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Abstract: The transcription factor GATA1 helps regulate the expression of thousands of genes
involved in blood development, by binding to single or double GATA sites on DNA. An important part
of gene activation is chromatin looping, the bringing together of DNA elements that lie up to many
thousands of basepairs apart in the genome. It was recently suggested, based on studies of the

closely related protein GATAS, that GATA-mediated looping may involve interactions of each of two
zinc fingers (ZF) with distantly spaced DNA elements. Here we present a structure of the GATA1 ZF
region bound to pseudopalindromic double GATA site DNA, which is structurally equivalent to a
recently-solved GATA3-DNA complex. However, extensive analysis of GATA1-DNA binding indicates
that although the N-terminal ZF (NF) can modulate GATA1-DNA binding, under physiological condi-
tions the NF binds DNA so poorly that it cannot play a direct role in DNA-looping. Rather, the ability
of the NF to stabilize transcriptional complexes through protein-protein interactions, and thereby
recruit looping factors such as Ldb1, provides a more compelling model for GATA-mediated looping.

Keywords: GATA1; chromatin looping; DNA binding; protein—-DNA structure; transcription factor
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Introduction

GATAL is a transcription factor that is a master regu-
lator of red blood cell and megakaryocyte develop-
ment. Mice in which GATAI is disrupted die mid
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gestation with a complete absence of red blood cells.!
It is critical for the up- and down-regulation of thou-
sands of genes, including the B-globin genes, where it
is known to promote chromatin looping—bringing
together enhancer elements in the locus control
regions (LCR) and B-globin promoters.> GATA1 and
several of its associated proteins can contribute to
long range gene regulation through DNA-looping. For
example, chromatin conformation capture (3C)
experiments show that each of GATA1l, FOGl/
ZFMP1, and LIM domain binding protein 1 (LDB1),
are required to mediate looping between the B-globin
locus control region (LCR) and the B-globin pro-
moter.>® Other members of the GATA family have
been shown to be involved in making long-range
chromatin interactions, such as GATAZ2-associated
DNA looping at the KIT1 gene,* and GATA3 at the
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Th2 cytokine locus.® Whereas the majority of tran-
scription factors are displaced from chromatin during
mitosis, GATA1l is retained at key haematopoietic
regulatory genes.® There GATA1 likely provides a
“bookmarking” function for the re-recruitment of co-
regulatory proteins such as TAL1/SCL1 and FOG1 as
cells progress through the cell cycle.

GATA proteins contain two highly conserved C4-
type ZFs, separated by a short basic linker: the more
N-terminal N-finger (NF) and the more C-terminal C-
finger (CF). Hereafter this whole ZF region is
referred to as NC. The GATAlcr binds with high
affinity and specificity to (A/T)GATA(A/G) motifs
throughout the genome [e.g., Ref. 7]. The GATAlnr
can bind proteins, such as FOG18'° and LIM-only
protein 2 (LMO2).!! The GATAlyr has also been
reported to bind independently to variant GAT(C/G)
sequences,'? and modulate binding to ‘double GATA
sites’, including the pseudopalindromic mPal
sequence (CATCTGATA) in which GATA and GATG
sites (underlined) exist on opposite strands [e.g., Ref.
13]. The most commonly GATA-occupied double sites
in the genome correspond to the mPal sequence.”

Structures have previously been determined for
the isolated domains of GATA1 proteins,®* ¢ or for
other GATA family proteins bound to DNA,'"!® includ-
ing a structure of GATA3nc bound to mPal DNA.Y
That structure showed one GATA3yc molecule binding
to a single fragment of dsDNA. Interestingly, two addi-
tional GATA3Nxc—DNA complexes from the same study,
involving other double GATA sites showed that
GATA3Nr and GATA3qr bound to separate strands of
DNA, prompting the authors to suggest that GATA3
could be directly involved in DNA looping through
binding to separate regions of DNA. Here we character-
ize the binding of GATAlnc to DNA. We present struc-
tures of two different crystal forms of GATAlxc bound
to mPal DNA. Using a series of EMSAs and biophysical
binding studies, we demonstrate that in the context of
GATAlyxc, the GATAlyy can indeed modulate binding
to double GATA sites. However, the GATAlxr shows
negligible independent binding to DNA at physiological
concentrations of salt and is unlikely to mediate looping
through contacts with DNA by the GATAlnxr and
GATAlcr Rather, interactions with other proteins,
including Ldbl-containing transcription factor com-
plexes provide the likely physical basis of looping.

