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SUMMARY

GATA transcription factors regulate transcription
during development and differentiation by recog-
nizing distinct GATA sites with a tandem of two
conserved zinc fingers, and by mediating long-range
DNA looping. However, the molecular basis of these
processes is not well understood. Here, we deter-
mined three crystal structures of the full DNA-binding
domain (DBD) of human GATA3 protein, which
contains both zinc fingers, in complex with different
DNA sites. In one structure, both zinc fingers wrap
around a palindromic GATA site, cooperatively
enhancing the binding affinity and kinetic stability.
Strikingly, in the other two structures, the two fingers
of GATA DBD bind GATA sites on different DNA
molecules, thereby bridging two separate DNA frag-
ments. This was confirmed in solution by an in-gel
fluorescence resonance energy transfer analysis.
These findings not only provide insights into the
structure and function of GATA proteins but also
shed light on the molecular basis of long-range
gene regulation.

INTRODUCTION

The GATA-binding proteins are a group of structurally related

transcription factors that bind to the DNA consensus sequence

GATA. Members of the GATA protein family (GATA1-6) function

as lineage-specific transcription factors for a number of cell

types in the hematopoietic system (Molkentin, 2000; Patient

and McGhee, 2002; Weiss and Orkin, 1995). For example,

GATA1 is essential for erythroid and megakaryocytic develop-

ment (Ferreira et al., 2005; Orkin et al., 1998); GATA2 plays an
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essential role in regulating the transcription of genes involved

in the development and proliferation of hematopoietic (Tsai

and Orkin, 1997) and endocrine cell lineages (Dasen et al.,

1999); GATA3 is an important regulator of T cell development,

including Th2 (George et al., 1994; Ho et al., 1991; Zheng and

Flavell, 1997) and regulatory T cells (Wang et al., 2011), and plays

an important role in endothelial cell biology (Song et al., 2009);

and GATA4 regulates genes involved in embryogenesis and in

myocardial differentiation and function (Watt et al., 2004).

The function of GATA proteins depends critically on two highly

conserved zinc fingers and nearby basic regions (Shimizu et al.,

2001). The C-terminal ‘‘C-finger’’ and its adjacent basic region

are necessary and sufficient for GATA to bind its cognate

sequence, WGATAR (W = A/T, R = A/G; Ko and Engel, 1993;

Merika and Orkin, 1993; Omichinski et al., 1993; Visvader

et al., 1995). The N-terminal ‘‘N-finger’’ can also bind DNA

independently but has a preference for GATC coremotifs (Martin

and Orkin, 1990; Newton et al., 2001; Pedone et al., 1997).

Both fingers participate in binding the palindromic GATA motif

ATCWGATA (W = A/T), resulting in markedly increased affinity

(Trainor et al., 1996). Recent chromatin immunoprecipitation

sequencing (ChIP-seq) experiments on GATA1, GATA2, and

GATA3 showed that GATA proteins mostly bind to a single

GATA site ((A/T)GATAA) or a palindromic site (catctGATAAG;

Fujiwara et al., 2009; Horiuchi et al., 2011; Wei et al., 2011; Yu

et al., 2009).

GATA proteins contribute to transcriptional regulation by facil-

itating chromosome looping, thereby mediating long-range con-

trol of gene expression in the nucleus. For example, GATA1 and

its cofactor FOG-1 directly occupy looped enhancers and target

gene promoters at the b-globin locus (Vakoc et al., 2005). Simi-

larly, GATA3 has been shown to be important for the establish-

ment and/or maintenance of long-range chromatin interactions

at the Th2 cytokine locus (Spilianakis et al., 2005). Moreover,

exchange of GATA1 and GATA2 has been shown to mediate

transitions in looped chromatin organization of the KIT gene,
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which is expressed during early erythropoiesis (Jing et al., 2008).

However, the molecular mechanism by which GATA and FOG

proteins mediate loop formation remains unclear.

Structural studies based on both nuclear magnetic resonance

(NMR) spectroscopy and X-ray crystallography have character-

ized the DNA-binding mechanisms of the GATA C-finger (Bates

et al., 2008; Omichinski et al., 1993; Starich et al., 1998). In addi-

tion, the structure of the GATA1 N-finger bound to the FOG-1

zinc finger 1 has been characterized by NMR (Liew et al.,

2005). However, the DNA-binding mechanisms of the GATA

N-finger, the mechanisms by which the GATA double fingers

bind to palindromic GATA sites, and the mechanisms by which

GATA proteins loop DNA are not yet fully understood.

Here, we present the crystal structures of the full DNA-binding

domain (DBD) of GATA3 bound to different DNA sequences.

These structures reveal that GATA zinc fingers can bind DNA

using two different modes: the wrapping mode, wherein the

two zinc fingers wrap around a single palindromic GATA site,

and the bridging mode, wherein the two zinc fingers bridge

two distant sites on DNA and (in our case) sites on different

DNA molecules. Our results reveal the structural basis of how

GATA fingers can bind distinct cis-regulatory elements in dif-

ferent conformations, and how GATA proteins may participate

in chromosome looping by bridging separated DNA molecules.

