both STAT5A and STAT5B bound about 12 times better to
the spacer N3 than to the spacer N4 sequence. STAT6 favored
the spacer N4 site, but binding was only 3 times stronger than
to the spacer N3 site. The affinity of STAT1 for the spacer N3
sequence was already very low, and we could not detect signif-
icant binding to the N, sites.

These data suggest that STAT5 can bind, albeit weakly, to
N, spaced sites with two conserved TTC half-palindromes.
However, as any such site also contains an Ny spaced site with
two mismatches in one of the half-sites, we considered the
possibility that STAT5 does not bind to the N, half-site but
rather to the N;-spaced half-site with two mismatches. To test
this, we introduced a mismatch into one of the conserved N,-
spaced half-sites of sequence spacer N4 that left the N;-spaced
half-sites with two mismatches unchanged (XI: spacer N3/N4;
GACAAA TTCGCGCGAT TTTG). This resulted in a significant
reduction of binding to both STAT5A and STAT5B. Inevitably,
the change also affects the flanking nucleotide of the mis-
matched N; half-site. But the binding site selection experi-
ments had revealed that sequences with A or T at this position
(+5) were selected with equal frequencies. Thus, we consider it
unlikely that STAT5 recognizes sequence spacer N4 as an Ny
site with two mismatches in one half-site, and we conclude that
STATS5 can bind N, sites.

Of the 16 N, spaced sequences tested (see Table 1I), STAT1
bound only one with detectable affinity. This sequence, the SIE
element of the c-fos promoter, contains one perfect half-site. In
addition it contains a half-site with one mismatch (XI: SIE,
tccGTA TTCCCGTCAA TGCA) at a distance of 4 nucleotides,
and a half-site with two mismatches (tccGTA TTCCCGTCA
ATGCA) three nucleotides from the conserved half-site. In a
previous analysis (31) it was found that an A — C mutation
that induces a second mismatch in the N, spaced palindrome
(tccGTA TTCCCGTCAC TGCA) does not change the affinity of
the sequence for STAT1. On the other hand, a mutation of C —
A that creates an Nj site with one instead of two mismatches
(tccGTA TTCCCGTAA ATGCA) increases the affinity. These
data suggest that STAT1 cannot bind to N, spaced half-sites
and recognizes the SIE element as an Nj site, even though it
contains two mismatches.

Comparison with Natural Binding Sites in STAT-responsive
Genes—We compared these spacer preferences with the config-
uration of the natural sites described for STAT1, -5, and -6.
Genes reported to be activated by STAT3 and -4 were included
for completeness. The current literature was screened, and
enhancer elements claimed to be targets of STAT1, -3—6 listed
in Table III. The conditions for inclusion in the table are out-
lined there. Table III also indicates whether data derived from
gene targeting, with STAT-deficient cell lines, dominant nega-
tive STAT mutants, antisense RNA, or electroporation of spe-
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cific antibodies support a role for a STAT protein. In the fol-
lowing the genes containing the enhancers compiled in this
fashion are referred to as STAT1- and STAT3-6-activated
genes, respectively. Note that in this analysis, we relied on the
published interpretations of the experiments. The sequences in
Table III were thus aligned as shown in the original publica-
tions. Reanalysis of these sites by the same HMM-based pro-
tocol as used for the in vitro selected oligonucleotides was not
possible because for many sites we were lacking the experimen-
tal details delimiting the sequence range shown to interact
with the STAT protein.

All genes found to be activated STAT4 and STAT5 contained
a palindrome spaced by Nj (see Fig. 4 for a graphic represen-
tation of the base frequency matrix derived from the STAT-
activated genes, the numerical values are presented in Table
IV). STAT1-activated genes also contained almost exclusively
Nj sites, with the exception of the 3'-interferon response region
element of the HLA-E gene, which is a half-site. Most of the
STAT6 targets were sites with N, spacers, but some STAT6-
responsive enhancers did contain Nj sites. It was reported that
one of these sites conferred only a weak response to STAT6
(32). Among the STATS targets, one canonical site with an N,
spacer could be identified (CRP-APRE element of C-reactive
protein), and there were 2 sites with a N, spacer. We will
address the question if STAT1 can bind to sites with a N,
spacer below.