Results

Structure of GATA1yc bound to
pseudopalindromic double-GATA site DNA

We generated GATAlyxc, which includes both ZF
domains of mouse GATA1. Size-exclusion chromatog-
raphy with multiangle light scattering (SEC-
MALLS) indicated that the protein was monomeric
in solution (Supporting Information Fig. S1; MW
12.5 + 2.4 kDa, compared with a theoretical MW of
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13 kDa). NMR chemical shift perturbation experi-
ments using °N-labelled GATAlyxc and mPal DNA
showed complete binding (peaks no longer shifted
with increasing concentrations of DNA) at an appa-
rent molar ratio of 2.2 molar equivalents of
dsDNA:protein (Supporting Information Fig. S2).
Using the same ratio, with 20-bp mPal-containing
oligonucleotides equipped with complementary 2-bp
overhangs (AA and TT), GATAlyc—mPal complexes
were crystallized. Two different crystal forms gave
rise to high quality diffraction data (Table I). The
P2, form diffracted to a resolution of 1.98 A, and
contained a single 1:1 complex in the asymmetric
unit (PDB ID: 3vd6). The P1 form diffracted to a
resolution of 2.63 A, and contained two identical cop-
ies of the 1:1 complex in the asymmetric unit (PDB
ID: 3vek; r.m.s.d. over C, of protein chains in this
structure = 0.08 A).

The structures of the molecules are identical in
the two crystal forms [Supporting Information Fig.
S3(A,B); rm.s.d. over C, of proteins=0.38-39 Al.
Residues A201-1.241 and T256-S310 of GATAlnc
are visible in the electron density maps. The missing
14 residues that link the two fingers (residues 242—
255) are apparently disordered although SDS-PAGE
analysis indicated that this region remained intact
in the crystals. The GATAlyr and GATAlcqr bind
the DNA double helix on opposite sides [Fig. 1(A)].
Both fingers display a typical GATA-type structure
comprising two B-hairpins followed by an «-helix. In
each case a zinc ion is coordinated by four cysteine
residues (C4 coordination), two each in the first B-
hairpin and the a-helix. The GATAlcr contains an
additional tail region (Q290-S310) that wraps
around the DNA, and which includes a short helical
turn (L295-Met297). Electron density exists for the
complete DNA sequences, which are present as B-
DNA. Base-pairing between adjacent strands [Sup-
porting Information Fig. S3(C)] results in the DNA
forming long, very straight double helical structures
that lie side-by-side to form extended sheets; the rel-
ative orientations of the DNA in successive sheets
varies between the two crystal forms. Subsequent
analysis refers to the P2; crystal form. (PDB ID:
3vd6). With the exception of the GATAlcr tail, the
GATA1lxr and GATA1cr bind the pseudopalindromic
DNA sequence in a generally symmetric fashion,
with the main helix from each finger lying in the
major groove of the DNA. The core regions of the
GATAlyr and GATAlqr are 55% identical in terms
of sequence and the structures are highly conserved
(r.m.s.d. over the backbone atoms 0.63 A for residues
202—241 and 256—-295). Common sidechains involved
in zinc coordination (C204/258, C207/261, C225/279,
(C228/282), hydrophobic packing (T212/266, W215/
269) and DNA-binding (L.214/268, R216/270, N226/
280, 1.230/284, R239/293) all assume identical confor-
mations [Fig. 1(B)l. In each case the protein
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Values in parentheses are for highest-resolution shell.
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principally makes contacts with the complementary
strand of the GAT(A/G) motif, (C/T)ATC. However,
the GATAlcqr tail wraps around the DNA to make
many additional interactions with DNA. In particu-
lar, the sidechains of residues R305 and R307 pro-
trude deep into the minor groove. Based on the
hydrogen bonds and hydrophobic contacts, sequence
specific recognition is accomplished predominantly by
the amino acids P213, L.214, R216, N226, and L1230
of the GATAlnr and the nucleobases Gual2, Cyt28,
Ade29, Thy30 and Cyt31 of the GATG motif and
1268, A280, 1.284, 1.288, R305 and R307 of the CF
and Thy6, Thy7, Ade8, Thy9, Cytl0, Gua33, and
Thy35 of the WGATAR motif [Fig. 1(C)]. In addition,
Thy32, the base that separates the GATA and GATG
motifs, is specifically bound by L268 and R270. Over-
all the GATA1lcr makes many more contacts with the
DNA (including both hydrogen bonds and hydropho-
bic interactions), than does the GATA1nr [Fig. 1(C)],
which likely increases the affinity and specificity of
the GATA1cr for its cognate DNA sequence.

