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ABSTRACT: MafA is a proto-oncoprotein and is critical for
insulin gene expression in pancreatic f-cells. Maf proteins
belong to the AP1 superfamily of basic region-leucine zipper
(bZIP) transcription factors. Residues in the basic helix and an
ancillary N-terminal domain, the Extended Homology Region
(EHR), endow maf proteins with unique DNA binding
properties: binding a 13 bp consensus site consisting of a
core AP1 site (TGACTCA) flanked by TGC sequences and
binding DNA stably as monomers. To further characterize maf

MafA binds TRE
core flexibly

MafA binds flanking
TGC stably

DNA binding, we determined the structure of a MafA—DNA complex. MafA forms base-specific hydrogen bonds with the
flanking G_sC_, and central Cy/G, bases, but not with the core-TGA bases. However, in vitro binding studies utilizing a pulse—
chase electrophoretic mobility shift assay protocol revealed that mutating either the core-TGA or flanking-TGC bases
dramatically increases the binding off rate. Comparing the known maf structures, we propose that DNA binding specificity results
from positioning the basic helix through unique phosphate contacts. The EHR does not contact DNA directly but stabilizes DNA
binding by contacting the basic helix. Collectively, these results suggest a novel multistep DNA binding process involving a
conformational change from contacting the core-TGA to contacting the flanking-TGC bases.

B asic region-leucine zipper (bZIP) proteins constitute one
of the largest families of transcription factors in eukaryotes.
The dimeric bZIPs perhaps represent the simplest DNA-
binding motif, with two long a-helices gripping DNA like a pair
of chopsticks." Previous studies of AP1 bZIP proteins have
demonstrated that the basic region is unfolded in solution and
adopts a helical conformation upon binding to DNA.>* Maf
factors are atypical AP1 family members, possessing an
Extended Homology Region (EHR) immediately preceding
the basic region.4 The EHR, which is largely helical in solution,
facilitates folding of the basic region in the absence of DNA and
significantly modifies the binding properties of maf factors.>®
Consensus maf-recognition elements (MAREs), TGCTGAC-
(G)TCAGCA, contain the canonical TRE or CRE (under-
lined), typically bound by API factors.” According to the type
of core, MAREs are named as a TRE-type MARE (T-MARE)
or a CRE-type MARE (C-MARE). Recently, an asymmetric
maf binding site found in the a@A-crystallin promoter was
characterized.® This site contains an AT-rich sequence 5’ of the
MARE half-site that facilitates binding of maf monomers,
termed the 5’ATs-half-MARE in this study.

Maf proteins are tissue-specific factors that play key roles in
differentiation (reviewed in ref 9). MafA is expressed in
pancreatic f-cells and is essential for f-cell maturation and
glucose-induced insulin expression.'°”"> L-Maf, the homologue
of MafA in chicken, induces lens differentiation.'®> The maf
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family can be subdivided into two groups. Large mafs, MafA,"*
MafB,"> c-Maf,'® and Nil,'” contain an N-terminal trans-
activation domain and function as homodimers or heterodimers
with other bZIP partners."® Like Fos and Jun, large mafs are
proto-oncoproteins and are overexpressed in many human
cancers (reviewed in ref 19). Small mafs, MafF,*® MafG,*" and
MafK,*® lack an activation domain and act as repressors or rely
on dimerization partners for their transcriptional activity
(reviewed in ref 22). The crystal structure of MafG bound to
a T-MARE variant (TGCTGACTCATCA) has been deter-
mined.® In this study, we crystallized the bZIP homodimer of
the large maf, MafA, bound to the consensus T-MARE, and
compared the structure to the known maf structures: the MafG
homodimer and the MafB/Fos bZIP heterodimer [Protein
Data Bank (PDB) entry 2WT7, no associated article].

The maf structures show that large maf and small maf
proteins bind DNA in a similar manner. We found that MafA
binds nonspecific DNA with high affinity. Therefore, we
developed a pulse—chase electrophoretic mobility shift assay
(EMSA) protocol to study off rates from the T-MARE and the
5'ATs-half-MARE. Although the core-TGA was not directly
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contacted by MafA in the structure, it was as crucial as the
flanking-TGC for maintaining tight binding. Furthermore,
stable DNA binding by a MafA monomer also required the
core-TGA and flanking-TGC, aided by the 5’AT-rich sequence.
We propose a multistep binding mechanism in which MafA first
binds the TRE core like other AP1 bZIP factors. Then a
conformational change allows MafA to bind the flanking-TGC
as in the crystal structure. Given that authentic maf binding
sites are often asymmetric and contain only a half-site of the
consensus MARE,'®'***** monomeric and sequential binding
may be biologically relevant.

B EXPERIMENTAL PROCEDURES

Plasmid Construction, Protein Expression, and Puri-
fication. MafA (residues 226—318) and AMafA (residues
226—280) were cloned into a modified pET24b vector, with an
N-terminal six-His affinity tag followed by a thrombin cleavage
site. To prevent disulfide bond formation, the two cysteine
residues in the sequence were mutated to serine (C271S and
C287S) by site-directed mutagenesis using Phusion high-
fidelity DNA polymerase (Finnzyme). MafA (226-318)
_C271S_C287S (hereafter called MafA, unless specified) and
AMafA (226—280) C271S (hereafter called AMafA) were
expressed in Escherichia coli BL21(DE3) STAR cells (In-
vitrogen), grown at 37 °C to an ODjy of 0.6, and induced with
1 mM isopropyl 3-p-1-thiogalactopyranoside (IPTG) overnight
at 22 °C. Proteins were purified by nickel aflinity chromatog-
raphy (Sigma) according to the manufacturer’s instructions
with a high-salt buffer [800 mM NaCl and 100 mM Tris-HCl
(pH 7.8)]. The His tag was cleaved by thrombin (MP
Biomedicals) and removed by rebinding to nickel affinity resin.
Because there is no tryptophan residue in the protein sequence,
the protein concentration was measured by the Bradford assay
(Bio-Rad). Amino acid analysis of MafA indicated that the
concentrations were overestimated by the Bradford assay by
~50% [Molecular Structure Facility at the University of
California, Davis, CA (data not shown)]. The corrected
concentrations were reported.

