
ABSTRACT 

LU, XUN. Structural Basis and DNA-binding Specificities of maf Basic Region-leucine 
Zipper Factors Suggest a Multistep Binding Mechanism. (Under the direction of Dr. Robert 
B. Rose). 
 

Musculoaponeurotic fibrosarcoma (maf) proteins belong to the AP1 superfamily of basic 

region-leucine zipper (bZIP) transcription factors and play essential roles in differentiation. 

MafA, a large maf, is a proto-oncoprotein and is critical for pancreatic β-cell differentiation 

and insulin gene expression. Residues in the basic region and an N-terminal ancillary DNA-

binding domain, the Extended Homology Region (EHR), endow maf factors with unique 

DNA binding properties: binding 13~14 bp consensus sites consisting of a core TRE site 

(TGACTCA) or a core CRE site (TGACGTCA) flanked by TGC sequences and binding 

DNA as monomers. 

To further characterize maf DNA binding, we determined the structure of a MafA−DNA 

complex. MafA forms base-specific hydrogen bonds with the flanking G−5C−4 and central 

C0/G0 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 

assists DNA binding by stabilizing the basic helix through hydrogen bonds and hydrophobic 

interactions . Removal of the EHR or disrupting the interactions between the EHR and the 



basic helix dramatically impaired the DNA binding. 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. 
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GENERAL INTRODUCTION 

Gene regulation is an enormously complex process that participates in every aspect of 

cellular function. Among all proteins involved in different layers of gene regulation, 

transcription factors are the only ones that “read” DNA sequences. How transcription factors 

confer both temporal and spatial regulation of their target genes, and how loss or dysfunction 

of transcription factors leads to various diseases is a major question in current biology. 

Musculoaponeurotic fibrosarcoma (maf) proteins are an important class of transcription 

factors that play essential roles in differentiation. We are particularly interested in MafA, a 

multi-functional gene regulator, and its role in treating diabetes. In the pancreas, MafA is 

involved in the differentiation and maintenance of β-cells, and works in concert with a 

handful of transcription factors to activate insulin expression in β-cells. MafA knockout mice 

develop overt diabetes mellitus.1 Moreover, in the effort to engineer artificial β-cells to treat 

diabetes, MafA is one of the three minimal factors required for reprogramming exocrine cells 

into cells closely resembling the endocrine β-cells in mice.2 Despite its role in terminal 

differentiation, MafA is also a proto-oncogene. Overexpression of MafA causes multiple 

myeloma, an incurable cancer of the plasma cell.3 Understanding how MafA, or maf factors 

in general, regulates gene transcription, and identifying the target genes are thus of vital 

importance. 

In this dissertation the X-ray structure of the MafA DNA-binding domain bound to its 

consensus DNA sequence is presented in Chapter 1. This is the first structure of a large maf 
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factor. Comparing structures of other AP1 factors including a structure of a small maf, I 

demonstrate how maf factors utilize residues that are conserved in AP1 factors to bind 

different DNA sequences. Together with in vitro DNA-binding studies of MafA, a multi-step 

DNA-binding mechanism for maf factors is proposed. Preliminary studies with the goal of 

testing the model are discussed in chapter 2. The in vitro properties of maf proteins may 

explain how these proteins fulfill diverse roles in vivo. 

 

Basic region-leucine zipper factors (bZIPs) 

Maf proteins are members of the basic region-leucine zipper factors (bZIPs) family, 

which constitute a fundamental class of transcription factors in eukaryotes. Based on primary 

sequence similarities, bZIPs are classified into several (super-)families such as activation 

protein 1 (AP1), CCAAT/enhancer binding proteins (C/EBPs), cap ‘n’ collar proteins 

(CNCs), and Proline and acid-rich proteins (PARs). 

bZIPs are named after their highly conserved DNA-binding domain, which consists of a 

basic region and a leucine zipper motif (Figure 0.1). The first X-ray structure solved of a 

bZIP DNA-binding domain was of GCN4, an AP1 family member.4 The basic region and the 

leucine zipper motif are a continuous long α-helix. The leucine zipper motif forms a coiled-

coil in the bZIP dimer, and the basic region of each bZIP subunit inserts deep into the DNA 

major grooves making direct contacts to DNA bases. The bZIP dimer represents, perhaps, the 

simplest DNA-binding motif, gripping the DNA like a pair of chopsticks.4,5 
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The basic region was named for the series of positively charged residues that interacts 

with DNA. The basic region (about 20 amino acids) is intrinsically disordered, and its folding 

is coupled with DNA binding,6,7 which also induces a conformational change in the DNA 

molecule.8-11 bZIPs share a common motif in the basic region to bind DNA: NxxAAxxCR 

(Figure 0.2). The Asn and Arg residues are absolutely conserved in all bZIPs, and form 

hydrogen bonds with DNA bases (Figure 0.3).4,5,12 The Ala and Cys residues contact DNA 

bases through Van der Waals interactions, and may vary in some bZIP subfamilies. The 

placement of the basic helix in the DNA major groove does not appear to be different in 

available bZIP structures. It is intriguing that small variations in the Ala and Cys residues 

appear to confer different classes of bZIP with altered DNA binding specificities (Figure 

0.2).12 More intriguingly, members from some bZIP families show different preferences on 

DNA sequences even with the same NxxAAxxCR motif. An example of the AP1 

superfamily is provided below. 

AP1 superfamily members bind two related DNA sequences, the pseudo-symmetric 

tetradecanoyl phorbol acetate (TPA)-responsive element (TRE), TGACTCA, and the 

symmetric cAMP-responsive element (CRE), TGACGTCA. Within the AP1 superfamily, 

Fos and Jun family members preferably bind the TRE, and ATF/CREB family members 

typically bind the CRE. Even between Fos and Jun, binding preferences are observed both in 

the crystal structure and in the in vitro DNA binding studies.5,10 The Fos:Jun heterodimer is 

preferentially orientated on the asymmetric TRE in a way that Fos is contacting the central 

Gua base by the invariant Arg residue. When this Arg residue in Fos is mutated to an Ile 
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residue, the orientation of the Fos:Jun dimer is switched so that the same Arg in Jun is now 

contacting the central Gua base as inferred by the opposite DNA bending. 