These insights will help to elucidate gene regulation by GATA

proteins and provide a basis for further studies of the complex

functions of GATA proteins in vivo.

RESULTS

Crystallographic Study of GATA3 Tandem Zinc Fingers
Bound to DNA
To better understand the mechanism by which GATA proteins

recognize and bind DNA, we carried out crystallographic studies

of the DBD of the human GATA3 protein (amino acids 260–370)

bound to DNA. GATA DBD contains two zinc fingers that are

highly conserved within the GATA family (GATA1-6). Recent

studies showed that 40% of the GATA1 ChIP-seq peaks are

palindromic GATA sites (Yu et al., 2009). Given the fact that

GATA family members share a highly conserved DBD, it is

reasonable to assume that all GATA proteins could bind palin-

dromic GATA sites, although the binding preference and affinity

may vary among different GATA members. To understand how

GATA proteins bind these palindromic GATA sites, we tested

different palindromic sequences with variable spacers between

the twoGATA sites in our crystallization attempts. TwoDNA frag-

ments crystallized successfully with theGATA3DBD. In oneDNA

fragment, the two GATA sites are separated by 1 bp. This frag-

ment, which is derived from the mouse GATA1 promoter, con-

tains the consensus palindromic motif defined by ChIP-seq:

CATCTGATAAG. This complex (complex 1) was solved at 2.8 Å

resolution. In the other DNA fragment, the two GATA sites are

separated by 3 bp. This DNA fragment crystallized with the

GATA3 DBD in two different crystal shapes, one with a bar-

shapedmorphology and onewith a plate shape. The bar-shaped

crystal belongs to the P21 space group (complex 2), and the

plate-shaped crystal belongs to the C2 space group (complex

3). The bar-shaped crystal structure was solved at 2.65 Å, and
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the plate-shaped crystal structure was solved at 1.6 Å. In total,

we solved three crystal structures of GATA3 DBD/DNA

complexes. The structures of complexes 2 and 3 were solved

by single-wavelength anomalous dispersion (SAD) phasing

using the zinc anomalous signal. We also found a molecular

replacement solution using previously published coordinates of

the GATA3 C-finger (PDB 3DFX) as a partial search model. We

solved the structure of complex 1 by molecular replacement

using the N-finger and C-finger determined in complex 3 as

partial search models. The X-ray crystallography statistics for

all complexes are presented in Table S1. The crystal packing

and related analyses of each complex are described in

Figure S1.

Overall Structure of GATA Bound to a Palindromic DNA
Site
In complex 1, the GATA3 DBD binds to a 20-mer palindromic

GATA site, AATGTCCATCTGATAAGACG (binding sites are

underlined; Figure 1A, lower panel). The crystal belongs to space

group P21, wherein each asymmetric unit contains one GATA3

molecule bound to a double-stranded DNA (dsDNA) molecule

(Figure 1A). The N-finger (amino acids 264–288, green) binds

to the GATG site (CATC in complementary strand). The peptide

region immediately following the N-finger (amino acids 289–

317, green), which also serves as the linker to the C-finger (amino

acids 318–342, magenta), tracks along one strand of the phos-

phodiester backbone and connects to the C-finger bound to

the GATA site. The C-terminal basic region (amino acids 343–

368, magenta) of the C-finger inserts deeply into the minor

groove of the GATA site. Interestingly, the N and C termini of

the GATA3 DBD come close in space in this palindrome-bound

form, giving the protein the shape of a parallelogram (Figure 1A).

The DNA essentially has a straight B-form, with a slightly

widened major groove at the center of the palindromic site and

an accompanying compression of the minor groove at the

GATA site, presumably due to the insertion of the basic region

of the C-terminal tail of the C-finger into the minor groove (Fig-

ure 1A). Our analysis demonstrates that the narrowminor groove

correlates with the enhanced negative electrostatic potential

(Figure S2). This effect of DNA shape-dependent electrostatic

potential stabilizes the interaction with C-terminal arginines

(Rohs et al., 2009). Together, the two fingers and their respective

C-terminal extensions form a C-shaped clamp that wraps

around the DNA along the major groove of the palindromic

site, which leads to an extensive shape and electrostatic poten-

tial complementarity between the GATA DBD and its target site

(Harris et al., 2012).

Structures of GATA Bridging Two Separate DNA
Molecules
In an effort to crystallize GATA3 bound to palindromic GATA sites

separated by different spacers, we unexpectedly solved two

crystal structures of the GATA3 DBD bridging two dsDNA mole-

cules. In both complexes, the GATA3 DBD was cocrystallized

with a palindromic site with two GATA-binding sites separated

by 3 bp, TTCCTAAATCAGAGATAACC (binding sites underlined;

Figures 1B and 1C). One complex belongs to the P21 space

group, where the asymmetric unit contains two GATA3 DBDs
hors



Figure 1. Overall Structures of GATA3/DNA Complexes

(A) Structure of complex 1. The N-finger and the linker are colored in green, the

C-finger and C-tail are colored in magenta, and the DNA is colored in yellow.