STATs Do Not Bind to Half-sites in Vitro—In relation to
these experiments, the question arose whether STAT's can bind
with detectable affinity to isolated half-sites. Since the binding
site selection experiments had indicated a strong preference for
C at position —1 for all proteins tested, and STAT1 had, in
addition, selected C or G at position 0, we reasoned that
TTCCC would be an optimal half-site. We designed an oligo-
nucleotide with this motif, but without a second half-site (XII:
spacer-half, GACAAA TTCCCCAGCTTTGG). This oligonucleo-
tide did not compete for binding to any of the four STAT
proteins analyzed. Thus, it appears that these STATSs cannot
bind with significant affinity to isolated half-sites.

STAT1 Is More Permissive for Mismatches in Position =2 of
the Palindrome Than STAT5 and STAT6—15 of the 26 ele-
ments of “natural” STAT1-activated genes contained mis-
matches in the palindromic sequence. All besides one sequence
(3'-interferon response region element of HLA-E gene) showed
only a substitution of a single base per palindromic half-site. In
10 cases the substitution was in one half-site, and in the 4 other
cases both palindromic half-sites were mutated (cis-acting re-
gions of genes CD86 (both elements) and GBP-1, distal site of
MIG). The most frequent substitution was TTC — TTA (see
Table III). In contrast to STAT1, the 11 cis-acting elements of
STAT6-activated genes all contained perfect palindromes be-
sides one (mCD23a STAT® site). For STAT5 the situation was
more complex; all 22 STAT5-activated genes contained one
cis-acting element with a perfect palindrome, but in three of
the six genes regulated by more than one binding site for
STATS5, one of the elements contains a TAA half-site (instead of
GAA). These differences suggest that STAT1 is more permis-
sive for mismatches in vivo. This is consistent with our in vitro
measurements of relative affinity, as illustrated by the follow-
ing. Sequence IV, mIL-2rE site IT (... ACAT TTCTGATAA
GAGAG) contains a TAA half-site and binds at least as well to
STAT1 as the III, mIL-2rE site I (... TTTC TTCTGAGAA
GTACCA) with a perfect palindrome, whereas the latter se-
quence binds 10 times better to STAT5A. Similar results were
obtained with two more sequences with a TAA half-site (III,
hIL-2rE site I (... TTCTAGGAA ... ) versus IV, hIL-2rE site
II (... TTCTGATAA . ..); III, APRE (... TTCTGGGAA . ..)
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TaBLE IIT
Cis-acting elements of STAT-responsive genes

Elements were included in this table if the experimental evidence demonstrates the following: (i) mutations in the potential binding site in a
homologous context reduce the induction of an appropriate reporter (the homologous sequence must have a minimal length of 100 base pairs; if the
mutation is done by deletion the deletion must be smaller than 50 base pairs; monomers without mutations are not considered); (ii) the binding
protein is identified by immunological methods or by purification of bound protein; (iii) the results from gene targeting experiments do not speak
against the involvement of a particular STAT protein. Putative interactions between a site and a STAT protein that lead to inhibition of induction
of the gene in cis are not considered. In view of the quantity of STAT literature, we apologize to authors whose work could not be included in the
table due to space constraints. IVFP indicates references that describe in vivo footprinting. ND indicates not done. * indicates references to
experiments with mice.