DNA binding specificities are not only influenced by the proteins, but also by the DNA 

sequences outside of the consensus site. Studies found that although Fos/Jun and ATF/CREB 

show different preferences for TRE and CRE sites, they appeared to be able to tolerate the 

one base difference in the center depending on the sequences flanking the TRE or CRE.10 

Similarly, the preferred orientation of the Fos:Jun heterodimer, as discussed above, could 

also be switched by adding a purine or pyrimidine base outside of the TRE. 

Compared to the basic region, the leucine zipper motif of bZIPs is less conserved except 

for the signature leucine residues in each heptad (Figure 0.4), which consists of seven unique 

amino acid positions (“a” through “g”).13 In general, the signature leucine residues at the “d” 

positions and hydrophobic residues at the “a” positions form the hydrophobic core of the 

dimerization interface in a “knobs and holes” pattern.14,15 Charged residues at the “e” and “g” 

positions often form interhelical salt bridges contributing to both structural stabilization and 

selective dimerization.16,17 Shortening of the leucine zipper motif greatly compromises 

dimerization and DNA-binding ability.18 

The two monomers of a bZIP dimer recognize specific half sites. Members of the same 

or different families of bZIPs homo- and/or heteodimerize, creating a large and dynamic pool 

of bZIP dimers that are capable of eliciting a large repertoire of regulatory responses. 

However, it is still difficult to predict which dimer partners bind and regulate specific 

promoter sequences in vivo.19,20 
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Maf family 

Maf factors belong to the AP1 superfamily, which includes three other protein families: 

Fos, Jun and CREB/ATF (Figure 0.2).21 Cross-family dimerization is common for AP1 

members, and different dimers are involved in a broad range of cellular functions including 

metabolism, proliferation, apoptosis, development, stress response and more.19,22,23 The AP1 

superfamily has also gained tremendous attention in cancer research since the identification 

of v-jun and v-fos oncogenes.24-26 

Maf factors are evolutionarily conserved from zebrafish to human.27 Seven mafs have 

been identified in mammals. They can be further subdivided into two groups, large mafs 

(MafA,28 MafB,29 c-Maf,30 Nrl31) and small mafs (MafF,32 MafG,33 MafK32). Large mafs 

contain an N-terminal transactivation domain (TAD), which small mafs lack.34 In addition to 

the TAD, which is highly conserved among the four large mafs, MafA and c-Maf also 

contain glycine- and histidine-rich regions with as yet unknown functions (Figure 0.5). Due 

to the lack of a transactivation domain, small mafs either form homo- or heterodimeric 

repressors,35-38 or alternatively heterodimerize with other bZIPs and function as activators39,40 

or repressors,33 depending on the transcriptional activity of the partner. 

Dimerization between mafs and other AP1 members is intriguing. Both small mafs and 

large mafs readily form heterodimers with Fos.33,41 Nrl and c-Maf, but not MafB or small 

mafs, can heterodimerize with Jun.29,41,42 Small mafs homo- and heterodimerize with small 

mafs, and large mafs with large mafs. However, small and large mafs do not 

heterodimerize.29,43 Signature Leu residues are unusually substituted with a Met residue at 4d 
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in small mafs, and a Tyr residue at 5d in large mafs (Figure 0.4). There are also significantly 

more positively charged residues in large mafs (eg. at positions 3e, 4c, 4f, 5a and 6c). These 

features may contribute to selective dimerization of mafs. 

The maf DNA-binding domain differs from other bZIPs both structurally and 

functionally. The maf-specific Extended Homology Region and atypical residues in the basic 

region are discussed below, followed by an overview of maf recognition elements (MAREs). 

 

1) Extended Homology Region 

Distinct from other bZIPs, maf factors have an Extended Homology Region (EHR) 

encompassing about 25 amino acids that are immediately preceding the basic region (Figure 

0.2). The EHR is highly conserved among all maf factors (Figure 0.6), and assists DNA-

binding.44 The presence of an ancillary DNA-binding motif is not seen in most bZIPs but the 

CNC family and Skn1, which lacks the leucine zipper motif and binds DNA as a monomer.45 

The crystal structure of SknI was solved, and it revealed that the ancillary DNA-binding 

motif folded into three short helices with sharp turns (Figure 0.7; Protein Data Bank entry 

1SKN). However, the ancillary DNA-binding motif does not directly contact DNA bases, 

neither does it significantly alter the DNA recognition by the NxxAAxxCR motif in the basic 

helix. A similar fold of the ancillary DNA-binding motif was also observed with NF-E2, a 

CNC member (PDB entry 2KZ5; no associated publication). It is known that NF-E2 forms 

obligatory heterodimer with small mafs, and binds to a DNA sequence closely resembling the 

half site of a TRE.46 Therefore, the presence of the ancillary DNA-binding motif does not 

appear to significantly change the binding specificities of NF-E2, similar to Skn1. 
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A solution NMR structure of the EHR and the basic region in MafG (PDB entry 1K1V) 

indicated that the EHR folds into a similar structure as the ancillary DNA-binding motifs of 

Skn1 and NF-E2,47 even though the amino acid sequences of these ancillary DNA-binding 

motifs are not conserved (Figure 0.2). Instead of forming three short helices, the EHR 

contains two short helices, both of which align considerably well with the corresponding 

helices in Skn1 and NF-E2. 

Solution structures of NF-E2 and MafG also revealed a unique feature, that their basic 

regions were folded without DNA. In contrast, the basic region in bZIPs lack an ancillary 

DNA-binding motif is disordered. These bZIPs only transiently bind DNA as monomers with 

the basic region forming a helix only transiently in solution. The stable folding of the basic 

region is coupled with specific DNA binding.6,8 Interestingly, maf factors appear to stably 

bind DNA as a monomer, just like Skn1.48 L-Maf (the homologue of MafA in chicken) was 

able to bind DNA as a monomer, with its leucine zipper motif disrupted by leucine to proline 

mutations, as shown by electrophoretic mobility shift assays (EMSA). It is unknown whether 

the monomer binding of maf factors is functional in vivo, but this unusual DNA-binding 

property of mafs may allow them to regulate gene transcription by unique mechanisms that 

would not be possible with classical bZIPs. 

 

2) Basic region 

Like the EHR, the basic region of maf factors is extremely well conserved (Figure 0.6). 