These GATAlyc structures are consistent with
the structures of other GATA proteins [Supporting
Information Fig. S4(A-C)], including that of
GATA3yNc bound to an mPal oligonucleotide (PDB
ID: 4hca).'® The sequence differences between
GATAlxnc and GATA3Nc (most of which are homolo-
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gous in nature) are largely restricted to the ends of
structured regions of the domains, surface exposed
residues, or residues in the NF-tail region, none of
which appear to have an obvious role in DNA bind-
ing [Supporting Information Fig. S4(C,D)].

GATA1,c does not directly induce long-range
contacts in DNA

The study that produced the GATA3nc-mPal struc-
ture also resulted in two related structures of
GATA3Nc bound to different double site oligonucleo-
tides. In both of those structures, a molecule of
GATA3Nc protein spanned two adjacent stands of
DNA, such that the GATA3cr contacted a GATA site
on one strand of DNA and the GATA3yr contacted a
GATT site on another strand of DNA (PDB IDs:
4hc7 and 4hc9; the asymmetric unit of the former
contains a second molecule of GATA3Nc, which
apparently binds to a single molecule of DNA
through both fingers as suggested previously,*”
although the residues from the NF-tail are missing
from the structures). The authors used an ingel
FRET (Forster resonance energy transfer) assay as
evidence that a single molecule of GATA3nc could
facilitate looping in a oligonucleotide that contained
Cy3- and Cy5-labelled ends. Each end comprises 10-
bp dsDNA fragment, each containing a GATC or
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This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.
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Figure 1. GATA1c binds pseudopalindromic DNA in a 1:1 complex. (A) Overall structure of the GATA1yc:mPal Complex
(38vd6). Ribbon diagram of GATA1yc bound to an mPal containing oligonucleotide (white and black to indicate the flanking and
core mPAL sequence, respectively; the nucleotides in the core sequence are labelled). The NF is shown in orange and the CF
is shown in cyan, with the zinc atoms and zinc-ligating sidechains shown as grey spheres and sticks. The linker region between
the two fingers was not present in the electron density map and is represented by an orange dashed line. (B) The GATA1\r
(orange) aligned with the GATA1ck (cyan) bound to DNA (white) shown from two angles. All residues that are identical in the
sequences of the two domains are shown as sticks; residues discussed in the main text are labelled. (C) Schematic of DNA-
protein interactions. Orange labels indicate NF and blue labels indicate CF interactions. Bold lines—hydrogen bonds between
amino acids and bases; dashed lines—hydrophobic interactions; Dotted lines—contacts with sugar-phosphate backbone. An
interactive view is available in the electronic version of the article.

GATA site, separated by a 20-bp ssDNA linker.!® We  lar experiment. In our hands 10-bp ends were not
attempted to use the same in-gel FRET approach to  stable during electrophoresis (even at 4°C) so we
determine if GATAlnc could induce FRET in a simi-  redesigned the oligonucleotides to contain 30-bp
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Figure 2. GATA1 is unable to bridge binding sites on sepa-
rate DNA strands. EMSA analysis of GATA1nc, GATAT\c-
R216W and GATA1c binding to GATA-Cy5 (protein concen-
trations of 50, 100, 200, 400, and 600 nM protein, top and
bottom panels also include 20 nM protein) and GATG-Cy3
(50, 100, 200, 400, and 600 nM protein) and both the GATA-
Cy5 and GATG-Cy3 simultaneously (20, 50, 100, 200, 400,
and 600 nM protein). Each oligonucleotide was at 20 nM.
Images show the overlay of Cy5 (red) and Cy3 (green) fluo-
rescence. The solid triangle indicates unbound DNA, the
open triangle indicates GATA1cr bound to DNA. Other com-
plexes are discussed in the text.

ends of dsDNA with a 20-bp ssDNA polyT linker.
Under these conditions we could see binding by
GATAlync, and a slightly different binding pattern
for GATA1nc-R216W [Supporting Information Fig.
S5(A)], a mutation which is known to inhibit binding
of the GATAlxr (but not the GATAlcy) to DNA.2°
These band shift patterns were very similar to those
shown for GATA3ync and the equivalent GATA3yc-
R276E mutation.'® However, although we saw some
bleed-through of fluorescence under FRET conditions
(Cy3 excitation and Cy5 emission), we saw no evi-
dence of FRET [Supporting Information Fig. S5(B)].
FRET can be complicated by both distance and ori-
entation of the fluorophores, so we carried out two-
colour fluorescent EMSA experiments (which does
not rely on FRET) in which separate dsDNA oligo-
nucleotides containing either a Cy5-tag and a GATA
site, or a Cy3-tag and a GATG site, were allowed to
bind separately, or simultaneously, to GATAlyc,
GATA1Nc-R216W, and GATAlcr In these experi-
ments we saw some evidence of binding for each pro-
tein oligonucleotide pair. However, there was no
significant difference between the binding patterns
of the proteins to each of the isolated oligonucleo-
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tides, compared to when they were combined, sug-
gesting that none of the proteins was able to bridge
the two oligonucleotides (Fig. 2). Unexpectedly, it
was noted that both GATA1xnc-R216W and GATAlcqr
(neither of which contain a DNA-binding NF)
showed evidence of binding to the GATG oligonu-
cleotide [Fig. 2(B,C)]. This binding manifested as
discrete bands at intermediate concentrations for
GATA1nc-R216W and smeared rather than discrete
bands for GATAlcr Binding was apparently weaker
than for the Cy5-GATA oligonucleotide, but sug-
gested that the double banding pattern seen for
ingel FRET experiments could arise from interac-
tions of GATA1lyc via the CF with each of the GATA
and GATC sites, in the manner previously described
for GATA3Nc binding oligonucleotides that contain
double GATA sites separated by 3-bp where the
dsDNA cannot allow looping.'”