Gene/enhancer Response Putative cis-acting element Experimental evidence
s to (in
o studies
e indicated)
& Name Sequence” o Identi- | Functional assay ®| Effect of STAT
5 ﬂcationdni deficiency
= STAT
w
o
o
Hs OSM ACT-A cla[T[alT|T/AC[c[aGlAlAlA[T[T]A 129 (48) (48) ND
ct1-antichymotrypsin Hs OSM ACT-B T[c|clalgT c[c[clalc AlA[C[a[GlA -a9 (48) (48) ~ND
c2-macroglobulin Rn IFN-y, IL-6 APRE A|TICICITT|C T|G|G|GAA[T|T|C|C 170 (@5.49.50) (s5) — =
bel-x Hs LIF GAS G|CIA|T I I CG|GA|GAAGA|CG -46 (51) (51) (52,53)
caprine arthritis- viral IFN-y GAS CIAIAATITICC|T|IGT AAAITICA -175 (54) (54) ND
encephalitis virus LTR
CD40 Hs IFN-y mGAS A|CITICT I CC|T|T|GAAAIC|IGC -535 (55) (55) (55)
cDas Hs IFN-y GAS3 ClA[T|ITIZIG G[T|c[T AlAAlc|T|A| | -1178 (56) (56) ND
CD86 Hs IFN-y GAS4 T|AJA[CIT TG C[T|T|T|AlA[A|G[CIT| | -1126 (56) (56) S ND -
1
CIITA Hs IFN-y GAS C[CIA[CITT/C T|GAT. A A[AIG[CIA| | -148 (57.58) (57.58) (59(60.61)
Fe-yRI Hs IFN-y, IL-10, GRR GITIATITII|C CCIA/GAAAAIGG -34 (19,41) (19,29) ND
LIF |
GBP-1 Hs IFN-y GAS c|a[T[alT/T]a C[T[c[T|alalAlT|ClC -119 (62) (24) (59)*
gp130 Hs IL-6/0SM SBE C|G[C|G[T/T|A C|G|GG gla HEEE 232 (63) (63) - ~ND
HLAE Hs IFN-y 51RR T|GA|TT e T|G[cGAaAAlCTC] | -191 (64) 64y |  ND
HLA-E Hs IFN-y 3IRR clalg|T T I c[c[cle[T|T|g|clT|c|T 171 (64) (64) ND
]
ICAM-T Hs IFN-7, IL-6 phRE AEEiEEEEERANEE 79 (65-69) (65-67,69) (70)
ICAM-1 Hs IFN-y GAS-2787 [C|C[T|T|IT I E[C[T|T|GAAAalA[C| | -2792 71) (71) - ND
INDO Hs IFN-y PEIl clalT[TizizcclTlaT|alalalalT]G] | 414 | (72). (73) (72), (73) ND
INDS Mm IFN-y GAS C|C|T|T|IL|I C|C|C|C|T AlAC|A|C|T -946 (74) (74) (59)
IRF-1 Rn IFN-v, Prl, GH GAS HERE R EEFEENDEED -126 (75-77) (78) (59y(79)"
IRF-1 | Hs [ IFN-y, IFN-o, GAS T|GA[T|TT g[c|c c‘gfa A[T[GA[C| | -128 (80) (80-82) VP 59y (79)
Pri i <'
MCP-1 Hs IFN-y GAS c|TlalclziT|c|c|T GgiaaAT cl|c 216 | (83 | (83 ND
MIG ) Mm IFN-y prox. GAS |C|C|G[T|T|T|A[T|G|T|GlalAA|T|GlG] | -184 (84) (85) (86)
MIG Mm IFN-y dist. GAS  |T|C|C|C|T|T|A[C|T|A|T|AlAlA[C|T|C] | -z02 (84) (85) (86)
SOCS-3 Mm LIF STAT1/STAT3 [G|C|A|G|T T |C[c|alG|GlA|AT|C|G|G 76 (87) (87) ND
element
SPI-3 Rn IFN-y SPI ClA[T|GT|T c[c|c/alg/alalAa|T|ClA -136 (88,89) (88) ND
STAT1/STAT3
TAP-1 Hs TFNy GAS cle[c|TIT T/e/c[clc|T alaA[T|GlG| | -193 (90,91) (90) ND

“ Hs, human; Mm, mouse; Rn, rat (Rattus norvegicus); Ma, Syrian hamster (Mesocricetus auratus); Oc, rabbit (Oryctolagus cuniculus).

® Orientation is 5’ to 3’ towards transcription start. Palindromic core half-sites are shaded and nucleotides underlined with an unbroken line
when they correspond to the optimal sequence and a dashed underline if the nucleotide is a mismatch to the canonical palindromic sequence.

¢ Position of the first nucleotide of sequence shown in this table.

< By in vitro (electrophoretic mobility shift assay -+ supershift or purification of bound protein) or by in vivo footprinting.

¢ By mutagenesis of binding site in homologous context.