Preparation and Crystallization of the MafA—MARE
Complex. Complementary oligonucleotides containing the
consensus T-MARE were purchased from Integrated DNA
Technologies, Inc., for crystallization. Oligonucleotides were
annealed in an annealing buffer [100 mM NaCl, 1 mM EDTA,
and 10 mM Tris-HCI (pH 8.0)] at 95 °C and slowly cooled to
room temperature. Crystallization trials were conducted with
oligonucleotides 16—22 bp in length with different end
configurations. Optimal crystals grew with 19 bp oligonucleo-
tides with Hoogsteen base pair end joining: 5'-CCCTGCTG-
ACTCAGCACCG and 5'-CCGGTGCTGAGTCAGCAGG.>
Annealed oligonucleotides were mixed with purified MafA
(without cysteine mutations) at a 1:4 DNA:protein ratio to
ensure that all the oligonucleotides were bound. The MafA—
MARE complex was formed during stepwise dialysis to a low
salt level: from 800 to 500 to 250 to 150 mM NaCl with 2 mM
MgCl, and 10 mM HEPES (pH 7.8). Excess MafA protein
precipitated at low salt concentrations and was removed by
centrifugation. The complex was concentrated to 6.7 mg/mL
for crystallization. The best crystals grew from sitting drops
from a pH gradient by mixing a 1:1 ratio of protein sample and
buffer A [1.8 M ammonium sulfate and 100 mM sodium citrate
(pH 5.5)] with a different volatile buffer B [1.2 M ammonium
sulfate and 100 mM sodium acetate (pH 4.5)] in the reservoir.
Crystals grew at 18 °C.
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X-ray Data Collection and Structure Determination.
Crystals were transferred to a cryoprotectant containing the
mother liquor with 20% glycerol and flash-frozen in liquid
nitrogen. Data were collected at 100 K, using synchrotron
beamline 22ID of the Southeast Regional Collaborative Access
Team (SER-CAT) at the Advanced Photon Source (APS,
Argonne National Laboratory, Argonne, IL). Data were
processed using XDS.>° Initial phases were derived by
molecular replacement using Phaser.”” The search model was
based on the MafG dimer (PDB entry 3AST) with side chain
differences mutated to alanine and the 15 bp DNA.® Manual
model building was conducted in Coot, 8 and structure
refinement utilized Refmac5’**° and Phenix.*' Structures
were aligned using LSQMAN®” for root-mean-square deviation
(rmsd) calculations.

Pulse—Chase Electrophoretic Mobility Shift Assay
(EMSA). Purified oligonucleotides (Figure 4A) labeled with a
near-infrared fluorescent dye, IRDye700 or IRDye800 (Li-
COR), were purchased from Integrated DNA Technologies,
Inc. Complementary oligonucleotides were annealed as
described above. MafA (Figures 4 and 5) or AMafA (Figure
6) was incubated for 10 min at 30 °C before being mixed with
6—10 fmol of probes in 20 uL of binding buffer [100 mM KC],
10 mM HEPES-KOH (pH 7.9), 5 mM MgCl,, 0.1 mM EDTA,
2.5% Tween, 10 mM DTT, 20% glycerol, and 0.5 mg/mL
BSA]. Binding reaction mixtures were incubated for 30 min at
room temperature, followed by the addition of 2 uL of
deionized H,O or 730 ng/uL poly(dI-dC)-poly(dI-dC). After
incubation for an additional 30 min, binding reaction mixtures
were loaded onto a prerun polyacrylamide gel (5% unless
specified) in running buffer [196 mM glycine, 1 mM EDTA,
and 20 mM Tris (pH 8.3)]. Gels were run for 80—150 min at
80 V and 4 °C in the dark to protect the Li-COR dye. Gels
were scanned in-plate and analyzed using the Odyssey infrared
imaging system (Li-COR).

Small-Angle X-ray Scattering (SAXS). SAXS data were
collected on an S-MAX3000 instrument at Rigaku Americas
Corp. The MafA—MARE complex was prepared as described
for crystallization. Samples were measured at three concen-
trations (9, 4.5, and 2.25 mg/mL) for 120 min at 4 °C. Sample
and buffer images were processed to generate one-dimensional
scattering plots using SAXSGUI (Rigaku). Data analysis was
performed with Primus.*® The radius of gyration (Ry) and
distance distribution function [p(r)] were calculated using
GNOM.** The calculated scattering profile from the X-ray
structure and the comparison with the experimental SAXS data
were conducted with Crysol.*®