One unique feature of maf basic helix is the substitution of the first Ala residue in the 

NxxAAxxCR motif with a bulky Tyr residue to give NxxYAxxCR. Unlike other bZIP factors, 
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a Gly residue is invariably present at the position right before the Tyr residue in maf factors. 

Mutation of the Tyr and Gly into corresponding residues from the canonical bZIP factor Jun 

altered the DNA sequence dependence of maf conformations, suggesting an important role of 

these two residues in DNA binding.7 Conversely, replacing the Ala residue in a canonical 

bZIP protein Nrf2 with a Tyr residue conferred maf-type DNA-binding specificity to Nrf2.49 

 

Maf recognition elements (MAREs) 

Historically, mafs were found to bind the AP1 sites (TRE and CRE).41 It was soon 

recognized that maf factors bind additional sequences that flank the AP1 sites.42 Based on 

selection and amplification binding assays (SAAB), there are two types of maf recognition 

elements depending on the sequences they harbor at the core. TRE-type MARE (or T-

MARE), TGCTGACTCAGCA, contains a TRE core (underlined), while CRE-type MARE 

(or C-MARE), TGCTGACGTCAGCA, contains a CRE core (underlined). However, it was 

subsequently reported that the TRE or CRE core was much less important than the flanking 

sequences.7 

The situation is further complicated by the fact that authentic maf binding sites deviate 

significantly from the consensus MAREs. A short list of authentic binding sites for maf 

factors can be found in Table 0.1. Many of them only contain a half site of MARE rather than 

the palindromic MARE. For example, the promoter of the αA-crystallin gene has a perfectly-

matching half site of MARE, TGCTGAC,50 and L-Maf was found to be able to both bind this 

half site as a homodimer in vitro and activate the αA-crystallin gene through this site in 
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vivo.48 The binding of L-Maf to this non-consensus asymmetric site relies on an AT-rich 

sequence 5' of the half site of MARE (see Table 0.1). Thus a new binding site for maf factors 

was identified: 5’ATs-half-MARE. How can a dimer of maf factors bind to only a half site? 

In some cases transcription factors bind to non-consensus sites because of the influence 

of neighboring transcription factors. For example Jun binds to a non-consensus AP1 half site 

(ATAG), as a dimer with ATF2, which binds to a consensus AP1 half site (TGAC).51 This 

configuration is stabilized by binding of another transcription factor, IRF-3, close by. 

Binding of ATF2:Jun alone to that site, however, was relatively weak. Unlike ATF2 and Jun, 

MafA binds DNA stably as a monomer.48 Therefore, a maf homodimer may bind to the 

asymmetric 5’ATs-half-MARE site because binding of one monomer to the ATs-half site 

may alter the interactions of the other monomer to a non-consensus half site. It is possible 

that the EHR of one MafA monomer contacts the 5’ AT-rich sequence and confers additional 

stability to the whole complex. 

The 7 bp maf half site (TGCTGAC) is significantly longer than the classical 4 bp AP1 

half site (TGAC). Maf factors appear to be the only known bZIPs that recognize such long 

DNA sequences (Figure 0.2). Paradoxically, as described above, the consensus quintet of 

bZIP residues is largely conserved in maf factors with only one substitution of A to Y 

(NxxYAxxCR). To accommodate the distance of 3 bp along the DNA axis (DNA base 

stacking is about 3.4Å), local deformation of the basic region has been proposed.7,52 However, 

this was not observed in the solution structure of MafG.47 A crystal structure of maf factors 

bound to DNA is desired. 
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A crystal structure of a small maf factor, and unanswered questions 

When this investigation of MafA began, there was no crystal structure of any maf factor. 

Later, a structure of MafG bound to a NF-E2 site was determined by Tanaka’s group.53 

Consistent with the solution structure of MafG,47 the EHR and the basic region are folded 

like Skn1 and NF-E2,45 and the basic region does not show local deformation. Unexpectedly, 

base-specific contacts are mediated by residues that are conserved in bZIPs, but not by the 

maf-specific EHR or the Tyr in the quintet DNA-binding motif (NxxYAxxCR). Most 

intriguingly, there is no base-specific interaction between MafG and the TRE core base pairs, 

except for an Ala mediated Van der Waals contact. 

 

Maf functions 

1) Cell differentiation 

Both large and small mafs play crucial roles in development and terminal differentiation. 

MafA is mostly known for regulating differentiation of pancreatic β-cells2,54, which will be 

discussed in detail in the designated MafA section. L-Maf (homologue of MafA in chicken) 

is also a master regulator of lens differentiation in chicken.55 Ectopic expression of MafA in 

chick embryo induces the expression of the lens-specific α-crystallin, and converts 

neuroretina cells into lens fibers.55 MafB (also known as kreisler) controls hindbrain 

segmentation through regulating the Hoxa3 and Hoxb3 genes.56-58 MafB is also involved in 

respiratory rhythmogenesis59, erythroid differentiation,60 lens differentiation,61 podocyte 
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differentiation,62 and monocyte differentiation.63 MafB knockout mice die at birth due to the 

fatal breathing failure.59 c-Maf expression commits primary T cells to T helper type 2 (TH2), 

but not T helper type 1 pathway through both the interleukin-4 dependent and independent 

mechanisms.64,65 Like MafA and MafB, c-Maf is also implicated in lens differentiation as an 

activator of the α-, β-, γD-crystallin genes.61,66-69 The fourth large maf protein Nrl is 

expressed in rod photoreceptors, and is required to activate rhodopsin gene transcription.70,71 

Nrl knockout mice lose all rod function, and exhibit a functional transformation from rods to 

cones.72 

As described earlier, small mafs lack a transactivation domain and thus often form 

obligatory heterodimers with other bZIPs to activate gene transcription. The NF-E2 complex, 

which is required for the expression of the β-globin gene in erythroid differentiation,35 

consists of MafK (formally known as p18) and p45, a member of the CNC family.39,46,73,74 

Compound mutants in mafG and mafK display defects in erythropoiesis.75 MafF and MafG 

have been shown to cooperate with Nrf2, another CNC protein, in keratinocyte 

differentiation.40,76 Moreover, eliminating all three small mafs in mice is embryonic lethal.77 

 