7By gene targeting, STAT-deficient cell lines, dominant negative protein, antisense RNA, or electroporation of specific antibodies.

versus IV, mIL-2rE site II-varl (... TTCTGGTAA ... ), in the stronger). These observations suggest that STAT1, but neither
last case we noted a detectable increase in affinity for STAT1, STATS5 nor STAT6, interacts with TAA half-sites almost as well
but the increase in affinity for STAT5 was more than 10 times as with the canonical GAA half-site. The fact that this toler-
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TABLE III—-continued
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[STATS:
o 1-antichymotrypsin Hs OSM ACT-A [clg[T]a 1}1 A 129 48 | (48) TOND
o 1-antichymaotrypsin Hs 0OSM ACTB  [T/C/CAGIC! -99 (48) (48) ND
r 2-macroglobulin Rn L6, IFN-y APRE A[TICIcT TIC 70 | (49,50,92- (45) ND
angiotensinogen Rn CT-1, Angll St-domain  |A|G|GIG[T T|C -178 (9226) ~ (9596) ND
o-fos Hs | PDGF, EGF SIE Glclalelzzic 352 (31.97) (31,98) (99)
c-myc Hs -6 STATsnbinding AlGlGclT I|G +31 (100) (100) (100)
CIEBP & Mm grcvwll!l: :;rrest, &:P;E GT|ClGTIIC 115 [ (101,102) {(101) (101)
C/EBP & N Rn IL:E sIvsite |G[T|C|GITIIC -115 (103) (103) ND
C-reactive protein Hs IL-6 CRP-APRE |clc|T|c[T T|c 116 (104) (104) ND N
CYP10 gene = Hs I-11 GAS G[T|GTTI|C 286 (105) {105) ND
aromatase
Juamma-fibrinogen Rn IL-& site Il ClA|AIAATIC -158 (108) (106) ND
gamma-fibrinogen Rn IL-6 site 11l clciclalgalc -49 (108) (108) ND
gp130 Hs IL-6, OSM SBE clelclez /A -232 (63) (63) ND
ljung Mm IL-6 JREIL6  |G[c|g/cTiT|c -151 | (107.108) (107,109} (100)
e Mm IL-6 APRF element [C|A[GIA[T T|C +2135 (110) (110) ND
LBP Hs L8 STAT3RE |aAlC|T|G[C/AlC +91 (111) (111) ND
LyB-AJE Mm IL-6, IL-9 5 GAS cla[TlalTiT|c 1232 (112) (112} ND
p21WAF Hs 0osM P21-slE1  [C[T|C|C[TIT|C -637 (113) (113) (113)
perforin Hs IL-2 PSTAT  [C|A[GlAlTT|C -1003 (114) (114) ND
SOCS-3 Mm LIF STAT1/STATS |G[C|A|G[T|T|C -76 (87) (87) (87)
element
SPI-3 Rn IL-6 APRF,;;seTATs cla[T[GlTTIC -136 (88,89) (88) ND
STAT3 Mm L6 SSBE GlclalclT/GIC -326 (115) (115) (115)
TIMP-1 Rn OSM, IL-6 STATRE [A[T[G|Cl6T|C -53 (116) (116) ND
ViP Hs LIF CyRE AlGA|TITIIIC 1318 (117) (117) ND
STAT4:
c-myc Hs IL-2 GAS-like RE [G[C[A[T[TT]C|clala[T]AlAT -1405 (118) (118) ND
IFN-gamma Hs IL-12 STATRE |T|G/C|C|TITIC|AlAlA|GIAIAIT 370 | (119)VFF (119) ND
IRF-1 Hs IL-12 SBE T|cla[TITT|c|c|clclelalalA -266 (120) (120) ND
STATS:
3p-hydroxysteroid Hs Prl STATSRE |A[T|T[A[T/TIC|T|G|A[GIA[ATA 122 (121) (121) “ND
dehydrogenase ]
x 51 casein Oc Prl F4 TlAlC|TIZZIc/T|T|alGlAAlA -3331 (122) (122) ND
ALS Mm GH ALS-GAS1 [G|GT|GITITc/c|[T]alGlAlAlG -637 (123) (123) ND
Bel-XL Hs IL-3 STAlT binding |G|C|A|T|TT|C/G|G|a|clAIA|G -335 | (124,125) (124) (63,124 125)
Bel-XL Mm  |Epo, IL-2, GM- ST::rEil::ing Glcla[TiT'TIc/GGlA glg AlA -345 (126) (126) (125,127,128)
C5F, IL-3 element
[ casein Rn Prl prox. MGF site |G|G|AC|TTIET|T Gﬁ‘a AT -101 (129) (130) ND
CIS Hs IL-2 cisi GlclglGgT TIC T|A G§|ala G 257 (131) (131) (132)*
cls Hs IL-2 cisz2 FHEEHHEEEE QHQ G -240 (131) (131) (132)*
cls Hs IL-2 Cis3 cleTTizx/c/CclT|G g‘a AlA -369 (131) (131) (132)*
cls Hs IL-2 Cis4 AlAlAlGIT T nl T|G Q‘A AlA -358 (131) (131) (132)*
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TABLE III—-continued