B RESULTS

Crystallization and Determination of the Structure of
the MafA—MARE Complex. The structure of the DNA-
binding domain (residues 226—318) of human MafA
(NP_963883.2) was determined bound to a 19-mer duplex
DNA containing the 13 bp T-MARE consensus sequence and
Hoogsteen end-to-end packing of the DNA. Crystals grew
reproducibly as the pH was slowly lowered with a volatile
buffer, as reported for crystallization of other protein—DNA
complexes with Hoogsteen triple-strand DNA end packing.”®
The best crystal diffracted to 2.85 A resolution. The asymmetric
unit contained one MafA dimer bound to a DNA duplex, with a
high (75%) solvent content (Matthews coefficient of 4.48). The
leucine zipper in the MafA structure was significantly more bent
than MafG (Figure 1B); therefore, the 30 C-terminal amino
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Figure 1. X-ray structure of the MafA—MARE complex. (A) Comparison of the domain structure of a large maf, MafA, and a small maf, MafG:
turquoise for the transactivation domain, pink for the extended homology region, red for the basic region, and yellow for the leucine zipper domain.
The sequences of the DNA-binding domains of MafA and MafG are 57.8% identical.>® Protein sequence alignment of large maf (MafA, c-Maf, MafB,
and Nrl) and small maf (MafF, MafG, and MafK) factors and other AP1 bZIPs. (B) Superposition of the MafA structure (PDB entry 4EOT, blue
and cyan) and the MafG structure (PDB entry 3AST, black),® via alignment of the core DNA sequences (TGACTCA) with an rmsd of 0.410. The
basic helices overlap, but the EHRs are rotated relative to each other. Below is shown the DNA sequence in the crystal. The bases contacted through
hydrogen bonds in the MafA structure are boxed: central Cy/G, and flanking G_sC_,. (C) “Tyrosine zipper”. Tyr 310 in position “d” and Tyr 314 in

«_ »

position “a” of turns S and 6 of the leucine zipper region in the MafA homodimer. (D) Helical-wheel diagram of the leucine zipper region in the
MafA homodimer. Arrows represent hydrogen bonds. The hydrogen bond between Arg 302 and Arg 307 is mediated by a SO,*~ ion.

acids were rebuilt manually. The MafA—MARE complex positioned asymmetrically on the 19 bp sequence: three bases

structure was refined to final R and Ry, values of 0.22 and from the 5’ end of one strand and four bases from the 5’ end of
0.26, respectively (Table 1). the other strand. Nevertheless, the orientation of the DNA

The consensus 13 bp MARE is pseudopalindromic, with a could not be determined unambiguously from the electron
central Co/G, base pair (Figure 1B). The consensus site is density at this resolution, even after refinement with the DNA
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Table 1. Crystallographic Statistics®

Data Collection
space group
unit cell [a, b, ¢ (A)]

resolution (A)

P3,21
116.1, 116.1, 85.1
20-2.85 (3.00—2.85)

mean I/6(I) 22.6 (3.0)
Ripeas (%)° 7.3 (79.8)
completeness (%) 97.5 (85.1)
redundancy 10.8 (9.4)
no. of unique reflections 15399 (1880)
Refinement
Riors Rpree 0.22, 026
no. of reflections 15288
rmsd
bond lengths (A) 0.002
bond angles (deg) 0.696
Ramachandran plot, favored regions (%) 100
B factor (A?)
protein (subunit A, B) 92.0, 91.4
DNA (strand C, D) 89.6, 83.5
solvent 83.9
ligand 119.8

“Values in parentheses indicate statistics for the highest-resolution bin.
YRedundancy-independent R factor.>*

built in either orientation (data not shown). The deposited
structure was refined with the DNA oriented in the direction
with the lower R factor and slightly better fit to the electron
density.

Overall Structure of the MafA—MARE Complex. The
extended homology region (EHR) and basic region of large maf
and small maf proteins are highly conserved (Figure 1A). After
the alignment of the 7 bp TRE core DNA sequence in the
MafA and MafG structures, the basic helices were positioned
identically in the major groove (Ca atoms of residues A254—
272 and B254—272 superimposed with an rmsd of 0.6 A), while
the EHRs of MafA were slightly rotated relative to the MafG
structure (Figure 1B; Ca atoms of residues A228—253 and
B228—253 superimposed with an rmsd of 2.6 A).® The EHR of
MafA was identical in structure to MafG (Ca atoms of MafA
and MafG residues A228—253 superimposed with an rmsd of
0.8 A), suggesting some flexibility in the position of this
domain.

The leucine zipper sequences of MafA and MafG are less
conserved, and large and small maf proteins reportedly do not
form heterodimers.'> The coiled coil in the MafG structure is
almost symmetrically positioned relative to the DNA, whereas
the coiled coil in MafA is significantly bent (Figure 1B). The
bend in the coiled coil of MafA is similar to that of Fos/Jun in
complex with NFAT.*® Given the symmetry of the MafA
homodimer, the bending probably results from crystal packin
interactions, also observed in other bZIP structures.’””
Nevertheless, the curvature of the zipper does not affect the
positioning of the basic helices in the major groove of the DNA.

In the MafG structure, dimerization specificity was attributed
to three hydrogen bonding interactions in the leucine zipper: a
direct hydrogen bond between Gln 82 and Lys 83 (in the “a”
and “g” helical-wheel positions), a water-mediated contact
between Gln 75 and Lys 76 (in the “a” and “g” positions), and a
hydrogen bond between the two Asn 97 residues in the “a”
position of the coiled coils.® Few interhelical interactions were
observed in the MafA homodimer (Figure 1D). A salt bridge
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between Glu 285 and Lys 286 replaces the GIn 82—Lys 83
interaction of MafG. The importance of this interaction is
implied by the K320E (K286 in MafA) mutation of c-Maf,
another large maf, in cataract patients.”” The indirect hydrogen
bond between Gln 75 and Lys 76 was not formed by Arg 279
(instead of Lys 76) of MafA. Kurokawa et al. suggested that the
interaction between Asn 97 (“a” position) might explain the
dimerization selectivity of MafG for small mafs.% In MafA, Val
at the equivalent position contributes to the hydrophobic core
of the homodimer (Figure 1A). In both MafG and MafA, one
of the Leu residues in the hydrophobic core, the “d” position of
the coiled coil, is modified: in small mafs by methionine at turn
4 and in large mafs by tyrosine at turn 5 (Figure 1A,C). These
hydrophobic interactions may contribute to the dimerization
selectivity of large and small maf factors.