(B) Structure of complex 2. Complexes of GATA3 N-/C-fingers bound to DNA

from neighboring asymmetric units are shown to illustrate one GATA3 protein

bridging two pieces of DNA. One N-finger is colored in green, the C-finger of

the same GATA protein is colored in magenta, and all other molecules are

colored in gray.

(C) Structure of complex 3. Complexes of GATA3 N-/C-fingers bound to DNA

from neighboring asymmetric units are shown to illustrate DNA bridging by

GATA3 protein; same color scheme as described in (B). The sequences of the

DNA are listed below.

See also Figure S1 and Table S1.
and two dsDNA molecules (complex 2). In contrast to the one-

spacer palindromic site, here the N-finger (green) and C-finger

(magenta) of one GATA molecule bind to their cognate sites on

two separate dsDNA molecules, which are parallel to each other

in the crystal lattice (Figure 1B). Specifically, the C-finger binds to

the GATA site of one dsDNA molecule, and the N-finger binds to

the GATT site of another dsDNA molecule. The two DNA mole-

cules are separated by 35 Å (axis to axis). In another complex,

the protein and DNA are cocrystallized in the C2 space group,

with the asymmetric unit containing one copy of GATA3 DBD

and one copy of dsDNA molecule (complex 3). Here again, the

C-finger of the GATA3 DBD binds to the GATA site of one dsDNA

molecule, and its N-finger binds to the GATT site on a separated,

symmetry-related dsDNA molecule (Figure 1C). The two dsDNA

molecules are arranged in a relative angle of �30� in the crystal

lattice. The minimal axis-to-axis distance between the two DNA

molecules is 29 Å. In complexes 2 and 3, the relative orientations
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of the N-finger and C-finger are very different, reflecting the large

conformational flexibility of the linker between the N-finger and

C-finger and the different arrangement of the DNA molecules

that can be accommodated by GATA3-mediated bridging.

Protein–DNA Interactions
TheGATADBD contains two zinc fingers, each of which can bind

its respective target site in a modular fashion. In complex 1, the

two fingers interact to bind adjacent sites in the palindromic

motif cooperatively. In complexes 2 and 3, the two fingers bind

their target sites on separated dsDNA molecules independently.

Although the relative spatial arrangements of the N-finger and

C-finger vary substantially in different DNA-binding modes, the

detailed interactions between each zinc finger and its cognate

DNA sites are largely conserved in different complexes. In all

three complexes, the C-finger binds the consensus GATA site

in a highly conserved mode that is also seen in the isolated

C-finger/DNA complex (Bates et al., 2008). The conservation of

the DNA-binding mechanisms by the C-finger includes not only

the detailed interactions of the core zinc module (amino acids

316–349) with the major groove but also the binding of the

C-terminal basic tail (amino acids 350–366) to the minor groove.

The detailed interactions in the minor groove, however, vary

slightly between different complexes. For instance, in complexes

2 and 3, Arg367 exhibits very weak density and thus is not

included in the final model; however, in complex 1, Arg367

shows clear density and forms a hydrogen bond with both

Thy14 and Thy100 (Figure 2A). This difference could be due to

the interactions with the N-finger that stabilize the conformation

of the basic tail of the C-finger and facilitate its binding to DNA in

the minor groove. As shown in Figure 2A, Arg277 of the N-finger

interacts with the main chain of Lys368, while Met260 forms

a van der Waals contact with Thr363 (not shown). In contrast,

in complexes 2 and 3, where theN-finger is located on a separate

DNAmolecule, the basic tail of the C-finger is less well ordered in

the tip region including residue Arg367.

Although the N-finger structure has been solved in complex

with a zinc finger of the FOG1 protein by NMR spectroscopy

(Liew et al., 2005), the mechanism by which the N-finger recog-

nizes DNA has not yet been elucidated structurally. In all

three structures, the zinc core module of the N-finger binds to

the first three nucleotides (GAT) in a similar manner as observed

for the C-finger core. For example, Arg276 and Asn286 interact

with Gua130, Thy9, and Ade8 (Figure 2B), in a manner almost

identical to that observed for Arg330 and Asn340 in the C-finger

(Figure 2C).

The major difference in DNA binding between the N-finger and

the C-finger lies in the recognition of the fourth and variable posi-

tion in their binding sites, GATN (where N refers to any nucleo-

tide). The C-terminal basic tail of the C-finger inserts into the

minor groove, and, most importantly, Arg365 forms a hydrogen

bond with the carbonyl of Thy80 and also engages in extensive

van der Waals contacts with neighboring bases and sugar moie-

ties (Figure 2D). In addition, the enhanced negative electrostatic

potential in this region of the minor groove attracts the positive

charge located in the arginine’s guanidinium group (Figure S2).

The electrostatic potential at this position is approximately

�8.5 kT/e due to the electrostatic focusing effect in narrowminor
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Figure 2. DNA Recognition by the GATA3

DBD

(A) Arg367 binds DNA only in the wrapping mode

(complex 1). These interactions are stabilized

through the interaction between the Arg277

guanidinium group and the Lys368 backbone,

reducing the conformational flexibility of the

C-terminal tip. The electron density is calculated

from a composite omit map.