Under physiological salt concentrations
GATA1cg, but not GATA1,g can independently
bind variant GATA sites

We further investigated the ability of GATAlyc,
GATA1lxr, and GATAlcr to bind single- and double-
site dsDNA using standard radiolabelled EMSA.
Many previous studies that probed GATA1-DNA
binding used low concentrations of salt. All of the
structural information to date indicates that the
interactions have a strong electrostatic component,
so we used both physiological salt (150 mM NaCl)
concentrations to obtain a better understanding of
GATA1-DNA interactions at the ionic strength con-
ditions expected in the nucleus, and low salt (15 mM
NaCl) for comparison with other studies. The oligo-
nucleotides used included: mPal and GG (which con-
tains the core sequence GGATAAAGATCT, originally
shown to be conserved in the rat and mice testis pro-
moter region?!), variants of these sequences in
which the GATG and GATC sites were mutated
(mPal_M1 and GG_M1; Supporting Information
Methods) and single site oligonucleotides as indi-
cated. GATAlyr was only observed to bind DNA by
EMSA under low salt conditions when the construct
included an N-terminal GST-tag (Fig. 3), which is
able to form dimers with a Kp ~ 10°¢ M. 22 In con-
trast, untagged GATAlcr binds to both GG, mPal
and mutant oligonucleotides; under low salt condi-
tions for GG and GG_M1 we saw a single bandshift
of similar migration to GG only [Fig. 3(B)], whereas
for mPal and mPal M1 we could see several
additional bands that we assumed corresponded to
additional molecules of GATAlcr binding to DNA
[Fig. 3(C)].

For GATAlxc binding to mPal, by EMSA we
saw three shifted bands, and for mPal_M1 one
shifted band that migrated to the same position as
the middle-most mPal band. Under physiological
salt conditions, the lowest mPal band became
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Figure 3. GATA1cr but not GATA1\r shows robust binding
to DNA. EMSA analysis of (A) GATA1\k (lanes 2-10) or GST-
GATA1\fr (lanes 13-20) binding to a GATC-containing oligo-
nucleotide at concentrations of 100, 200, 400, 600, 800,
1000, 2000, and 3000 nM at low salt (15 mM NaCl); and
GATA1 e binding to (B) GG (lanes 2-10) or GG_M1 (lanes
12-20) at concentrations of 50, 100, 200, 400, 500, 800,
1000, 2000, 5000, and 7500 nM in 15 mM NaCl, or (C) to
mPal (lanes 2-10) or mPal_M1 (lanes 12-20) at concentra-
tions of 50, 100, 200, 400, 500, 800, 1000, 2000, 5000, and
7500 nM in 15 mM NaCl.

relatively more intense [Fig. 4(A,B)]. Based on these
gel-shift patterns for both oligonucleotides we
assumed that the middle band corresponded to one
GATA1ync molecule binding via the GATAlcr to the
GATA site, the lowest band corresponded to one
GATA1ync molecule binding as shown in the crystal
structure [Fig. 1(A)], and the top band probably cor-
responded to two molecules of GATAlyc binding to
DNA. For GG, we saw one main gel-shifted band
under both high and low salt conditions, with one or
two less intense bands at lower positions, with the
middlemost band migrating to the same position as
bands seen for GG_M1 and another single site oligo-
nucleotide (1GATA). Under high salt conditions that
band was very smeared for GG_M1 [Fig. 4(C,D)]. We
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assumed that the middle band corresponded to one
molecule of GATAlyc bound to the GATA site via
the GATAlcr, and suspected that the lowest band
represented small amounts of GATAlcp, originating
from degraded GATAlnc binding to DNA (a similar
band for the mPal oligonucleotide would be obscured
by the main band). The top band was assumed to
correspond to either a single molecule of GATAlnc
binding to DNA via the GATAlxr and GATAlcy, or a
more complex arrangement involving more than one
copy of GATAlxc and/or DNA. Note that the migra-
tion position depends on the charge, shape (includ-
ing the position of binding) so it is not possible to
distinguish stoichiometry by EMSA alone.