MafA Contacts the Flanking GC and Central Cy/G,
Bases. The consensus maf-binding site can be divided into
three distinct regions: Cy/Gy at the center of the TRE core,
core-TGA residues adjacent to the Cy/G, base pair (numbered
+3 to +1), and flanking-TGC residues 5’ of the TRE core
(numbered +6 to +4) (Figure 1B).” The basic helices of most
bZIP factors primarily contact the core. Like MafG, the basic
helices of MafA contact the flanking G_;C_, bases through two
conserved residues: Asn 264 (MafG Asn 61) and Arg 260
(MafG Arg 57) (Figure 2A). Asn 264 in MafA contacts C,
directly (<3.2 A) in both subunits of MafA instead of an
indirect and a weak hydrogen bond (>3.2 A) in MafG.® The
only hydrogen bond contacts with the TRE core bases are
those of Arg 272 with the central G, and C, (Figure 2B). The
corresponding residues in MafG, Arg 69, contact the central
bases indirectly through water in one monomer and the
phosphate backbone in the other monomer. The interaction of
Arg 272 with the central C;/G bases is highly conserved in all
AP1 factors (PDB entries 1FOS, 2H7H, 1JNM, 2DGC, and
1T2K).>"***" Arg 272 in chain B of MafA adopts two
conformations: one conformation, like Arg 272 in chain A,
contacting the base and one conformation pointing away from
the DNA (Figure 2B). Two conformations of Arg 272 are also
observed in higher-resolution AP1 structures such as JUN
(PDB entry 2H7H) and GCN4 (PDB entry 2DGC)
homodimers. A central ligand, larger than a water molecule
or chloride ion, coordinates interactions by Arg 272 and Arg
275 from both MafA subunits (Figure 2B). The electron
density was modeled as a sulfate ion, originating from the
crystallization solution. There is no sulfate ion in the MafG
structure, suggesting that the sulfate ion might stabilize the Arg
272—C,/G, base contacts in MafA.

The phosphate contacts by the basic helices of MafA extend
to the flanking-TGC residues (Figure 2C, left), while the
phosphate contacts by other AP1 bZIP factors, such as c-Fos,
are clustered toward the TRE core (Figure 2C, right).”” Both
MafA monomers contact the phosphate backbone at two sites
in the core: Arg 265 NH2 with T; O1P and Thr 261 OG1 with
C, O2P (not formed in MafG). The phosphate contacts by the
MafA homodimer are not perfectly symmetric: Gln 269 NE2
contacts Cy O2P in chain A only, and Lys 274 NZ contacts T_;
O1P in chain B only (Figure S1 of the Supporting
Information). Two MafA residues form strong hydrogen
bonds with phosphates of the flanking bases: Tyr 267 OH
with G_g O2P (~2.5 A) and Arg 259 NH2 with T_¢ O2P (2.8
and 3.1 A) (Figure S2 of the Supporting Information). In
MafG, Arg 56 (Arg 259 in MafA) contacts only the phosphate
backbone of one monomer. Tyr 267 inserts into the major
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Figure 2. Interactions between MafA and MARE. (A) Arg 260 (NHI and NH2) and Asn 264 OD1 in subunit A make direct hydrogen bonds with
the flanking G_sC_, sequence. Arg 264 also contacts G, (O6). The electron density is calculated from a simulated annealing omit map with the Arg
260 and Asn 264 side chains omitted. (B) Sulfate-coordinated Arg 272 in subunits A and B contacts the central C;/G. The electron density is
calculated from a simulated annealing omit map with an individual residue (R272 or R272’ or R275 or R275’) or the sulfate ion omitted. Omit maps
are contoured at 1o for 2F, — F (dark blue) and at 4o for F, — F¢ (green for positive, red for negative). (C) MafA basic helix residues primarily
contact the flanking G_sC_, bases (left), while Fos basic helix residues primarily contact the AP1 core (right, PDB entry 1FOS).” Direct hydrogen
bonding interactions (---) with bases are colored red and with the phosphate backbone are colored black. The view is along the basic helix from the
N-terminus, contacting the major groove. The TRE core sequence is colored pink in both structures. The protein—DNA interactions are also

represented schematically.

groove kinking the DNA backbone (Figure S3C of the
Supporting Information). This kinking is observed in only
maf structures, and not in other bZIP proteins (PDB entries
1FOS, 1SKN, and 2H7H).**”* The phosphate contacts by
Thr 261 and Tyr 267 are unique to maf proteins.*
Comparisons of maf— and Fos—DNA Complexes. As in
MafG, the EHR of MafA does not contact the DNA directly.
To understand how maf proteins bind DNA differently than
canonical AP1 factors, we compared the MafA homodimer—
DNA structure with the MafB/Fos heterodimer—DNA
structure (PDB entry 2WT7, 2.3 A resolution, re-refined by
PDB_REDO which reported better statistics**). The DNA-
binding domain sequences of MafA and MafB are almost
identical (Figure 1A). Via the alignment of 10 bp of DNA
encompassing the TRE core and one MARE half-site
(TGCTGACTCA) (rmsd of 0.5 A), the basic regions of

MafA and MafB overlap exactly (Car rmsd for MafA residues
B255—272 and MafB residues B239—256 of 0.46 A) (Figure S3
of the Supporting Information). On the other hand, the N-
terminus of the basic region in c-Fos is slightly tilted (Car rmsd
for MafA residues A255—272 and Fos residues A138—155 of
1.2 A). The distance between the Arg 143 Car atom of c-Fos
and the corresponding Arg 260 Car atom of MafA is 1.3 A, long
enough to prevent hydrogen bonding with the base of G_s.
Therefore, the position of the basic helix may contribute to maf
proteins contacting the flanking-TGC bases instead of the core-
TGA bases.