(B) Hydrogen-bonding interactions among

Arg276, Asn286 (N-finger), and 3 bp (GAT) of the

binding site at their major groove core. These

hydrogen bonds, in particular the bidentate

hydrogen bond of the Arg276 guanidinium group

with guanine, lead to specific recognition of the

base-pair identity.

(C) A network of hydrogen-bonding interactions,

similar to the one shown in (B), including a bi-

dentate hydrogen bond, is formed among Arg330,

Asn340 (C-finger), and 3 bp (GAT) of the binding

site at their major groove core.

(D) Arg365 forms hydrogen bonds with the minor

groove edge of a base. Because these base

readout interactions in the minor groove are not as

specific as in the major groove, the negative

electrostatic potential enhanced through the

narrow minor groove stabilizes interactions with

arginine residues (shape readout).

See also Figure S2.
groove regions (Rohs et al., 2009). Similar interactions are

observed for the Arg367 of the C-finger in complex 1, includ-

ing hydrogen bonds with Thy14 and Thy100 and an electro-

static potential of approximately �9.1 kT/e (Figure S2A). Thus,

both Arg365 and Arg367 play a key role in DNA binding through

both base-specific hydrogen bonding (base readout) and shape-

dependent electrostatic interactions (shape readout; Rohs et al.,

2009, 2010). Most of the minor groove interactions by the C-

finger described above are missing in the N-finger. The detailed

DNA-binding interactions by the N-finger and C-finger in com-

plex 1 are shown in Figure 3, which also represents most of

the DNA-binding interactions by individual zinc fingers in com-

plexes 2 and 3 (not shown). Overall, compared with the C-finger,

the N-finger makes fewer contacts to DNA with both the bases

and the phosphodiester backbone (Figure 3), which may explain

the differences between the C- and N-fingers in DNA-binding

affinity and specificity (Bates et al., 2008).

Linker Region
The linker region in all three crystal structures shows a large

flexibility, as evidenced by high B-factors and a weak electron

density. Although the electron density for the main chain of the

linker region is visible in complex 1, the side chains are not

defined (Figure S3A). This observation suggests that the linker

regionmakes little contribution to DNA binding in the ‘‘wrapping’’

model. Between complexes 2 and 3, there are a total of three

copies of the linker region, all of which show densities for the

backbone but not the side chains (Figures S3B and S3C). A

superposition of the N-finger of all three molecules shows that

the linker region of these structures diverges at Ile302 and

extends in different directions (Figure 4A). Similarly, a superposi-

tion of the C-finger shows different paths of the linker region
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converging at Thr316, immediately in front of the C-finger

(Figure 4B). These structural analyses suggest that the linker

region between the N-finger and the C-finger in GATA3 does

not appear to have any conformational limitations. One of its

functional roles appears to be providing a constraint on the

spacing of the palindromic sites and the geometric distance

between the DNA molecules bridged by GATA, while the flexi-

bility of the linker region allows a wide variety of orientations of

the bridged DNA molecules.

It is somewhat surprising that the linker region does not bind

to DNA in the minor groove in complex 1 as does the C-terminal

tail of the C-finger (C-tail). The linker region is similar to the C-tail

at the sequence level because it hasmultiple basic residues (Fig-

ure S4). The major difference lies between P304 and K358. In the

C-tail, the side chain of K358 interacts with the main chain of

C321, and this interaction pulls the tail close to theminor groove;

whereas in the linker region, P304 cannot interact with C267 and

pushes the linker away from the minor groove (Figure 4C).

DNA-Binding Analyses
Although the GATA N-finger and C-finger alone can bind DNA, a

previous study showed that both fingers of GATA1 participate in

binding palindromic GATA sites, resulting in markedly increased

affinity (Trainor et al., 1996). Consistent with this biochemical

finding, a recent ChIP-seq study showed that the palindromic

GATA site accounts for 40% of GATA1 enrichment peaks, and

the palindromic GATA site has an increased peak height com-

pared with the peak average (Yu et al., 2009). Our structure

(complex 1) shows that the two fingers of GATA3 bind opposite

faces of the DNA, and the N-finger interacts with the C-terminal

basic tail of the C-finger, thereby enhancing GATA–DNA interac-

tions. These structural features suggest that the higher affinity of
hors



Figure 3. Schematic Representation of DNA Contacts with GATA3

Amino Acids in Complex 1 in the Palindromic Site

Hydrogen bonds are indicated by blue dotted lines, and hydrophobic contacts

are indicated by red dashed lines. The protein/DNA contact diagram was

generated by NUCPLOT (Luscombe et al., 1997). The contact map demon-

strates that GATA3 contacts the DNA in both the major andminor grooves and

employs base and shape readout mechanisms.
GATA DBD for the palindromic site compared with the single