cyclin D1 Hs | IL-3, constit. D1-SIE1  |G/G|c|c[T/Tc[T|T|c/c/alalA|T|G|c] | -644 (133) (133) (133)
active STATS :

CYP2Ci12 | Rn GH GHRE1  |AJA[A]T TTClcT AQ’&&GT G|A| | -4200 (134) (134) ND

CYP2C12 Rn GH GHREZ  |T|A[aJA[T T/C|c|T AQ’A&CT cla| | -4175 (134) (134) ND

CYP 3A 10/6 [ Ma GH CYPGHRE |c|AlalGgI|I|c/cT|GlgalalclclaT 95 (135) (135) (136)

hydroxylase

HNF-6 Rn GH HESTAT |A GGATTCTAAEI&AAGAG 120 (137) (137) (137)

insulin 1 Rn GH ins-GLE  |AJAlC|T|T TIC|T|g] G‘gla AA[TIG[A| | -334 (138) (138) ND

|IL-2R o Mm IL-2 mGASI  |T|T|T|CIT|I|C[T|G/A|GAJAIGIT|AIC| | -1363 | (5,12)VFF (42) (139)

IL-2R Mm IL-2 mGAsll  |A|C|A[TIT|T[c/T/G|aT/AlAlG|A[GA[ | -1349 | (5,12)™FF (42) (139)

|IL-2R o Hs IL-2 GASd TT|T|CIT I|CT|A|GIG/A/A|G|T]A[C| | -4285 | (43.44)"FF (43,44) (139)

IL2R o Hs IL-2 GASp  |A[C|A|TITIT|CT|G|A[T|AlAG|A[GA] | -4265 | (43,44)VFF @) | 139y

immunoglobulin J chain | Mm IL-2 GAS GlclAlAlTI[c[TIA|T|clAlAlAlAlGIC] | 549 | (140)™FF (140) ND

lymphotoxin o Mm IL-2 GAsL1  [clc[clTT|Tic|c|c|alelalalc|cclal | -193 (141) (141) (141)

OSM Mm Epo, IL-3 prox. GAS  |[C|A|T GTTCCCA‘QI&AGGC c| | -1s8 ND (142) (132,143)

OSM Hs GM-CSF M-STAT |CIGIAJATTITIC|G/A|AlGlAlAIAlAlCIA| | -195 (144) (144) ND

|

perforin ~ | Hs IL-2 pSTAT  |ClAlGAT|T|C/C/GlalGlAlAIG|AIC|A| | -1092 (114) (114) (145)"

prolactin receptor Rn GH, Prl GLE T|G|A[G TTIC[T|A|GIGIAAT|AIA[Al | -160 (146) | (146) ~ND

(exon 1A promoter)

spi 2.1 Rn GH SPI-GLE1 |C|A[T|GITT|C[T|clAlGAlAIA[T|ClA] | -133 (147) (148,149) ND

spi 2.1 Rn GH SPI-GLE2 |alc|G|c/TT/c[T]A[CT|AIAT[C|ClA] | 148 (149) (149) ND

TCRy {Jy1 region) Mm -7 STAT binding [C|C[T|C|T/T|C[T|C|A|GIAlAlA[T|AT] | -229 (150) (150) ND
motif 1

TCRy (Jy1 region) Mm -7 STAT binding [T|GlA|GIT/T/C[c|[T|cIGlAAA[T|TIA] | -124 (150) (150) ND
motif 2

TCRy (Jy1 region) Mm -7 STAT binding |a|A|A|A[TITICIC[T]A Eiaa TIA[CT| | 107 (150) (150) ND
motif 3