2) Oncogenesis 

Like canonical AP1 family members, c-fos25 and c-jun,24 large mafs are also bona fide 

proto-oncogenes. The founding member of the maf family, v-maf, was identified in the 

chicken musculoaponeurotic fibrosarcoma retrovirus AS42.78,79 The v-maf oncogene was 

found to be fused with a part of the viral gene gag. Overexpression of large mafs were able to 

transform chicken embryo fibroblasts in vitro.29,80,81 
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In humans, mafA, c-maf, and mafB are fused with the immunoglobulin heavy chain by 

primary translocations in about 10% of multiple myeloma (MM),3,82,83 and are associated 

with poor prognosis.84 Some researchers argue that c-maf is overexpressed in another 40-

45% of multiple myeloma by unknown mechanisms.85 Multiple myeloma is a currently 

incurable cancer of the antibody-producing plasma cells in the bone marrow. It accounts for 

2% (10,710 estimated deaths in 2013, National Institute of Cancer) of all cancer deaths and 

about 20% of hematological cancer deaths.86 Besides multiple myeloma, the overexpression 

of c-maf also contributes to angioimmunoblastic T-cell lymphoma (AITL).87 

How the large mafs contribute to the pathogenesis of multiple myeloma is poorly 

understood. Very few target genes of large mafs have been identified so far. Some studies 

have correlated elevated c-Maf levels with the expression of cyclin-D2, integrin β7, ARK5 

(AMPK related protein kinase 5) and CCR1 (chemokine receptor-1).85,87,88 Induction of 

cyclin-D2 may promote tumorigenesis by directly assisting cell cycle progression. In fact 

IgH translocation of cyclin D1, 2, or 3 are frequently found in multiple myelomas.89 The 

expression of integrin β7, an adhesion protein to bind to E-cadherin, is thought to facilitate 

the interactions between myeloma cells and bone marrow stromal cells, and thus may be 

involved in cell migration and invasion.85,90 

On the other hand, large maf factors also show tumor suppressor-like functions in a 

context-dependent manner. For example, c-Maf is repressed in human prostate cancers.91 v-

Maf has been found to activate the mouse p53 promoter and induce p53-dependent cell death 

in rat embryo fibroblasts.88 Ectopic expression of MafA, MafB and c-Maf, but not c-Jun, 

counteracted the Ras/Raf/MEK-induced transformation of neuroretina cells.81 This double-
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sided effect in both oncogenic and anti-oncogenic activities is not unique to large maf factors, 

but also observed with Fos and Jun family members.26 

 

MafA in diabetes research 

1) Diabetes 

Diabetes affects over 371 million people worldwide, and claimed 4.8 million lives in 

2012 (International Diabetes Federation). There are two main types of diabetes. Type I 

diabetes (T1DM) results from the autoimmune destruction of β-cells in patients’ pancreas. 

Type II diabetes (T2DM), which accounts for at least 90% of diagnosed diabetes, is due to 

the β-cell dysfunction or insulin resistance of peripheral tissues such as liver and skeletal 

muscle. T2DM is influenced by age, obesity and other lifestyle factors. Accumulation of 

glucose in the plasma negatively impacts all organs in the body, especially the eye and the 

heart. 

T1DM is treated with lifelong insulin injections, which often give rise to the 

development of chronic diabetic complications including blindness and kidney disease. For 

T1DM patients to be cured would require functional insulin-producing β-cells, not just the 

insulin. The success in pancreas transplantation and the limitation of tissue source for 

transplantation together have triggered research into engineering artificial β-cells and 

regenerating β-cells from patients’ own cells. Notable progress has been made in 

differentiating human embryonic stem cells into insulin secreting cells,92-94 in trans-

differentiating liver cells into pancreatic cells,95-97 and most recently in reprogramming 
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pancreatic exocrine cells into insulin+ β-like cells with a cocktail of three transcription 

factors.2 MafA is one of the three factors, and is the focus of this dissertation. Another factor, 

Pdx1, is discussed in the Appendix. 

Despite the successes described above, generating artificial β-cells is inefficient and the 

cells are not glucose responsive like authentic β-cells. Better understanding of β-cell 

differentiation and function is desired. A recent study has proposed to use β-cell re-

differentiation in treating T2DM, as the authors observed dedifferentiation of β-cells into 

Ngn3-expressing endocrine precursor cells in common diabetic mouse models.98 Given the 

importance of MafA in β-cell differentiation and maintenance, deciphering the molecular 

mechanism of MafA may provide new insights into β-cell regeneration for treating diabetes. 

 

2) Pancreas and pancreatic β-cells 

The pancreas is an organ of endodermal origin performing both exocrine and endocrine 

functions. Exocrine cells secrete digestive enzymes into the duodenum and finally into the 

small intestine. Meanwhile, endocrine cells secretes important hormones, such as insulin and 

glucagon, into the blood stream to maintain blood glucose level. The endocrine cells are 

organized in clusters, forming islets of Langerhans. β-cells are one of the five endocrine cell 

types in the islet, and constitute about 60% (human) to 80% (mouse) of the islet.99 β-cells 

perform a simple but crucial role in maintaining energy homeostasis by producing insulin. 

They are capable of replication, and the β-cell mass is dynamic in response to physiological 

challenges (eg. age, pregnancy100 and insulin resistance101) through unknown mechanisms. 
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MafA and MafB play critical roles in β-cell maturation. Most other β-cell transcription 

factors are required for pancreas and β-cell development.102 MafA and MafB expression are 

both temporally and spatially regulated.103-106 MafB is expressed before MafA, and a 

population of MafB expressing cells are insulin+. mafB knockout mice showed delayed 

insulin production until MafA is expressed.107 mafB deficient mice also showed reduced 

insulin and glucagon expressing cells without changing the total number of endocrine cells, 

indicating a role of MafB in cell lineage commitment.107,108 MafB has been shown to regulate 

genes essential to β-cell function.106 In mafA knockout mice, however, the morphology of 

islets was normal at birth, and changes in β-cell function were only observed after mafB 

expression diminished from β-cells after birth and became restricted to α-cells, implying that 

MafB could compensate for MafA.106 

 

3) Insulin transcription 

Insulin is almost exclusively expressed in pancreatic β-cells. This is made possible 

through the cooperation109-112 of β cell-specific factors (MafA,105,113-116 Pdx1,117 

NeuroD1/BETA2118) and ubiquitous factors (E47118 and ATF2119) on the insulin promoter. 