We next compared the B factors of MafA, MafB, and c-Fos to
evaluate differences in the mobility of the basic domains. The
basic helix of MafB is significantly more ordered than the basic
helix of c-Fos (Figure 3A). Particularly striking is the difference
in mobility of Arg 143 in c-Fos, with an average position
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Figure 3. EHR stabilizes the basic helix. The DNA binding domains of MafB/Fos (A, PDB entry 2WT7) and MafA (B and C) are colored according
to the overall B factor. (A) The basic helix of MafB is well-ordered (blue, B factor of 15), while the basic helix of c-Fos is less well ordered than MafB.
Arg 143 has a B factor of ~70 (yellow). We propose the high mobility of Arg 143 contributes to its not contacting a base, unlike the equivalent Arg
244 in MafB. The relative B factor colors are blue for —15, cyan for —30, green for —4S, and yellow for —75. (B) In the MafA homodimer structure,
the basic helix is the most stable region of the protein, like MafB in the MafB/Fos structure. The overall B factor of this structure (2.85 A resolution)
is higher than the B factor of the MafB/Fos structure (2.3 A resolution). The B factor colors from low to high are blue for —5, cyan for —80, green
for —100, yellow for —130, and red for —160. The view is along the DNA helical axis. (C) The circled region in panel B is displayed, along the H3
helical axis. Hydrophobic residues in H1, H2, and the basic helix pack tightly. Arg 259 forms a bridge between the EHR (the carbonyl oxygen of Met
235 in L1) and the basic helix (the backbone phosphate of T_¢). Dotted lines represent hydrogen bonds.

pointing toward the solvent, and the equivalent Arg 244 in
MafB, which has a low temperature factor and contacts two
DNA bases (Figures 2A and 3A). The basic helix of MafA is
ordered like MafB (Figure 3B). Arg 260 (equivalent to Arg 143
in c-Fos and Arg 244 in MafB) is embedded in the most stable
region of MafA. The maf-specific EHR, which extends the basic
helix and forms two additional short helices, appears to stabilize
the basic helix via hydrogen bonding and van de Waals
interactions with the basic region (Figure 3C).

Sequence-Specific Off Rates of MafA—DNA Binding.
To confirm the importance of the base contacts in the MafA
structure, we performed EMSAs using a series of DNA probes
with mutations in the MARE sequence (Figure 4A). A time
course with the MARE probe indicated that MafA reached
equilibrium in <30 min (Figure S4 of the Supporting
Information). The binding affinity (judged by the protein
concentration required to bind 50% of the DNA) was ~0.7 nM
as measured by an EMSA without dIdC added (Figure SS of
the Supporting Information). These data did not fit the
hyperbolic equation (rmsd = 0.18) but did fit the Hill equation
with a K; of 046 nM and an n of 2.9 (rmsd = 0.04).
Competition assays with a cold competitor were consistent
with low nanomolar binding (Figure 4B). Surprisingly, a
nonspecific competitor (mut_ MARE) with mutations in bases
that are directly contacted by MafA in the crystal structure
(positions 0, +4, and +5) competed just 3-fold less efficiently
than the specific competitor. The high affinity for nonspecific
DNA was confirmed with dIdC (Figure S6 of the Supporting
Information).

Kerppola et al. reported that maf proteins dissociate slowly
from consensus DNA binding sites.*> Therefore, we compared
binding off rates with a pulse—chase EMSA protocol, having
excess dIdC compete with the bound DNA probes. A time
course in the presence of a high concentration of competitor
dIdC demonstrated that mutations in the consensus MARE
sequence increased the off rate (Figure S7 of the Supporting
Information). To compare the off rates from different DNA
sequences, binding reactions were assessed at an arbitrary time
of 30 min after the dIdC competitor had been added. MafA
bound tightly to the 13 bp MARE, displaying no dissociation
after 30 min (Figure 4C). Mutating the central C,/G, base pair
(CEN probe) did not affect the off rate, while mutating one
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copy of the flanking-TGC (TGC probe) sequence dramatically
increased the off rate (Figure 4C,D). Surprisingly, mutating the
core-TGA sequence also increased the off rate, indicating that
these bases are as crucial as the flanking-TGC sequence for
tight binding despite the absence of hydrogen bond interactions
in the crystal structure (Figure 4E). Yoshida et al. proposed that
5'AT-rich sequences adjacent to the 13 bp MARE increased the
binding affinity of MafA.® In our study, however, MafA dimers
bound MARE and MARE_AT probes with similar affinities and
off rates (Figure S8 of the Supporting Information). We also
analyzed binding of MafA to the native insulin promoter. The
insulin site (INS probe) is asymmetric: one half-site with a
5'AT-rich sequence contains two substitutions in the core-TGA
sequence, and the other half-site contains one substitution in
the flanking-TGC sequence (Figure 4A). MafA bound the
insulin site with an affinity similar to that of the MARE probe,
but with a faster off rate (Figure 4F). EMSA results are
summarized in Figure 4G.