STATE:

12/15 lipoxygenase Hs IL-4 ste TLO  [Gla[c[T[T/TIC[c[T|G[AaGlAlAlA[C[ClG] -957 (151) (151) ND

angiotensinogen Rn Angll St-domain  |A|G|G|G|L|I/C|C|T|G|GIAA|G|G|GA -178 (96) (96) ND

c-y 1 sterile transcript Mm IL-4 IL-4RE |c|alc|alTiT|c|A|clalTIGlAlAlCTIA[A] 127 (152) (153) ND

c-y 3 sterile transcript Hs IL-4 GAS T|GIA[TIZITCIC[T|A|GGAAIGAICIA| -89 (154,155) (154), (155) ND

eotaxin Hs IL-4 STATE element [A|G|G|C|T T c[C|C|T|G|GlA|A[T[C[T|c|] -78 (156) (156) T ND

Fc-eRINCD23 Mm -4 mCD23a [T|G|C|T|I|Alc|c|T|c|alclalalalT]Ala] -117 (157) (158) (159)

(CD23a promoter) STATE site

Fo-eRINCD23 Hs -4 IL4RE  |GlA[A|TIT|TIC|T|AlAlGlAIAIA[GIGIG] | -230 (160) (161) (159)*

_[£D23b promoter)

Ig heavy chain germ Hs IL-4 GLS c|cla|ciT/T|c|c|clalalclalAlc|alGla] -154 (162) (46, 163) (164-166)"(167)

|line gene

lymphotoxin o Hs IL-4 sTATsite  |c|c|c|T|T/T|c|c|c|a|clalalc|T|cla| | -201 (32) (32) ND

P-selectin Hs IL-4 site 1 T|AlA|CITT|c|a|T|clclglalAlG|clGlc] -153 (168) (168} ND

sIL-1Ra Hs -4 SBE1 _CTTCII:;CCAGF&E”CT Cla| 251 | (189) | (169) ND

ance is not observed in the STAT1-binding site model derived one mismatch. As an N; site the SIE element contains a T at
from the in vitro selected sequences (Fig. 2) may be a reflection  position +2. Thus, the ability of STAT1 to recognize this se-
of the high stringency of the selection conditions. quence may be related to its capacity to bind TAA half-sites.

The SIE element in the c-fos promoter (XI: SIE’, tccGTA Examining 15 other Nj sites with two mismatches in one palin-
TTCCCGTCA ATGCA) is the only sequence with two mis- drome (all elements from classes V to IX and XI, spacer N3/N4
matches in one half-site showing clear affinity for STAT1 and N4 artificial 4), we observed no significant binding to STAT1.
among all the sequences tested. This sequence is not bound by One of these (VIII, IL-4R) does contain a T at position +2.
STAT5A, STAT5B, or STATS6, but it does bind to STAT1. We This suggests that STAT1 binding to TTCN;TAA sites with
have argued above that STAT1 recognizes this oligonucleotide as  two mismatches may depend on other residues. Indeed, the G
an Nj site with two mismatches rather than as an N, site with  at position +7 in the SIE element may contribute to its
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60% “ A
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20% ? %
7
-1 0

0% =

STATS:

100%
80%
60%
40%
20%

0%-

7 6 -5 -4 -3
Position

Fic. 4. Base frequencies by position derived from manual
alignment of the half-sites of the STAT-responsive elements
described in the literature. The number of half-sites analyzed was 52
for STAT1, 48 for STATS, 6 for STAT4, 62 for STATS5, and 22 for STAT6
(for numerical values see Table IV, for full sequences see Table III).

recognition by STATI1, since STAT1, but not STAT5A or
STAT6, showed a preference for C at position —7 in the site
selection experiment (Fig. 2). Note that the TTCN3TAA site with
two mismatches which fails to bind to STAT1 has a T at position
+7. A role for this G is consistent with the crystal structure of the
STAT1-DNA complex (21) which shows an interaction of Glu-421
with the exocyclic amino group of guanine at position +7.
Defined Bases Inside and Outside of the Palindrome Con-
tribute to STAT Binding Specificity—After having analyzed
effects of the spacer and the sequence of the palindromic
half-sites on STAT1, -5, and -6 binding, we wanted to exam-
ine the role of the bases between the half-sites and flanking
the palindrome. In the site selection experiment STAT1 se-
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TaBLE IV
Base frequency matrices of STAT half-sites of cis-acting elements of
STAT-responsive genes (see Fig. 4 and Table III)