We further tested binding using more quantita-
tive equilibrium techniques, isothermal titration cal-
orimetry (ITC) and microscale thermophoresis (MST;
which monitors changes in the properties of isolated
molecules and complexes moving across a thermal
gradient). Under physiological salt concentrations
we could see no binding of GATA1yr to GG DNA by
ITC, suggesting that any binding would be weaker
than Kp =102 M [Table I; Supporting Information
Fig. S6(A)]. By MST we could detect very weak bind-
ing to a GATC-containing oligonucleotide which was
consistent with binding Kp>10"2 M, and no signifi-
cant binding to a GATG-containing oligonucleotide
[Supporting Information Fig. S6(B) and (C)]. Nota-
bly, we could measure binding of GATAlcr to the
same oligonucleotides, both with a Kp of ~1 X 1077
M, as determined by ITC [Supporting Information
Fig. S6(D) and (E)]. We could also see binding by
MST, but in these experiments the data was not
adequately fitted by a simple 1:1 binding curve.
Regardless, the inflection point in the binding curves
was ~1 X 10% M, indicating that at physiological
concentrations of salt, GATAlcr binds to GAT(C/G)
with an affinity at least three orders of magnitude
higher than GATAlnr [Supporting Information Fig.
S6(B) and (C)].

GATA1,r weakly modulates binding at double
GATA sites

We used isothermal titration calorimetry (ITC) to
estimate the binding affinities of GATAlync and
GATAlcr to mPal, mPal_M1, GG, and GG_M1 DNA
(Table I). All of these interactions show evidence of
biphasic binding (e.g., Supporting Information Fig.
S7), consistent with NMR titration data indicating
~2:1 binding (Supporting Information Fig. S2)
rather than the 1:1 binding observed in the crystal
structure. For most experiments, data could be fitted
by a two-site model of binding, in which there was
one stronger (Kp < ~107% M) and one weaker bind-
ing event (Kp > ~107% M). We note that because the
data were fitted to a two-state model, and some
binding events were very strong (Kp<~10"% M) or
required fixing of parameters to fit the data, the

GATA1 Mediates Interactions on Closely Spaced Sites on DNA
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Figure 4. EMSA analysis of GATA1y¢ binding to double-site DNA. Binding of GATA1¢ to (A) mPal (lanes 2-10) or mPal _M1
(lanes 12-20) at 10, 20, 50, 100, 200, 400, 600, 800, and 1000 nM on low salt (15 mM NaCl), (B) mPal (lanes 2-8) or mPal_M1
(lanes 10-15) at concentrations of 0.5, 1, 2, 3, 4, 5, and 6 puM in physiological salt (150 mM NaCl) (C) GG at 20, 50, 100, 200,
400, and 600 nM (lanes 2-7), GG_M1 oligonucleotide at 100, 200, 400, 600, 800, and 1000 nM (lanes 9-14) and to a single site
GATA oligonucleotide (1GATA) at 50, 100, 200, 400, and 600 nM (lanes 16-20) in low salt (15 mM NaCl), (D) GG (lanes 2-8) and
GG_M1 (lanes 9-16) at 0.5, 1, 2, 3, 4, 5, and 6 pM in physiological salt (150 mM NaCl). Schematics of complexes (indicated
with numbered arrows) show the GATA1 g in white and GATA1cf in black. Note that the change in intensity throughout the final

lane of panel C is an artefact from phosphorimaging.