Stable Binding to 5’AT-Rich Half-MARE Sites. To
investigate the importance of the S5’AT-rich sequence for
binding asymmetric sites, we measured binding to a 5’ATs-half-
MARE (HALF probe) with substitutions in the second half-
site.® The MafA dimer bound the 5’ATs-half MARE almost as
tightly as the symmetric MARE probe (Figure SA). The off rate
from the insulin site (INS probe, AAAT TGC aGc C) was
faster than from the S’ATs-halMARE (HALF probe)
(compare Figures 4F and SA), confirming the importance of
the core-TGA sequence for half-site binding. Surprisingly, a
second shift (S2) was visible on the gel at low MafA
concentrations (Figure SB). S2 was never observed with
other probes, including the INS probe. Given that MafA binds
DNA as a monomer, we considered that the lower MafA band
might be a monomer binding tightly to the 5’AT-half-MARE.®

To test the binding of a MafA monomer, we truncated the
leucine zipper dimerization domain. The resulting AMafA
bound the S’ATs-half-MARE (Figure S9 of the Supporting
Information). We then tested binding on the MARE AT
probe, which contains two $’ATs-half-MARE sites (Figure 6A).
As expected, a second AMafA bound to the other 5’ATs-half-
MARE site in the MARE_AT probe, confirming that AMafA
bound the 5'ATs-hal-MARE as a monomer. Interestingly,
some AMafA remained bound as a monomer even at 480 nM,

dx.doi.org/10.1021/bi301248j | Biochemistry 2012, 51, 9706—9717
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Figure 4. MafA binds consensus and mutated MARE sites with distinct off rates. (A) Sequences of oligonucleotide probes used in EMSAs.
Mutations shown with lowercase letters are underlined. (B) EMSA showing 1.8 nM MafA binding to 0.3 nM labeled MARE probe. A nonspecific
competitor (mut MARE) competed just 3-fold less well than the unlabeled MARE. (C—F) Comparison of MafA equilibria in the absence of dIdC
(MARE_equil, empty symbols) and off rates (MARE _ chase, filled symbols) of the consensus MARE probe with mutations in the (C) central Co/G,
(CEN), (D) flanking-TGC (TGC), and (E) core-TGA (CORE) sequences and with the (F) asymmetric INS sequence. All probes bound at
equilibrium with a similar affinity (MafA concentration at half-maximal binding), but mutations in the flanking-TGC (D) or core-TGA (E) sequence
increased the off rate dramatically, diminishing the final equilibrium binding below saturation. The INS probe (F) showed a moderate off rate. (G)
Summary of the DNA binding results. Data were averaged from at least three independent experiments (error bar is the standard error of the mean).

Binding assays were conducted with 0.5 nM probe.

suggesting negative cooperativity between monomers. AMafA
bound the HALF probe with an affinity similar to that of the
MafA dimer, but the off rate was faster (Figure 6B). The level
of binding of the monomer was significantly reduced without
the 5’ATs (MARE probe) or a perfect TRE core (INS probe),
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but binding was detectable at a high (120 nM) MafA
concentration (Figure 6C). When the S'ATs were absent,
further loss of the core-TGA or flanking-TGC sequence
abolished the binding completely, but the C,/G, mutation
(CEN probe) was tolerated.
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probe. Data were averaged from at least three independent
experiments (error bar is the standard error of the mean). (B) MafA
binding to the HALF probe indicated two shifts, S1 and S2. The lower
band, S2, was likely a MafA monomer bound to the 5’ATs-half- MARE
sequence.

Solution Structure of the MafA—MARE Complex
Using SAXS. To investigate the solution conformation of
the MafA—MARE complex, SAXS data were collected at three
concentrations (Figure 7A). The samples were monodispersed
according to the Guinier plots and the extrapolated I(0) that
varied linearly with sample concentration (Table 2 and Figure
7B). The radius of gyration (R,) estimated from the Guinier
plots and the pair distance distribution functions, p(r), agreed
with the R, calculated from the crystal structure, ~34 A,
including a 3 A solvent shell (Figure S10 of the Supporting
Information). Finally, the scattering curve calculated from the
crystal structure fit the experimental scattering data well (Figure
7B). Therefore, the MafA—MARE complex in solution
resembles the dimer in the crystal structure.

B DISCUSSION

Maf bZIP domains differ from other AP1 bZIP domains, such
as Fos and Jun, because of a conserved N-terminal ancillary
DNA binding domain, the Extended Homology Region (EHR),
and several unique residues in the basic helix (Thr 261, Gly
266, and Tyr 267).*~° These attributes significantly modify the
DNA binding properties of maf proteins, binding 13—14 bp
MARE sites instead of 7—8 bp TRE/CRE sites."*” In the study
presented here, we compared quantitative measurements of
DNA binding by MafA monomers and dimers with DNA
contacts in a crystal structure bound to a consensus T-MARE
sequence. We propose a multistep DNA binding model to
explain the discrepancy between binding kinetics and the crystal
structure contacts.