Sequences at least 4 kb upstream of the transcription start site of the insulin promoter affect 

insulin expression,120,121 but the proximal 5’ 300 to 400 bp accounts for most of the promoter 

activity.122 Within this region, there are multiple C-boxes (C1 is bound by MafA113, C2 is 

bound by Pax4123), A-boxes (binding sites for Pdx1124), E-boxes (binding sites for 

E47/NeuroD1118), and CREs (binding sites for ATF/CREB family members), many of which 

are in close proximity and even overlapping.125 The molecular mechanism of the synergistic 
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activation of insulin transcription is not well understood, and is further discussed in the 

Appendix. 

ATF2 was previously found to activate insulin transcription through CREs.126 Belonging 

to the ATF/CREB group of the AP1 superfamily, ATF2 is able to heterodimerize with MafA. 

Indeed ATF2 is recently shown to interact directly with MafA through the leucine zipper 

motif, and the MafA:ATF2 heterodimer binds the RIPE3b1 mini-enhancer,127 which includes 

the C1 element (bound by MafA). Notably, ATF2 homodimer does not bind RIPE3b1, 

suggesting that the C1 element selects certain bZIP dimers. The physiological relevance of 

the ATF2:MafA heterodimer awaits to be elucidated. 

Owing to the effect of insulin on lowering the plasma glucose level, it is not surprising 

that glucose levels tightly regulate insulin gene expression. Regulation through C1, E1, E2, 

and A3/4 elements all have been shown to respond to glucose levels. Underlying mechanisms 

include translocation of Pdx1 and NeuroD1 to the nucleus,128,129 induced expression of 

MafA,130 and post-translational modifications of MafA to recruit transcriptional cofactors.131 

Details on the regulation of MafA is discussed below. 

 

4) Regulation of MafA 

• Transcriptional regulation 

Up to 8 kb of the mafA promoter upstream of the transcription start site is responsible for 

the pancreatic β cell-specific expression of MafA. Six regions (R) have been defined, with 

R3 being the most important one.132 R3 displays β cell-specific activity in cell cultures, but 

requires other regulatory regions to fully account for the β cell-specific expression of MafA 
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in vivo.132,133 R3 has been demonstrated to be regulated by Pdx1, FoxA2, Nkx2.2, Nkx6.1, 

Pax6, and Isl-1. 

MafA levels are elevated in glucose-stimulated rat islet.116,134 The mechanism for the 

induced expression of MafA has not been established. However, it is known that unlike the 

secretion of insulin, which is regulated by ATP levels, the up-regulation of the mafA gene is 

independent of ATP levels.130 In addition, several protein kinase pathways (eg. JNK, CaMK) 

have been suggested to regulate mafA.135 

 

• Posttranslational modification 

MafA is heavily phosphorylated in vivo. Following the initial phosphorylation at S65 in 

the transactivation domain,136,137 S61, T57, T53, and S49 are sequentially phosphorylated by 

GSK-3.131,138 T57 can also be phosphorylated by p38, which phosphorylates another two sites 

T113 and S272139. Phosphorylation of the N-terminus of MafA marks the protein for 

ubiquitination at the C-terminus, resulting in a reduced half-life from 3.5 hr to 1 hr.138 

Paradoxically, despite the destabilization, the phosphorylated MafA has enhanced 

transactivation activity through the recruitment of the coactivator P/CAF. The 

phosphorylation of MafA is also required for its transforming ability. In vitro studies have 

revealed that dephosphorylation of MafA, but not MafB, causes multimerization and hence 

impairs dimerization and DNA-binding.140 

On the other hand, modification of MafA by small ubiquitin-like modifier (SUMO) at 

the conserved K32 has been shown to negatively regulate its transcriptional activity and 

oncogenic capabilities.141,142 
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Research goals 

Our primary goal is to elucidate how maf factors differ from canonical AP1 bZIPs in 

DNA recognition at the atomic level. Three major questions to be addressed include: 1) How 

do maf factors recognize a longer DNA sequence using residues that are also found in other 

bZIPs? 2) What is the role of the maf-specific Extended Homology Region, which acts as an 

ancillary DNA-binding motif? 3) How might maf factors recognize authentic binding sites 

(eg. the C1 element on insulin promoter), which often differ from the consensus sequence? 

Ultimately, we want to extend our knowledge of maf factors to other bZIPs with the goal of 

understanding how they elicit a large repertoire of regulatory responses on gene regulation, 

and how the imbalance of the bZIP pool contributes to pathogenesis. 
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Table 0.1. Authentic binding sites for maf factors 

Gene               maf binding sites Ref. 

consensus MARE        TGC TGA C TCA GCA 42 

insulin ggaaat TGC aGc C TCA GCa 113 

IL-10 Catttt TGC TtA C gat GCA 143 

IL-4 taaagt TGC TGA a aCc aag 64 

αA crystallin catttc TGC TGA C cac Gtt 48 

ARK5 tatatt TGC TGA C aCt aCt 144 

 

DNA bases that deviate from the consensus MARE are in lower case and are underlined. 
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Figure 0.1. Crystal structure of a GCN4 dimer bound to the TRE site 

PDB entry 1YSA. 
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Figure 0.2. Alignment of bZIP basic regions 

Adapted from Ref. 12 and 14. The quintet DNA-binding residues are shaded. 
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Figure 0.3. DNA contacts made by GCN4 

Top: from Ref. 4 (PDB entry 1YSA).  

Bottom: interactions between the quintet DNA-binding residues and the TRE half site. 

Hydrogen bonds and Van der Waals contacts are shown as solid and broken lines, 

respectively. 
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Figure 0.4. Alignment of bZIP leucine zipper motifs 

Adapted from Ref. 14. Numbers above indicate the numbering of the heptad. Small letters of 

“a” and “d” indicate the heptad positions. The signature leucine residues at the “d” positions 

are shaded. 
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Figure 0.5. Alignment of large maf factors 

Human MafA (NP_963883.2), c-Maf (NP_001026974.1), MafB (NP_005452.2) and Nrl 

(NP_006168.1) were aligned using the DIALIGN web server.141 The number of asterisks 

reflects the degree of local similarity. 
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Figure 0.6. Alignment of maf DNA-binding domains 

Human MafA (NP_963883.2), c-Maf (NP_001026974.1), MafB (NP_005452.2), Nrl 

(NP_006168.1), MafF (NP_001155044.1), MafG (NP_002350.1), and MafK (NP_002351.1) 

were aligned using the DIALIGN web server.141 The number of asterisks reflects the degree 

of local similarity. The Extended Homology Region: MafA residues 230 to 253. The basic 

region: MafA residues 257 to 276. 
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Figure 0.7. Crystal structure of Skn1 bound to the TRE half site 

Top: PDB entry 1SKN.  