absolute values of each parameter are likely to be
less accurate than stated from the fits, but the
trends are very consistent. For GATAlcr binding to
mPal and mPal_M1, and GATAlyxc binding to mPal
there was a tight binding event corresponding to a
Kp<~10"8 (at the limit of detection by ITC) and a
weak binding event at ~10~¢ M. For GATA1yxc bind-
ing to mPal_M1, binding affinity for the tight event
was reduced by ~10-fold, but the weak event was
not significantly different from the others in this
series. For GG and GG_M1, binding was weaker but
followed a similar pattern and was fitted by a two-
site binding model (Table I). The exceptions here
were GATAlyc binding to GG and GG_M1, both of
which showed evidence of a weak binding event (in
the final stages of the titration data was only slowly
converging to zero AH with increasing concentra-
tions of protein; Supporting Information Fig. S7) but
the data could not be fitted by a two-site model.
Rather a manually assigned baseline corresponding
to a weak binding event was subtracted from the
data before fitting to a single binding site model.
Based on these experiments GATAlxc bound GG
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(Kp=2 X 107® M) slightly more strongly than
GG_M1 (Kp=8.3 X 1078 M). For the GATAlcy bind-
ing to GG and GG_M1, the tight binding events
were identical within the error of the method (Kp ~
2 X 10~® M) but the weaker binding event was ~5-
fold weaker for GATAlcr binding to GG_M1 (Kp =9
X 10~® M) compared with GATAlqr binding to GG
(Kp=1.5 X 1078 M). We interpret the tight binding
events as GATAlyc binding through the GATAlcqr
to single GATA sites, or both the GATAlcr and
GATA1ynr to double GATA sites, with the weak bind-
ing event as the GATAlcr binding to GAT(C/G) sites
and/or nonspecific binding. We note that weak and
nonspecific binding are not distinguished by ITC
analysis, but structural data exists for GATA3qr
binding to a variant GATT site.!”

A model for GATA1xc binding to GG DNA
indicates binding on opposite strands

Given that the GATAlnr does not appear to be able
to mediate an independent interaction with DNA,
the ITC data and EMSA data for GATAlxc binding
to GG are consistent with the main species being a
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5’ -TTCGGGATAAAGATCTTAAG-3'
3’ -GCCCTATTTCTAGAATTCAA-5'

5’ -TTCGGGATAAAGATCTTAAG-3'
3’ -GCCCTATTTCTAGAATTCAA-5"

Figure 5. Model of GATA1yc in complex with GG DNA. (A) Model in which the NF contacts the GATC site (cyan) on the 3’ —
5’ strand. (B) Model in which the NF contacting the GATC site (red) on the 5 — 3’ strand. The DNA sequence shown with the
binding motif indicated. The minimum distances between the ends of the NF and CF are indicated.

tight 1:1 complex in which the GATAlcr binds the
GATA site and the GATAlyr binds the GATC site.
As the GATC site is palindromic, it is possible that
the GATAlnr could bind in either orientation. We
attempted to determine the structure of a GATAlyc-
GG complex to resolve this issue. NMR titrations
indicated that the interaction reached completion at
the same apparent ratio as the mPal complex (Sup-
porting Information Fig. S8), supporting the same
1:1 mode of binding, but we were unable to obtain
crystals that diffracted to a sufficiently high resolu-
tion. However, molecular modelling indicates that
the distances between the termini of the GATAlxpg
and GATAlcr are 27 A for binding on the opposite
stand and 51 A for binding on the same strand. The
linker region is not long enough to bridge this longer
distance suggesting that GATAlyr binds to the
opposite strand (Fig. 5).

GATA2,r and GATAS3\r show negligible binding
to DNA under physiological concentrations of
salt

Finally, we tested the ability of the GATA2yr and
GATA3yr to independently bind (GATC/G)-contain-
ing oligonucleotides using MST. Neither protein
showed appreciable levels of binding to these
sequences under physiological salt concentrations
[Supporting Information Fig. S9(A) and (B)]. At 30
uM NaCl (the minimum salt concentration that pre-
vented binding artefacts in the MST capillaries) all
three GATAnr proteins showed reasonable (~pM)
levels of binding to both sequences [Supporting
Information Fig. S9(C) and (D)], but accurate esti-
mates of binding are compromised by weaker, prob-
ably nonspecific, binding at higher concentrations of
proteins.
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Discussion
In contrast to earlier studies that suggested dimer-
isation of the GATAlxng and GATAlcr [e.g., Ref.
23,24], we could see no evidence for dimerisation of
GATAlyxc. The purified protein behaved as a mono-
mer in solution and none of our data are consistent
with protein dimerisation. Note that the pulldown
experiments used to define GATA-GATA interac-
tions in those studies could give rise to binding arte-
facts.?® For example, interactions originally
identified using GST-pulldown experiments between
GATAlcyr and another DNA-binding protein were
subsequently shown to be false positives by other
methods and were most likely mediated by indirect
binding to nucleic acids.?®