MAREs Defined by Off Rates. The consensus MARE;,
TGCTGAC(G)TCAGCA, were identified by the selection and
amplified binding assay with c-Maf in 1994.” Another group
associated the maf consensus site with the flanking-TGC bases
only.* In the study presented here, we measured the binding
kinetics of the MafA bZIP domain. The MafA dimer bound to
all DNA sequences tested with an affinity (measured as the
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Figure 6. AMafA bound DNA as a monomer. (A) One or two AMafA
monomers bound the MARE_AT probe (0.5 nM), as resolved on an
8% acrylamide gel. (B) AMafA bound the HALF probe with high
affinity (<>) and moderate off rate (). MafA data (A and A, same as
in Figure S7 of the Supporting Information) are displayed for
comparison. Data were averaged from at least three independent
experiments (error bar is the standard error of the mean). (C) AMafA
(120 nM) bound sequences that lack an intact 5’ATs-half-MARE site
with an affinity significantly lower than that for the HALF probe.
Three independent experiments were conducted. t test against the
HALF probe: *p < 0.05, **p < 0.01, ¥***p < 0.001.

protein concentration producing half-maximal binding) of ~1
nb, in the absence of a dIdC competitor (Figure 4). We found
that MafA bound nonspecific DNA with high affinity. Other
bZIP proteins (Fos, CREB, and ATF) also bind nonspecific
DNA with high affinity.*** Nonspecific DNA binding by
CREB does not induce ordering of the basic helices, adopting a
non-native conformation.*® Therefore, the affinity of bZIP
factors for DNA is not a good measure of specificity. In
contrast, the off rate of MafA varies greatlgf depending on the
DNA sequence, as previously described.*” We compared off
rates with a pulse—chase EMSA protocol, allowing the bound
MafA to dissociate for 30 min in the presence of excess dIdC.
According to off rates, binding of MafA to the consensus T-
MARE site depends equally on the core-TGA and flanking-
TGC bases and is insensitive to substitutions in the central C,/
G, bases (Figure 4). The contribution of the core-TGA
sequence to binding was previously shown by surface plasmon
resonance.’

MafA Binding to Endogenous Asymmetric Half-
MAREs. The basic helices of most bZIP factors fold in
conjunction with DNA binding.48 In contrast, the basic helix
and the EHR of MafA fold in solution and bind DNA stably as
a monomer.>** The consensus half-site for monomer binding
consists of a TGCTGAC half-MARE with an adjacent 5’AT-
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Figure 7. Solution scattering of the MafA—MARE complex agrees with the crystal structure. (A) SAXS profiles of the MafA—MARE complex at
three concentrations: 2.25, 4.5, and 9 mg/mL. Curves are translated for display. (B) The scattering curve (blue) calculated from the crystal structure
of the MafA—MARE complex fits the observed SAXS data (9 mg/mL); * = 1.87 (Crysol).>® The inset shows the Guinier plot.

Table 2. Overall SAXS Parameters of the MafA—MARE
Complex

p(r)b Crysol
concn Guinier R shell R,
(mg/mL) A) Ry (A) 1(0) Ve A)
9 33.8 + 0.5 340 £ 0.2 0.090 1.87 34.0
4.5 30.7 + 0.6 325 +0.3 0.040 1.07
2.25 334+ 13 33.1 + 04 0.018 0.97

“R, was estimated with gR, < 1.3. The pair distance distribution
function, p(r), was analyzed with a D, of 108 A (Figure S10 of the
Supporting Information).

rich sequence.** A MafA monomer (AMafA), lacking the
leucine zipper dimerization domain, bound to the consensus
S’AT-half-MARE with high affinity in the absence of dIdC, but
with a measurable off rate (Figure 6B). The S'AT, flanking-
TGC, and core-TGA sequences are all required for tight
monomer binding (Figure 6C). Binding of the dimer to the
S’AT-half-MARE decreased the off rate (Figures SA and 6B).
Interestingly, the 5’AT-half-MARE selects for MafA monomer
binding even in the presence of MafA homodimers (Figure
SB), either binding MafA monomers present in solution or
dissociating a MafA monomer of the dimer from the
nonspecific half-site. Stable binding of maf monomers may
facilitate formation of heterodimers on promoter sites, which
are generally asymmetric.'”'"'? The insulin MafA binding site
is asymmetric with a MARE half-site that diverges from the
consensus 5’AT-half-MARE, increasing the off rate of MafA
homodimers (Figure 4F). Both MafA homodimers and MafA/
ATF2 heterodimers can bind and activate insulin gene
expression.">*® The physiological role of MafA heterodimers
in B-cells is unknown.

MafA Structure. The MafA homodimer structure confirms
that large maf proteins, which include an N-terminal activation
domain, bind the consensus T-MARE sequence the same as
small maf proteins.6’51 Like conventional bZIP proteins, all
direct base contacts by the Maf bZIP domain are mediated
through the basic helix; the EHR does not contact DNA
directly.® As previously noted, the residues contacting the
flanking G_sC_, bases (MafA Asn 264 and Arg 260) are not
unique to maf proteins, but the orientation of these residues is
unique, eliminating the contacts with the core-TGA sequence
(Figure 2C and Figure S3B of the Supporting Information).
The interpretation proposed from the MafG structure focused
on positioning the Asn 264 and Arg 260 side chains through a
hydrogen bonding network and water-mediated contacts
unique to maf domains, among Tyr 64, Arg 57, and Asn 61
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(MafA Tyr 267, Arg 260, and Asn 264).° In addition, the Maf-
specific Thr 58 (MafA Thr 261) was proposed to disrupt an
Arg 57 (MafA Arg 260)—phosphate contact, also contributing
to orienting Arg 57 toward the flanking-TGC sequence.