POSITION:

STATi| 7 6 5 | -4 -3 -2 10
A 23 38 15 0 2 29 8 19
T 10 27 60 96 96 0 21 19
G 35 17 12 4 2 4 15 31

C aa: A7 43 __ 0 0 67 56 31
STAT3 | 7 6 -5 | -4 -3 =2 40
A 17 31 31 2 4 8 2 15
T 23 17 15 88 8 4 21 17
G 31 33 23 6 10 2 2 31

C 29 19 31 4 0 85 75 38
STATA | 7 6 -5 | -4 -3 -2 40
A 0 50 33 0 0o 17 17 33

T 17 17 50 100 100 O 33 33

G 50 17 0 0 0 0o 17 17

c 33 17 17 0 0 8 33 17
STATSA| 7 6 -5 _ -4 =3 =2 1 0
A 21 40 18 0 0 5 2 29

T 16 34 35 100 100 0 56 29

G 31 11 18 0 0 0 6 21
c 32 15 29 0 0 95 35 21
STAT6 | -7 -6 5 | -4 -3 =2 4 -0
A 23 36 9 0 5 0 14 14

T 14 14 41 100 95 0 27 45

G 4 18 5 0 0 0 0 5

C 23 32 45 0 0 100 59 36

¢ The palindromic nucleotides are shaded.

lected very frequently a C in position —1 (Fig. 2). Comparing
two N3 sequences with conserved half-sites (II: spacer N3,
GACAAA TTCGCCGAA TTTGG, and II: spacer ttcc, GA-
CAAA TTCCCCGAA TTTGG) (substituted bases are under-
lined), we found that substituting a C for a G at position —1
indeed resulted in a very strong increase in the affinity for
STAT1 but barely had any effect on the affinities of STAT5 or
STAT®G.

On the other hand, a T to C substitution at the same position
next to a half-site with one mismatch (reverse IV: mIL-2rE site
II', CTCTC TTATCAGAA ATGT ... versus reverse IV: mIL-
2rE site II-varl, ... CTCTC TTACCAGAA ATGTC .. .)hardly
had any effect on the binding of any of the STATSs tested. A
similar result was obtained by Soldaini et al. (28). Whereas
these experiments suggest that C at position —1 does improve
the affinity of a TTC half-site for STAT1 but not for STAT5 or
STAT®, it should be noted that among natural STAT targets
TTCC is as frequent in the STAT5 as among the STATI1-
responsive elements.

In the site selection experiments, there was a bias against C
at position —5 in the STAT5- and STAT6-specific high affinity
binding site models, whereas STAT1 showed no such bias. We
did not observe any impact of base changes at this position in
lower affinity sites. Substitution of A by C in two weak binding
sites (II: spacer N3, GACAAA TTCGCCGAA TTTGG versus II:
spacer cttc, GACAAC TTCGCCGAA TTTGG, and reverse IV:
hIL-2rE site II, CTCTA TTATCAGAA ATGTC. .. versus re-
verse IV: mIL-2rE site II, CTCTC TTATCAGAA ATGTC...)
resulted only in a slight decrease of affinity for STAT5 and
STAT6 and had no significant effect on STAT1 binding. About
30% of STAT enhancer elements in STAT5- and in STAT6-
activated genes contain a C in position —5.

The Specificities of STAT5A and STAT5B Are Indistinguish-
able—We investigated if weak affinity binding sites can distin-
guish between STAT5A and STAT5B (33-35). The amino acid
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sequences of these two proteins are 96% identical, and until
now, to our knowledge, no gene has been shown to be transac-
tivated selectively by only one of the two STAT5 proteins.
Nevertheless, analysis of mice lacking STAT5A (36, 37),
STAT5B (38), or both proteins (39) have revealed that each has
essential functions. Comparing the relative affinity of these
two proteins for 29 sequences (Table II), we found no difference
that was significantly greater than two. Thus, it seems likely
that the nonredundancy of STAT5A and STAT5B during de-
velopment is a reflection of nonoverlapping cell type-specific
expression of the two proteins or of their capacity to interact with
different proteins required for target gene activation rather than
aresult of differences in DNA binding specificity. Our results are
in agreement with the findings of Soldaini et al. (28). Others have
reported that STAT5B binds much more strongly to the APRE
element of the rat a,-macroglobulin promoter than STAT5A (40).
They showed that this is due to a single amino acid difference
at position 433 between STAT5A (glutamine) and STAT5B
(glycine). The significance of their finding is unclear since all of
the human, mouse, or rat STAT5A and STAT5B data base
entries predict a glutamine at this position.