site is likely a result of more extensive protein/DNA contacts

and the clamping mode of DNA binding by the two fingers

of GATA, which could lead to enhanced kinetic stability of

the protein-DNA complex (Stroud et al., 2002). To determine

whether GATA3 also binds palindromic sites with higher affinity

compared with single sites, we further analyzed the binding of

GATA3 to DNA. We performed binding studies using surface

plasmon resonance (SPR) on a Biacore 2000 instrument. DNA

probes containing either a single or a palindromic GATA site

were immobilized to the same low density on the surface of

a biosensor chip. GATA3 protein was injected over the sensor

chip surfaces to examine its interaction with the different DNA

sites. A 1:1 interaction model with mass transport correction

was applied to obtain the association (ka) and dissociation (kd)

rates. The affinity was calculated from these values (KD = kd/

ka). Biacore analyses revealed that GATA3 binds to DNA contain-

ing a single GATA site at relatively low affinity with a fast off-rate

(Figure 5A, top panel). In contrast, the binding of GATA3 to DNA

containing the palindromic GATA site showed a markedly

increased affinity, largely due to enhanced kinetic stability, as

evidenced by the slower off-rate (p < 0.05; Figure 5A, bottom

panel). In addition, the response units at equilibrium binding of

GATA3 to a palindromic GATA site were 2-fold higher than the

response obtained during binding to a single GATA site, further

confirming that GATA3 has a stronger affinity for the palindromic

GATA site over the single site (Figure 5A). Fitting of the data indi-

cates that the GATA3 DBD binds the palindromic site with a KD

of �6 nM, whereas it binds the single site with a KD of �60 nM

(Figure 5B). Therefore, the binding affinity of GATA3 DBD for

the palindromic site is�10-fold higher than that of the single site.

DNA Looping by GATA in Solution
Our structures of complexes 2 and 3 reveal that GATA3 DBD can

bridge two DNAmolecules. This mode of DNA binding may have
Cell Re
important implications for long-range gene regulation by GATA

proteins (Jing et al., 2008; Spilianakis et al., 2005; Vakoc et al.,

2005). However, in order to exclude potential crystal-packing

effects, we had to determine whether GATA can bind two

segments of DNA in solution. For this purpose, we used fluores-

cence (or Förster) resonance energy transfer (FRET) to monitor

the proximity of DNA ends in solution. We synthesized a 40-

mer DNA that contains the binding site for the C-finger (GATA)

at one end and the N-finger (GATC) at the other end. The two

ends of the DNA were labeled by fluorophore Cy3 (donor) and

Cy5 (acceptor), respectively. The central region of the DNA is

a stretch of single-stranded DNA (ssDNA) made of poly(dT).

This design was chosen to reduce nonspecific binding and

increase DNA flexibility. On the basis of our crystal structures

(Figures 1B and 1C), we assume that simultaneous binding of

GATA3 to both sites on the DNA would bring the two DNA

ends together, thus allowing FRET to occur when the donor is

excited. However, the detection of FRET signal in solution

does not necessarily indicate DNA looping, because two dif-

ferent DNA molecules may be brought together by nonspecific

interactions. To address this issue, we developed an in-gel

FRET assay that enabled us to measure the FRET signal for

a given complex with a well-defined mobility shift. As shown in

Figure 6A (lanes 1–6), the FRET signal as indicated by the color

change in the GATA3/DNA complex is reproducibly and signifi-

cantly stronger than that obtained in free DNA, suggesting that

the DNA ends are indeed closer in the GATA3-bound complex.

The tight band and fast mobility suggest that the FRET signal

most likely arises from GATA3-mediated looping rather than

from binding of multiple DNA molecules. To test this further,

we mutated the N-finger (R276E) to disrupt its DNA-binding

activity. Compared with the wild-type protein, the mutant

showed lower DNA-binding affinity, presumably due to the loss

of avidity, and, more importantly, the FRET signal of the mutant

complex was similar to that of free DNA, suggesting an open

DNA structure (Figure 6A, lanes 7–12). These results are consis-

tent with a model wherein the mutant GATA3 binds only one site

with the C-finger in an open conformation (Figure 6B). Interest-

ingly, the mutant-bound complex also showed slower mobility,

consistent with a less compact structure and/or binding of two

molecules of GATA3 as depicted in Figure 6B. The above studies

strongly suggest that GATA3 can indeed loop DNA in solution.

DISCUSSION

Here we present a comprehensive analysis of the DNA recogni-

tionmechanisms employed by theGATA protein in the context of

its full DBD, i.e., with both zinc fingers. Compared with previous

studies involving isolated GATA zinc fingers (Bates et al., 2008;

Liew et al., 2005; Omichinski et al., 1993; Starich et al., 1998),

our study reveals aspects of DNA binding by GATA that have

important implications for the function of GATA in transcriptional

regulation.

It is known that GATA can bind palindromic sites with high

affinity and that such binding may be functionally important

(Trainor et al., 1996; Yu et al., 2002). However, it was not known

until recently how prevalent this DNA-binding mode of GATA is

in vivo. A genome-wide analysis of GATA1-binding sites using
ports 2, 1197–1206, November 29, 2012 ª2012 The Authors 1201



Figure 4. Superposition of Zinc Finger

Motifs Displaying Various Linker Confor-

mations

(A) Superposition of the N-fingers from the three

complexes.