Our structural data indicate that, as might be
expected for proteins that have such a high degree
of sequence similarity, GATAlyc and GATA3yc bind
pseudopalindromic DNA in an essentially identical
manner. However, because the ability of GATAlnr to
bind DNA under physiological salt concentrations is
so weak, GATA1 is unlikely to directly mediate loop-
ing by making interactions with different fragments
of DNA through the GATAlxr and GATAlcr of the
same protein. We note that in some instances weak
interactions between transcription factors and DNA
are biologically important. For example, low affinity
binding of homeobox transcription factor complexes
were shown to bind clusters of low affinity sites in
enhancers in vivo.2” In that case, the low affinity
binding provides specificity, and binding appears to
be enhanced through avidity effects, as multiple
clustered sites were required for robust expression.
In the case of GATA1, chromatin binding is domi-
nated by WGATAR and mPal sequences’ and even if
GATA1 does bind variant sites, our data indicates
that the CF is a far better candidate for binding
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than the NF. Indeed mutations on the DNA-binding
surface of the NF (R216Q and R216W; two disease-
associated mutations in GATAlyr) do not signifi-
cantly impair GATA1 target site occupancy in vivo.2°
Thus, GATAl-associated looping is more likely to
take place through interactions with other proteins,
several of which are mediated through interactions
with GATAlyng In particular, GATA1L interacts with
LDB1 via their common partner, LMO2,*! which is
in turn recruited by TAL1/E2A complexes at GATA1-
activated genes.?® LDB1, which can multimerize
through an N-terminal self-association domain,?®-3°
was previously shown to be essential for GATA1-
mediated DNA looping. 23! The role of this protein
as a key mediator of looping was recently demon-
strated by studies in which the self-association
domain of LDB1 tethered to an artificial DNA-
binding domain and targeted to LCR of the B-globin
promoter was sufficient to induce looping and gene
activation of targeted B- and y-globin genes.?233. For
other GATA proteins we saw the same low DNA
binding affinity for equivalent NF constructs (Sup-
porting Information Fig. S9), suggesting that previ-
ous observations of direct looping by the GATA3 NF
and CF could be artefacts. For example, bridging of
DNA with a 3-bp spacer by GATA3ync could be crys-
tallisation artefacts. However, it has been shown
that extended GATA2yr and GATA3ng constructs
that include a basic N-terminal region can have
higher DNA-binding affinities.?* These sequences
could allow a higher contribution of NF-binding to
chromatin for those GATA factors, but are not pres-
ent in GATAL.

The inability of GATAlxr to independently tar-
get DNA is supported by ChIP-seq studies showing
that the main sequences bound by GATA1l in the
genome are the canonical WGATAR and mPal
sequences, and not GATC/G sequences.” Our data
are consistent with previous observations that the
GATAlyr does modulate binding to double GATA
sites [e.g., Ref. 13]. For the double GATA sites we
have tested, the loss of the GATAlyr or NF-binding
sites tends to have a small effect on binding, from
no significant difference for GATAlnc and GATAlqr
binding to GG DNA, to less than an order of magni-
tude for GATAlnc binding to mPal or mPal_M1.
Despite these small differences in binding affinity,
many of our EMSA data show better defined gel
shifts when the GATAlyr is available to bind, sug-
gesting that this additional binding event changes
the kinetics of binding, and the overall persistence
of complexes—especially when GATA1 is targeting
less highly favored sites (e.g., GATG or GGATA from
the 2-color fluorescent EMSA and GG/GG_M1
sequences, rather than TGATA from mPal sequen-
ces, Supporting Information Figs. 3 and 4). Note
that even though GATAl-bound mPal sites are
highly represented in GATA1l-activated genes, fol-
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lowing an initial binding event the GATAlxy must
be released from DNA in order to bind LMO2.!! So
it is possible that the GATAlxy helps in recruiting
GATA1 to DNA, or staying bound during mitosis,
but is then made available to recruit other binding
partners. Given that GATA1 can bind so many dif-
ferent target sites, and that looping can be sufficient
to induce gene activation,®? it seems prudent to have
extra levels of control (through recruitment of addi-
tional factors) in place to regulate looping and gene
activation.

Material and Methods

SEC-MALLS

GATAlyc (residues 200-318 from murine
GATA1) was generated as previously described.™
Chromatography used a Superose 12 10/30 column
(GE Healthcare) at a flow rate of 0.5 mL/min in
50 mM Tris, 150 mM NaCl, 40 yM ZnSO,, 1 mM
DTT, pH 7.4 with monitoring at 280, 215, and
260 nm. Light scattering and concentration data
were collected by inline miniDawn Tristar laser-
light scattering and Optilab DSP interferometric
refractometer instruments (Wyatt Technology).

NMR spectroscopy

NMR spectra at 310 K were obtained for
GATAlnc (~0.2 mM), and GATA1xc:DNA complexes,
in 20 mM 2-(N-morpholino)ethanesulfonic acid (MES),
150 mM NaCl and 1 mM DTT pH 6.5 with 5% D50
and 17 puM 4,4-dimethyl-4-silapentane-1-sulfonic acid
(DSS; used as an internal reference). Data were col-
lected on Bruker Avancelll 600 or 800 MHz spectrom-
eters equipped with 5-mm triple resonance TCI
cryoprobes, processed using Topspin (Bruker Biospin
Ltd), and analyzed with Sparky (T. D. Goddard and D.
G. Kneller, University of California at San Francisco).