Bottom: interactions between the quintet DNA-binding residues and DNA. Hydrogen bonds 

and Van der Waals contacts are shown as solid and broken lines, respectively. 
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Figure 0.8. Alignment of basic regions of maf, CREB/ATF, and Fos/Jun factors 

(A) MafA (NP_963883.2), c-Maf (NP_001026974.1), MafB (NP_005452.2), Nrl 

(NP_006168.1), dTJ (NP_609969.2), MafF (NP_001155044.1), MafG (NP_002350.1), 

MafK (NP_002351.1), and dMafS (AAF57439.1) were aligned using WebLogo web 

server.142 (B) CREB (NP_004370.1), CREM (NP_53549.1), dCREB-2 (NP_996507.1), 

ATF1 (NP_005162.1), ATF2 (NP_001243019.1), dATF2 (NP_726489.1), dCryptocephal 

(NP_524897.1), ATF4 (NP_001666.2), ATF5 (NP_036200.2), and ATF7 (NP_006847.1) 

were aligned using WebLogo web server. (C) c-Fos (NP_005243.1), Fos-B (NP_006723.2), 
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FRA1 (NP_005429.1), FRA2 (NP_005244.1), ATF3 (NP_001025458.1), dKayak 

(NP_001027577.2), Fos-1 (NP_001033480.1), c-Jun (NP_002219.1), Jun-B (NP_002220.1), 

Jun-D (NP_005345.3), D-Jun (NP_476586.1), and Jun-1 (NP_001022366.1) were aligned 

using the WebLogo web server. Amino acids are numbered according to the invariant Asn 

residue (set as position 0). The height of symbols reflects the relative amino acid 

conservation at each position. 
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CHAPTER 1 

A Novel DNA Binding Mechanism For Maf Basic Region-Leucine 

Zipper Factors Inferred From A MafA—DNA Complex 

Structure And Binding Specificities 
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MafA, v-maf musculoaponeurotic fibrosarcoma oncogene homologue A; bZIP, basic region-
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Abstract 

MafA is a proto-oncoprotein and is critical for insulin gene expression in pancreatic β-

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 DNA 

binding, we determined the structure of a MafA−DNA complex. MafA forms base-specific 

hydrogen bonds with the flanking G−5C−4 and central C0/G0 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. 
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Introduction 

Basic 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 α-helices gripping DNA like a pair of chopsticks.1 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.2,3 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.5,6 Consensus maf-recognition elements (MAREs), TGCTGAC(G)TCAGCA, contain 

the canonical TRE or CRE (under- lined), typically bound by AP1 factors.7 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 αA-crystallin promoter 

was characterized.8 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 β-cells and is essential for β-cell maturation and 

glucose-induced insulin expression.10−12 L-Maf, the homologue of MafA in chicken, induces 

lens differentiation.13 The maf family can be subdivided into two groups. Large mafs, 

MafA,14 MafB,15 c-Maf,16 and Nrl,17 contain an N-terminal trans-activation domain and 

function as homodimers or heterodimers with other bZIP partners.18 Like Fos and Jun, large 
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mafs are proto-oncoproteins and are overexpressed in many human cancers (reviewed in ref 

19). Small mafs, MafF,20 MafG,21 and MafK,20 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 determined.6 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 

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,10,13,23,24 monomeric and sequential binding may be biologically 

relevant. 
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Experimental Procedures 

Plasmid Construction, Protein Expression, and Purification  

MafA (residues 226−318) and ΔMafA (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 ΔMafA (226−280)_C271S (hereafter called ΔMafA) were expressed in 

Escherichia coli BL21(DE3) STAR cells (Invitrogen), grown at 37 °C to an OD600 of 0.6, 

and induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) overnight at 22 °C. 

Proteins were purified by nickel affinity chromatography (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 
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annealing buffer [100 mM NaCl, 1 mM EDTA, and 10 mM Tris-HCl (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.25 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 MgCl2 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. 

 

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.26 Initial phases were derived by molecular replacement using Phaser.27 The 

search model was based on the MafG dimer (PDB entry 3A5T) with side chain differences 
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mutated to alanine and the 15 bp DNA.6 Manual model building was conducted in Coot,28 

and structure refinement utilized Refmac529,30 and Phenix.31 Structures were aligned using 

LSQMAN32 for root-mean-square deviation (rmsd) calculations. 

 

Pulse−Chase Electrophoretic Mobility Shift Assay (EMSA) 

Purified oligonucleotides (Figure 1.4A) 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 1.4 and 

1.5) or ΔMafA (Figure 1.6) was incubated for 10 min at 30 °C before being mixed with 6−10 

fmol of probes in 20 µL of binding buffer [100 mM KCl, 10 mM HEPES-KOH (pH 7.9), 5 

mM MgCl2, 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 µL of deionized H2O or 730 ng/µL 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 
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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.33 The radius of gyration (Rg) and 

distance distribution function [p(r)] were calculated using GNOM.34 The calculated 

scattering profile from the X-ray structure and the comparison with the experimental SAXS 

data were conducted with Crysol.35 
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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.25 The best crystal diffracted to 2.85 Å 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 1.1B); therefore, the 30 C-terminal amino acids were rebuilt manually. 

The MafA−MARE complex structure was refined to final R and Rfree values of 0.22 and 

0.26, respectively (Table 1). 

The consensus 13 bp MARE is pseudopalindromic, with a central C0/G0 base pair 

(Figure 1.1B). The consensus site is positioned asymmetrically on the 19 bp sequence: three 

bases from the 5′ end of one strand and four bases from the 5′ end of the other strand. 