(B) Superposition of the C-fingers from the three

complexes.

(C) Superposition of the N-finger and C-finger in

complex 1. P304 pushes the linker region away

from the minor groove, whereas K358 pulls the

C-tail close to the minor groove through its inter-

action with C321. The DNA is visualized as an

orange ribbon.

See also Figures S3 and S4.
ChIP-seq revealed that 40% of GATA1-binding sites follow the

palindromic consensus motif. Moreover, ChIP-seq peaks from

palindromic sites are significantly higher than those from isolated

GATA1 sites (Yu et al., 2009), consistent with the higher-affinity

binding of GATA1 to palindromic sites (Trainor et al., 1996).

These observations suggest that binding of GATA1 to palin-

dromic sites plays a significant role in vivo (Yu et al., 2009).

Although a similar analysis of GATA3 has not yet been reported,

it is possible that GATA3 also binds palindromic GATA sites.

Our structure of the GATA3 DBD bound to the palindromic site

represents an example of such an important DNA-binding

mode by GATA proteins, which is also, more generally, a novel

mode of DNA binding by a zinc finger protein. Compared with

classical Cys2His2 zinc finger proteins, such as Zif268 and TFIIIA,

the GATA proteins have a longer linker region, which allowsmore

complex and versatile DNA-binding patterns (Stroud and Chen,

2003). Zif268 and TFIIIA have shorter linkers and use multiple

zinc finger domains to wrap around DNA and track along the

major groove (Elrod-Erickson et al., 1998; Wuttke et al., 1997).

Our structure is also different from most other Cys4 zinc finger

proteins, such as nuclear receptor proteins. Although most

nuclear receptor proteins also have two Cys4 zinc finger motifs,

they use one for DNA binding and the other for dimerization. In

addition, nuclear receptors form dimers to bind the same side

of the DNA (Bain et al., 2007). In our structure, which exhibits

the wrapping mode (complex 1), the N-finger binds to one side

of DNA in the major groove and then tracks along the minor

groove without DNA binding. The C-finger binds to the major

groove on the other side of the double helix and then tracks along

the minor groove with extensive DNA binding. Finally, the end of

the C-tail reaches the N-finger and completes the wrapping

architecture. Several structural features may account for the

enhanced binding affinity of GATA to the palindromic sites. First,
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the N-finger and C-finger bind to adjacent

sites on the DNA, making extensive

protein-DNA contacts. Second, the bind-

ing of a zinc finger induces conforma-

tional changes of the DNA, and such

changes may facilitate the binding of the

second zinc finger to the adjacent site.

Third, the N-finger and C-finger interact

directly on palindromic sites, and these

protein–protein interactions may lead to
cooperative binding of the two fingers to DNA, similar to the

cooperative binding of GATA C-fingers to adjacent sites (Bates

et al., 2008). Finally, the N- and C-fingers, in conjunction with

their C-terminal extensions, wrap around DNA in the palindromic

complex, and such encirclement of DNA by the protein usually

leads to enhanced kinetic stability of the protein/DNA com-

plex (Stroud et al., 2002). Our Biacore analysis suggests that

GATA3DBD indeed binds the palindromic site with a significantly

slower off-rate than the single site.

The GATA family of proteins contains two zinc fingers that can

each bind to a separate target site. Although complex 1 reveals

that the two fingers can function jointly to recognize the palin-

dromic sites, the majority of GATA1 response elements (60%)

are comprised of single GATA sites (Yu et al., 2009). Binding of

these isolated GATA sites by the N-finger and C-finger of

GATA proteins could lead to chromosome looping or interchro-

mosome interactions. This is a very attractive model of tran-

scriptional regulation by GATA proteins, given the increasing

evidence suggesting that GATA proteins have a role in long-

range gene regulation (Jing et al., 2008; Spilianakis et al., 2005;

Vakoc et al., 2005). Complexes 2 and 3 reveal that GATA3

DBD can indeed bridge two dsDNA molecules, thereby provid-

ing a direct mechanism of chromosome looping. The structures

presented here are crystal structures of a single protein bridging

two separate DNA fragments. Two lines of evidence support our

conclusion that the DNA bridging by GATA proteins is not

a crystal-packing artifact: first, we observed the DNA bridging

in two crystal structures with different overall architectures;

second, in-gel FRET experiments provided further evidence

that the GATA DBD could bridge DNA in solution. We would

like to provide the functional relevance of this DNA bridging in

cells, however, there is no method, to our knowledge, that can

provide direct evidence that a GATA protein can bridge two



Figure 5. Biacore Analyses

(A) Sensorgrams show a kinetic analysis of GATA3 DBD with either a single

GATA site (top) or a palindromic site (bottom). Black lines represent triplicate

injections performed in random order over the indicated DNA surface. A 1 min

association was followed by a 5 min dissociation phase. Red lines represent

the global fit of data sets using CLAMP.

(B) Association rate constants ka, dissociation rate constants kd, and equilib-

rium constants KD = ka/kd demonstrate the kinetics of GATA3 DBD binding

to either a single or a palindromic GATA site. The SEM is indicated. The

dissociation rates of single and palindromic sites are significantly different

(p < 0.05).