In contrast with the MafG structure, in the MafA structure
the hydrogen bonding network with Asn 264 and Arg 260 is
not apparent. While this may be a limitation of a low-resolution
structure, we propose an alternate explanation based on global
positioning of the basic helix and thermal stability due to EHR
contacts. We compared the MafA homodimer structure with
the MafB/Fos heterodimer structure (PDB entry 2WT7) by
superimposing the 10 bp DNA, including the TRE core and
one flanking-TGC. The position of the basic helix in the major
groove was identical for the MafA and MafB monomers but
differed for the MafA monomer and Fos (Figure S3 of the
Supporting Information). Different phosphate backbone
contacts situate the basic helices: in MafA, Thr 261 contacts
a phosphate in the core, and Arg 259 and Tyr 267 contact
phosphates in the flanking region. The phosphate contacts by
Fos are primarily within the core. The difference in the position
of the basic helix is sufficient to shift Arg 143 (MafA Arg 260)
by 1.3 A, precluding interaction with a DNA base (Figure S3 of
the Supporting Information). In addition, the EHR stabilizes
the basic helix through hydrophobic contacts (Figure 3C) and
hydrogen bonds by Arg 259 from the basic helix with the EHR
(Met 136 carbonyl) and the DNA phosphate backbone (T_4
O1P). Deleting the EHR significantly impairs DNA binding.4’6
In contrast, the basic helix of Fos is mobile, as reflected by high
B factors (Figure 3A).

Multistep Binding Models for MafA on Symmetric
and Asymmetric MAREs. DNA binding by MafA does not fit
hyperbolic kinetics but fits a Hill equation with a Hill coeflicient
of >2 (Figure SS of the Supporting Information). Positive
cooperativity might result from MafA dimerization on the DNA
or conformational changes upon MafA binding. Moreover, the
flanking-TGC and core-TGA mutations yield binding curves
that never reached saturation at high MafA concentrations,
indicative of a multistep binding profile (Figure 4D—F and
Figure S11 of the Supporting Information). The crystal
structure depicts a MafA homodimer bound to the consensus
T-MARE in a single conformation with direct hydrogen bonds
to the flanking-TGC bases (Figure 2C).5 To explain the
dependence of maf binding on the core-TGA sequence, we
propose that MafA binds a specific MARE site in at least two
steps (Figure 8A). In step 1, initially the basic helix contacts the
core bases and backbone phosphates like Fos/Jun. During this
step, binding is unstable because of high thermal motion, and
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Figure 8. Multistep models for MafA—DNA binding. (A) For the
symmetric MARE, (1) MafA binds as a dimer. Initially the basic helices
contact the TRE core-TGA bases like other bZIP factors and the
position of the basic helices in the major grooves is flexible (orange
arrow). (2) After a conformational change by side chains contacting
the phosphate backbone and the EHR, the basic helices become
locked in a state binding to the flanking-TGC. (B) For the asymmetric
S'ATs-half-MARE, (1) MafA binds as a monomer, (2) followed by
binding of a second bZip monomer. (1') Alternatively, MafA binds as a
homo- or heterodimer. The S'AT-rich sequence (curved black bar) is
depicted to bend and interact with basic residues on the surface of the
EHR. However, no structural information for the binding of MafA to
the S'AT-rich sequence is available. The bound dimer has a slow off
rate (1' and 2 off rates). A conformational change may be required as
for the dimer model, because the flanking-TGC and core-TGA bases
both contribute to monomer binding. The black bar represents S'AT-
rich and flanking-TGC sequences, the striped bar core-TGA
sequences, and the white bar non-specific DNA sequence.

the position of the EHR is flexible (Figure 3). In step 2, the
EHR is properly positioned to stabilize the contacts with the
flanking-TGC bases and backbone phosphates (Figure 3C).
The slow step in positioning the EHR might include inserting
Tyr 267 in the major groove and the associated kink in the
DNA backbone (Figures S2A and S3C of the Supporting
Information) and inserting Arg 259 between the EHR and
DNA phosphate backbone (Figure 3C and Figure S2B of the
Supporting Information).

Binding to a 5’ATs-hal-MARE also utilizes the core-TGA
and flanking-TGC bases, but the mechanism is distinct, as
demonstrated by the dependence on a 5’AT-rich sequence and
stable binding of 2 monomer (Figure 6). How the 5’AT-rich
sequence facilitates monomer binding is not clear. One
possibility is that the intrinsic curvature of the S’AT tract
facilitates DNA bending, allowing phosphate contacts with
basic residues on the EHR surface, by Arg 238, Arg 242, Arg
245, and Lys 249 (all but Arg 242 are conserved among maf
sequences) (Figure 1A). Studies of Fos/Jun identified basic
residues (KRR) N-terminal of the basic helix of Fos that
facilitate DNA bending, enhanced by AT sequences flanking
the core DNA sequence.**> DNA bending toward the minor

9715

groove due to interactions with the 5’AT-rich sequence may
explain the negative cooperativity for binding two MafA
monomers to adjacent MARE_AT sites (Figure 6A).>

We propose MafA binds to asymmetric promoter sites in
multiple steps (Figure 8B). Stable binding of MafA monomers
(step 1) facilitates binding of heterodimer partners (step 2).
The dependence of MafA monomer binding on the core-TGA
sequence may result from a similar conformational change
described for homodimer binding. Once the dimer forms, it
locks MafA in place with a very slow off rate (Figure 6B).

B CONCLUSIONS

Our structure demonstrates that large and small maf proteins
bind DNA similarly. Nonspecific DNA binding by the Maf
bZIP domain indicates that the off rate is a better measure of
specificity than affinity. Maf bZIP domains are unique among
bZIP factors in their ability to bind DNA stably as a monomer.
We envision that stable binding by MafA monomers enhances
heterodimer formation on authentic asymmetric promoter sites.
We propose that MafA binds DNA through a novel multistep
mechanism involving a conformational change from inter-
actions with the TRE core, like other bZIP factors, to
interactions with the flanking-TGC bases captured in the
crystal structures. Future mutagenesis and kinetic studies will
test the role of this conformational change in maf DNA
binding. The kinetics of maf DNA binding will determine how
maf enhancer sites are regulated.
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