Nevertheless, the orientation of the DNA could not be determined unambiguously from the 

electron density at this resolution, even after refinement with the DNA 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. 
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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 

1.1A). 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 (Cα atoms of 

residues A254− 272 and B254−272 superimposed with an rmsd of 0.6 Å), while the EHRs of 

MafA were slightly rotated relative to the MafG structure (Figure 1.1B; Cα atoms of residues 

A228−253 and B228−253 superimposed with an rmsd of 2.6 Å).6 The EHR of MafA was 

identical in structure to MafG (Cα atoms of MafA and MafG residues A228−253 

superimposed with an rmsd of 0.8 Å), 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.15 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 1.1B). The bend in the coiled coil of MafA is similar to that of 

Fos/Jun in complex with NFAT.36 Given the symmetry of the MafA homodimer, the bending 

probably results from crystal packing interactions, also observed in other bZIP structures.37,38 

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 
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“a” position of the coiled coils.6 Few interhelical interactions were observed in the MafA 

homodimer (Figure 1.1D). A salt bridge between Glu 285 and Lys 286 replaces the Gln 

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.39 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.6 In MafA, Val at the equivalent 

position contributes to the hydrophobic core of the homodimer (Figure 1.1A). 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 1.1A,C). These hydrophobic interactions may contribute to the dimerization 

selectivity of large and small maf factors. 

 

MafA Contacts the Flanking GC and Central C0/G0 Bases. The consensus maf-

binding site can be divided into three distinct regions: C /G at the center of the TRE core, 

core-TGA residues adjacent to the C0/G0 base pair (numbered±3 to ±1), and flanking-TGC 

residues 5′ of the TRE core (numbered ±6 to ±4) (Figure 1.1B).7 The basic helices of most 

bZIP factors primarily contact the core. Like MafG, the basic helices of MafA contact the 

flanking G−5C−4 bases through two conserved residues: Asn 264 (MafG Asn 61) and Arg 260 

(MafG Arg 57) (Figure 1.2A). Asn 264 in MafA contacts C4 directly (<3.2 Å) in both 

subunits of MafA instead of an indirect and a weak hydrogen bond (>3.2 Å) in MafG.6 The 

only hydrogen bond contacts with the TRE core bases are those of Arg 272 with the central 
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G0 and C0 (Figure 1.2B). 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 C0/G0 bases is highly conserved in all 

AP1 factors (PDB entries 1FOS, 2H7H, 1JNM, 2DGC, and 1T2K).37,40,41 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 1.2B). 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 1.2B). 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−C0/G0 base contacts in MafA. 

The phosphate contacts by the basic helices of MafA extend to the flanking-TGC 

residues (Figure 1.2C, left), while the phosphate contacts by other AP1 bZIP factors, such as 

c-Fos, are clustered toward the TRE core (Figure 1.2C, right).37 Both MafA monomers 

contact the phosphate backbone at two sites in the core: Arg 265 NH2 with T1 O1P and Thr 

261 OG1 with C2 O2P (not formed in MafG). The phosphate contacts by the MafA 

homodimer are not perfectly symmetric: Gln 269 NE2 contacts C0 O2P in chain A only, and 

Lys 274 NZ contacts T−3 O1P in chain B only (Figure 1.S1 of the Supporting Information). 

Two MafA residues form strong hydrogen bonds with phosphates of the flanking bases: Tyr 

267 OH with G−5 O2P (∼2.5 Å) and Arg 259 NH2 with T−6 O2P (2.8 and 3.1 Å) (Figure 1.S2 

of the Supporting Information). In MafG, Arg 56 (Arg 259 in MafA) contacts only the 
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phosphate backbone of one monomer. Tyr 267 inserts into the major groove kinking the 

DNA backbone (Figure 1.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).6,37,42 The phosphate contacts by Thr 261 and Tyr 267 are unique to maf proteins.43 

 

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 Å resolution, re-refined by 

PDB_REDO which reported better statistics44). The DNA- binding domain sequences of 

MafA and MafB are almost identical (Figure 11.A). Via the alignment of 10 bp of DNA 

encompassing the TRE core and one MARE half-site (TGCTGACTCA) (rmsd of 0.5 Å), the 

basic regions of MafA and MafB overlap exactly (Cα rmsd for MafA residues B255−272 and 

MafB residues B239−256 of 0.46 Å) (Figure 1.S3 of the Supporting Information). On the 

other hand, the N- terminus of the basic region in c-Fos is slightly tilted (Cα rmsd for MafA 

residues A255−272 and Fos residues A138−155 of 1.2 Å). The distance between the Arg 143 

Cα atom of c-Fos and the corresponding Arg 260 Cα atom of MafA is 1.3 Å, long enough to 

prevent hydrogen bonding with the base of G−5. 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 



 

47 

basic helix of c-Fos (Figure 1.3A). Particularly striking is the difference in mobility of Arg 

143 in c-Fos, with an average position pointing toward the solvent, and the equivalent Arg 

244 in MafB, which has a low temperature factor and contacts two DNA bases (Figures 1.2A 

and 3A). The basic helix of MafA is ordered like MafB (Figure 1.3B). 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 1.3C). 

 

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 1.4A). A time course with the MARE probe 

indicated that MafA reached equilibrium in <30 min (Figure 1.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 1.S5 of the 

Supporting Information). These data did not fit the hyperbolic equation (rmsd = 0.18) but did 

fit the Hill equation with a Kd of 0.46 nM and an n of 2.9 (rmsd = 0.04). Competition assays 

with a cold competitor were consistent with low nanomolar binding (Figure 1.4B). 

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 1.S6 of the Supporting Information). 
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Kerppola et al. reported that maf proteins dissociate slowly from consensus DNA binding 

sites.43 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 1.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 1.4C). Mutating the central C0/G0 base pair 

(CEN probe) did not affect the off rate, while mutating one copy of the flanking-TGC (TGC 

probe) sequence dramatically increased the off rate (Figure 1.4C,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 1.4E). Yoshida et al. proposed that 5′AT-rich 

sequences adjacent to the 13 bp MARE increased the binding affinity of MafA.8 In our study, 

however, MafA dimers bound MARE and MARE_AT probes with similar affinities and off 

rates (Figure 1.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 1.4A). MafA bound the 

insulin site with an affinity similar to that of the MARE probe, but with a faster off rate  

(Figure 1.4F). EMSA results are summarized in Figure 1.4G. 
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Stable Binding to 5′AT-Rich Half-MARE Sites. To investigate the importance of the 

5′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.8 The MafA dimer bound the 