Figure 6. In-Gel FRET Analysis of DNA Looping byGATA3 in Solution

(A) GATA3 N-/C-fingers can bring two binding sites into close proximity

despite their separation in sequence. The pseudo-colored image shows

a superposition of the fluorescence of the Cy3-donor (green) and the fluo-

rescence of the Cy5-acceptor (red) fluorophores. Labels to the left indicate the

respective protein/DNA species. Lanes 1–6 show the binding of wild-type

GATA3 to DNA. Lanes 7–12 show the binding of a GATA3 mutant R276E,

which abolishes N-finger DNA binding.

(B) Cartoons represent models of the distinct overall architecture corre-

sponding to the two protein shifts. TheN-finger is displayed as a cyan oval, and

the C-finger is shown as a purple oval.
separate DNA molecules in cells. Given that it is well known that

GATA proteins mediate long-range gene regulation, we believe

that our model represents at least one of the mechanisms by

which GATA proteins loop DNA in cells. In addition to direct

DNA bridging, GATA proteins may loop DNA through indirect

mechanisms, such as via their cofactors (e.g., FOG proteins),

which have also been shown to play important roles in mediating

DNA loop formation (Vakoc et al., 2005). We recently showed

that FOXP3, a transcription factor that is critical for the function

of regulatory T cells, also bridges DNA to mediate DNA looping

(Bandukwala et al., 2011). However, the mechanisms of DNA

bridging by FOXP3 and GATA3 differ in two aspects: First,

DNA bridging by FOXP3 occurs through a domain-swapped

dimer, whereas GATA3 bridges DNA through two covalently

linked DNA-binding motifs of the same protein. Second, the

domain-swapped dimer of FOXP3 has a rigid structure that

bridges two DNA molecules in a fixed orientation, whereas the

flexible linker between the N- and C-fingers in GATA allows

different orientations of bridged DNAmolecules, as seen in com-

plexes 2 and 3. These structural differences may reflect differ-

ences in long-range gene regulation by FOXP3 and GATA3. In

spite of these differences, however, DNA bridging appears to

be a common property of many transcription factors, including

FOXP2 (Stroud et al., 2006), MEF2 (Guo et al., 2007), FOXP3

(Bandukwala et al., 2011), and GATA3 (as discussed here).
Cell Re
Notably, these transcription factors are all implicated in lineage

control during cellular differentiation. We thus propose that one

mechanism whereby the epigenetic expression patterns of a

given cell are controlled is specific folding of the three-dimen-

sional structure of the genome by transcription factors that

control a given lineage (Kalhor et al., 2012).

We have characterized two distinct DNA-binding modes of

GATA transcription factors: (1) the wrapping mode, in which

both zinc fingers synergistically enhance the binding affinity

and kinetic stability; and (2) the bridging mode, in which a

single GATA DBD bridges two pieces of DNA. Because the

DBDs of GATA proteins are highly conserved, the structural

features described here will likely hold true for all six GATA

family members. The fact that GATA can bind DNA in two

distinct modes with different binding affinity/kinetic stabilities

and conformations has important implications for transcrip-

tional regulation by this family of proteins. For example, varying

protein concentrations of GATA proteins during development

may not just affect their occupancy of DNA, but also could

switch their DNA-binding mode and affect transcriptional

networks (Georgescu et al., 2008). At low expression levels,

the GATA proteins may preferentially bind to the palindromic

sites, and at high expression levels, the GATA proteins may

be able to bind both palindromic sites and single sites, leading

to more intra- and interchromosomal interactions, either by

themselves or through their interaction with cofactors such as

the FOG protein. The different DNA-bound conformations of

GATA proteins may recruit different cofactors or change the

local chromosomal conformation, leading to different biological

functions.
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EXPERIMENTAL PROCEDURES

Sample Preparation and Crystallization

A sequence containing both the N- and C-terminal zinc fingers of human

GATA3 (amino acids 260–370) was cloned into the pET-28a vector as a 6 3

His-tagged fusion protein and was expressed in Rosetta (DE3) pLysS cells.

The protein was first purified by Ni-NTA beads and then digested by thrombin

protease to remove the His-tag. The protein was further purified by Mono S

cation exchange and a Superdex 75 size exclusion column (Amersham Biosci-

ences, Piscataway, NJ). The protein was then concentrated to �40 mg/ml in

10 mM HEPES (pH 7.63), 5 mM b-mercaptoethanol, 0.5 mM zinc acetate,

100 mM NaCl, 200 mM NH4-acetate, and 20% glycerol, and stored at

�80�C. DNA was synthesized by Integrated DNA Technologies (Coralville,

IA). The DNA sequences are listed in Figure 1.

The protein/DNA complex was prepared by mixing protein and DNA at a 1:1

molar ratio. Crystals were grown by the hanging-drop method at 18�C using

a reservoir buffer of either 400 mM NH4(OAc), 50 mM acetate (pH 4.7), and

18% polyethylene glycol (PEG) 4K (for complex 1), or 400 mM NH4(OAc),

10 mM Mg(OAc)2, 50 mM cacodylic acid (pH 6.33), and 15% PEG 4K (for

complexes 2 and 3).