Structure determination

Crystals were prepared by hanging-drop vapour
diffusion at 293 K in which 400 nL each of pro-
tein:DNA complex (11 mg/ml in 50 mM TRIS pH
7.4, 100 mM NaCl, 40 pM ZnSO4, 1 mM DTT) and
precipitant were mixed and suspended over a 75 uL
reservoir of undiluted precipitant. Monoclinic crys-
tals formed in 0.2 M ammonium acetate, 0.1 M BIS—
TRIS pH 5.5, 25% PEG3350 within 1-3 days, and
triclinic crystals grew in 0.01M ZnCly, 0.1 M MES
pH 6.0, 20% PEG6000 within 1-2 weeks. Crystals
were cryoprotected with mother liquor supplemented
with 30% ethylene glycol and flash-cooled in a cold
nitrogen stream (100 K). X-ray diffraction data were
collected inhouse using copper K, X-rays produced
by a Rigaku O007HF rotating-anode generator with
Osmic Varimax optics and recorded on a MAR345
image plate (Marresearch GmBH). Data were
indexed, integrated and scaled using HKL2000.3°
The structure of the monoclinic crystal form was
solved by molecular replacement using the coordi-
nates of the C-terminal zinc finger of GATA3 bound
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to DNA (PDB ID 3dfx)'” as the search model in
PHASER.?® The refined structure of this form was
used as a search model for the triclinic crystal form.
Refinement was carried out in REFMAC5.3” Manual
map inspection and model building was performed
in COOT.?® The quality of the model was checked
using MolProbity.>°

Interaction assays

EMSA using radiolabelled probes was carried
out as previously described.!! For all oligonucleotide
sequences see Supporting Information Methods. For
two-colour fluorescent EMSA, complementary pairs
of oligonucleotides in 20 mM Tris, 100 mM NaCl pH
7 were annealed by heating at 95°C for 15 min, then
cooling slowly overnight to generate dsDNA with
short single-stranded overhangs carrying fluorescent
labels. GATAlync, GATA1nc-R216W or GATAlcr
were added to dsDNA (30 nM) containing either a
GATA site and a Cy5 label, a GATG site and a Cy3
label, or both oligonucleotides simultaneously. Sam-
ples were made up in EMSA buffer (20 mM HEPES,
150 mM NaCl, 1 mM DTT, 6% Ficoll, pH 7.6), incu-
bated on ice for 0.5 h, and run on an 8% polyacryl-
amide gel in 0.5X TBE buffer at 150 V for 2 h. For
ingel FRET experiments equivalent amounts of
ssDNA 30-mers containing either a GATA site and a
Cy5 label, GATC site, and a Cy3 label were annealed
to each end of a ssDNA 80-mer containing to gener-
ate 30-mer ds ends separated by a 20-nt poly(dT)
spacer. GATA1yc or GATA1nc-R216W were added in
EMSA buffer, and incubated on ice for 0.5 h. Sam-
ples were run on a 6% polyacrylamide gel in 0.5X
TBE buffer at 150 V for 2 h at 4°C. All gels were
imaged on a Typhoon FLA 9000 variable mode
imager (Amersham Biosciences). For EMSA carried
out with fluorescent probes, gels were imaged at an
excitation wavelength of 532 nm for excitation of
Cy3, or 650 nm, for excitation of Cy5. Fluorescence
images were detected at emission wavelengths of
580 nm for Cy3 (false colored green) or 670 nm for
Cy5 (false colored red). Where indicated, the two
images were overlaid. Precipitated material is evi-
dent in the wells at the top of most EMSA gels.

For microscale thermophoresis (MST) or isother-
mal titration calorimetry (ITC), proteins and dsDNA
oligonucleotides (with a 5’ fluorescein label for MST)
were dialyzed overnight in at 4°C into 20 mM Tris,
1 mM DTT pH 7.5 with 30 or 150 mM NaCl, and
passed through a 0.22 pM filter. MST experiments
were performed at 25°C with a LED power of 50%
and a laser power of 40%. dsDNA was held at a final
concentration of 100 pM, protein concentrations are
indicated. Data were analyzed using GraphPad. ITC
experiments were performed at 10 or 20°C using VP-
ITC or i200 microcalorimeters (MicroCal and GE
healthcare). dsDNA was used at a concentration of
~20 uM and GATA1l at ~200 pM). Baseline data
were measured by titration into buffer and sub-
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tracted from experimental data. Data were analyzed
using the Origin 7.0 ITC Data analysis software
package (MicroCal).
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