DISCUSSION

Earlier work from many groups had shown that the sequence
specificity of different STAT proteins is very similar but not
identical. The experiments described here define more pre-
cisely and quantify the specificity differences between STAT1,
STAT5, and STAT6. As demonstrated previously (8), STAT6
differs from the other STATS in its preference for sites in which
the two palindromic halves are separated by 4 rather than 3
nucleotides. Our results confirm earlier findings of others (15,
30) that this preference is not absolute and demonstrate that
STAT6 can bind Nj sites. In the site selection experiments
STAT6 discriminated against Nj sites no more than against
single base changes in the core consensus region. The ratio
between N, sites and Nj sites selected by STAT6 (93:7) is the
same as the ratio between sequences containing T at position
—4 and those with other nucleotides at this position. With
regard to STAT5 we show here that this protein can bind N,
sites but that its affinity for N sites is much higher. STAT1
appears incapable of recognizing N, sites. On the other hand,
the site selection experiments suggest that STAT1 but not
STATS5 is capable of binding to N, sites. Previous experiments
indicate that STAT3 may also bind to N, sites (15). STAT1 also
shows a stronger preference than STAT5 and STAT6 for C at
position —1. Indeed among the 40 sequences tested in our
experiments, the relative affinity of any sequence without a C
in position —1 was at least 50 times lower than that of the
reference probe. In this and in other more subtle aspects,
STAT5 and STAT6 are more similar to each other than to
STAT1 (see below), reflecting, presumably, the closer similarity
of the STAT5 and STAT6 DNA binding domains.

In general the differences suggested by the matrices de-
rived from the sites that were selected for high affinity bind-
ing (Fig. 2) are consistent with the affinity differences of the
various STAT proteins for weaker binding sites. This indi-
cates that the STAT-specific differences between the high
affinity matrices are not due to variations in the site selection
conditions.

There are two characteristics in which STAT1 differs from
STAT5 and STATS6, apart from its inability to bind N, sites.
One is the preference for C at position —7. The crystal structure
of the STAT1-DNA complex suggests that the interaction be-
tween Glu-421 and the C at this position is a structural corre-
late of this preference (see Supplemental Material). It has not
been found in STAT3 crystals, and it will be interesting to
observe whether is also absent in STAT5 and STAT6 crystals.

DNA Binding Specificities of STAT1, STAT5, and STAT6

The other STAT1-specific feature is the capacity of this protein
to bind palindromes with one TTA half-site that are much less
well recognized by STAT5 or STAT6. This difference might be
explained by the fact that the asparagine in STAT1 which
makes contacts with positions 1-3 of the binding site is re-
placed by a histidine in STAT5 and STAT6 (see Supplemental
Material). A combination of these STAT1 characteristics may
be responsible for the apparently greater tolerance of this pro-
tein for mismatches in the canonical palindrome.

The experiments reported here, together with previous
studies from other laboratories, reveal clear differences in
the fine specificity of STAT proteins. The finding that these
differences are reflected among the natural target sites of
different STATSs indicates that they do contribute to selective
gene activation by these proteins. They may account, for
example, for the observation that in the same T cell line the
IL-2Ra gene is induced by IL-2 whereas the IL-4R gene
responds to IL-4 (7). On the other hand, the example of the
different phenotypes of STAT5A- and of STAT5B-deficient
mice reveals that other mechanisms, such as cell type-specific
expression of receptors and signaling proteins, protein-pro-
tein interactions, and regulation of the chromatin conforma-
tion of target genes contribute to STAT target selection. To
determine the relative importance of these mechanisms will
require quite complex experiments.
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