Data Collection and Structure Determination

Crystals were stabilized in the crystallization buffer with 25% (w/v) glycerol and

flash frozen with liquid nitrogen for cryocrystallography. Data were collected at

the Advanced Light Source BL8.2.1, BL8.2.2 beamline at Lawrence Berkeley

National Laboratory. Data were reduced using HKL2000 (Otwinowski and

Minor, 1997). Molecular replacement solutions for complexes 2 and 3 were

found using the coordinates of the C-finger (Protein Data Bank ID Code

[PDB] 3DFX; Bates et al., 2008) as a partial search model. Independent phases

for complexes 2 and 3 were also obtained using SAD phasing by the zinc

anomalous signal, which cross-validated the molecular replacement solu-

tions. Complex 1 was determined solely by molecular replacement, using

the N-finger and C-finger obtained from complex 3 as partial search models.

Refinement were done using CNS refine (Brünger et al., 1998), CCP4 refmac5

(Collaborative Computational Project, Number 4, 1994), and Phenix.refine

(Adams et al., 2002). Model building and analysis were carried out using

Phenix.autobuild (Adams et al., 2002) and O (Jones et al., 1991). The statistics

of the crystallographic analysis are presented in Table S1. Graphical represen-

tations of structure were prepared using PyMol (DeLano Scientific, San Fran-

cisco, CA).

Biosensor Analysis

Binding experiments were performed on a Biacore 2000 instrument (Biacore,

Piscataway, NJ, USA). dsDNA oligos containing either a palindromic GATA

site (50-Bi-CTCCCGCTCGCTATCAGATAAGGCCTTAT-30 and 50-ATAAGG

CCTTATCTGATAGCGAGCGGGAG-30) or a single GATA site (50-Bi-CTCCC
GCTCGCTCAGAGATAAGGCCTTAT-30 and 50- ATAAGGCTTTATCTCTGA

GCGAGCGGGAG-30) were synthesized by Integrated DNA Technologies

(Coralville, IA). One strand of each pair carried a 50-biotin tag (Bi) to allow

coating on streptavidin-coated sensorchips (SA chip; GE Healthcare). Two

surfaces of comparable density were generated using DNA containing the

palindromic GATA site and the single GATA site on two distinct flow cells

of a single sensorchip. GATA3 was serially diluted in four 3-fold steps from

50 nM to 0.2 nM. The five concentrations of protein samples were injected

at 20�C over the chip surface, using 1 min injections followed by a 5 min

dissociation. Samples with different concentrations of protein were injected

in random order and every injection was performed in triplicate within each

experiment. All experiments were done at least three times. Data were

processed using Scrubber and analyzed using CLAMP XP (Myszka and

Morton, 1998). The data were fit globally using a simple 1:1 Langmuir inter-

action model with a correction for mass transport (Myszka et al., 1998). The

results for differential protein/DNA-binding strengths were compared using

Student’s t test. Equal or unequal variance of the samples was determined

using the F-test. Mean association and dissociation rates were used to

calculate the equilibrium binding constants, and the SEM values in the ka
and kd were used to compute the error in the mean KD values reported in

Figure 5B.
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In-Gel FRET Analysis

The ssDNAs labeled with either Cy3 (containing a GATA site) or Cy5 (contain-

ing a GATC site) were synthesized by IDT and purified by high-performance

liquid chromatography. A 40 bp oligonucleotide that annealed to both Cy3

and Cy5 oligos was also synthesized by IDT. The DNA was annealed at

a 1:1:1 ratio of DNAs. The resulting probe, labeled at the 50 and 30 ends

with the FRET-pair Cy3 and Cy5, respectively, consisted of two dsDNA

regions at the ends and a 20 nt poly(dT) region at the center. The DNA

was incubated with GATA3 or R276E mutant protein for 25 min. A native

6% (w/v) polyacrylamide gel in 0.5 3 Tris borate EDTA buffer was used to

resolve the free DNA from the protein/DNA complex. The gel was scanned

with a Typhoon 8610 variable mode imager (Amersham Biosciences) at an

excitation wavelength of 532 nm, which excited Cy3, and the fluorescence

images were detected at emission wavelengths of 580 nm and 670 nm for

Cy3 and Cy5, respectively. The Cy3 image was assigned in green, and the

Cy5 image was assigned in red. The two images were superpositioned, re-

sulting in the final image.

Computational Analysis

The electrostatic potential was calculated with DelPhi (Honig and Nicholls,

1995) based on the nonlinear Poisson-Boltzmann equation, which was solved

in five focusing steps at physiologic ionic strength I = 0.145 (Rohs et al., 2009).

The potential of the DNA was shown as an isopotential surface and plotted as

a function of sequence in reference points at the center of the minor groove

(Rohs et al., 2009). The DNA minor groove geometry was analyzed with the

CURVES algorithm (Lavery and Sklenar, 1989).
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