5′ATs-half-MARE almost as tightly as the symmetric MARE probe (Figure 1.5A). The off 

rate from the insulin site (INS probe, AAAT TGC aGc C) was faster than from the 5′ATs-

half-MARE (HALF probe) (compare Figures 1.4F and 1.5A), 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 1.5B). 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.8 

To test the binding of a MafA monomer, we truncated the leucine zipper dimerization 

domain. The resulting ΔMafA bound the 5′ATs-half-MARE (Figure 1.S9 of the Supporting 

Information). We then tested binding on the MARE_AT probe, which contains two 5′ATs-

half-MARE sites (Figure 1.6A). As expected, a second ΔMafA bound to the other 5′ATs-

half- MARE site in the MARE_AT probe, confirming that ΔMafA bound the 5′ATs-half-

MARE as a monomer. Interestingly, some ΔMafA remained bound as a monomer even at 

480 nM, suggesting negative cooperativity between monomers. ΔMafA bound the HALF 

probe with an affinity similar to that of the MafA dimer, but the off rate was faster (Figure 

1.6B). The level of binding of the monomer was significantly reduced without the 5′ATs 

(MARE probe) or a perfect TRE core (INS probe), but binding was detectable at a high (120 

nM) MafA concentration (Figure 1.6C). When the 5′ATs were absent, further loss of the 
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core-TGA or flanking-TGC sequence abolished the binding completely, but the C0/G0 

mutation (CEN probe) was tolerated. 

 

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 1.7A). The samples were monodispersed according to the Guinier 

plots and the extrapolated I(0) that varied linearly with sample concentration (Table 1.2 and 

Figure 1.7B). The radius of gyration (Rg) estimated from the Guinier plots and the pair 

distance distribution functions, p(r), agreed with the Rg calculated from the crystal structure, 

∼34 Å, including a 3 Å solvent shell (Figure 1.S10 of the Supporting Information). Finally, 

the scattering curve calculated from the crystal structure fit the experimental scattering data 

well (Figure 1.7B). Therefore, the MafA−MARE complex in solution resembles the dimer in 

the crystal structure. 
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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).4−6 

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.1,37 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 MAREs, TGCTGAC(G)TCAGCA, were 

identified by the selection and amplified binding assay with c-Maf in 1994.7 Another group 

associated the maf consensus site with the flanking-TGC bases only.4 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 protein concentration producing 

half-maximal binding) of ∼1 nM, in the absence of a dIdC competitor (Figure 1.4). We found 

that MafA bound nonspecific DNA with high affinity. Other bZIP proteins (Fos, CREB, and 

ATF) also bind nonspecific DNA with high affinity.45,46 Nonspecific DNA binding by CREB 

does not induce ordering of the basic helices, adopting a non-native conformation.46 

Therefore, the affinity of bZIP factors for DNA is not a good measure of specificity. In 
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contrast, the off rate of MafA varies greatly depending on the DNA sequence, as previously 

described.43 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 C0/ G0 bases (Figure 1.4). The 

contribution of the core-TGA sequence to binding was previously shown by surface plasmon 

resonance.47 

 

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.5,8,43 The consensus half-

site for monomer binding consists of a TGCTGAC half-MARE with an adjacent 5′AT-rich 

sequence.8,49 A MafA monomer (ΔMafA), lacking the leucine zipper dimerization domain, 

bound to the consensus 5′AT-half-MARE with high affinity in the absence of dIdC, but with 

a measurable off rate (Figure 1.6B). The 5′AT, flanking-TGC, and core-TGA sequences are 

all required for tight monomer binding (Figure 1.6C). Binding of the dimer to the 5′AT-half-

MARE decreased the off rate (Figures 1.5A and 1.6B). Interestingly, the 5′AT-half-MARE 

selects for MafA monomer binding even in the presence of MafA homodimers (Figure 1.5B), 

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.8,10,11,13 The 

insulin MafA binding site is asymmetric with a MARE half-site that diverges from the 
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consensus 5′AT-half-MARE, increasing the off rate of MafA homodimers (Figure 1.4F). 

Both MafA homodimers and MafA/ATF2 heterodimers can bind and activate insulin gene 

expression.18,50 The physiological role of MafA heterodimers in β-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.6 As previously noted, the residues contacting the flanking G−5C−4 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 1.2C and Figure 1.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 

(MafA Tyr 267, Arg 260, and Asn 264).6 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 
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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 1.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 Å, precluding interaction with a DNA 

base (Figure 1.S3 of the Supporting Information). In addition, the EHR stabilizes the basic 

helix through hydrophobic contacts (Figure 1.3C) and hydrogen bonds by Arg 259 from the 

basic helix with the EHR (Met 136 carbonyl) and the DNA phosphate backbone (T−6 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 1.3A). 

 

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 

coefficient of >2 (Figure 1.S5 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 1.4D−F and Figure 1.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 1.2C).6 To explain the dependence 
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of maf binding on the core-TGA sequence, we propose that MafA binds a specific MARE 

site in at least two steps (Figure 1.8A). 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 the position of the EHR is flexible (Figure 1.3). In step 2, the EHR 

is properly positioned to stabilize the contacts with the flanking-TGC bases and backbone 

phosphates (Figure 1.3C). 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 1.S2A and 

1.S3C of the Supporting Information) and inserting Arg 259 between the EHR and DNA 

phosphate backbone (Figure 1.3C and Figure 1.S2B of the Supporting Information). 

Binding to a 5′ATs-half-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 a monomer (Figure 1.6). How the 5′AT-rich sequence facilitates monomer 

binding is not clear. One possibility is that the intrinsic curvature of the 5′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 1.1A). 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.45,52 DNA bending toward the minor 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 1.6A).53 

We propose MafA binds to asymmetric promoter sites in multiple steps (Figure 1.8B). 

Stable binding of MafA monomers (step 1) facilitates binding of heterodimer partners (step 



 

56 

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 low off rate (Figure 1.6B). 
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Conclusion 

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 interactions 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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Associated Content 

Supporting Information. Figures with details of results from crystal structure analysis, 

EMSAs, and SAXS. This material is available free of charge via the Internet at 

http://pubs.acs.org. 

Accession Codes. Atomic coordinates and X-ray data have been deposited into the 

RCSB Protein Data Bank at entry 4EOT. 
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Table 1.1. Crystallographic statisticsa 

Data collection 

 space group P3121 

 unit cell [a, b, c (Å)] 116.1, 116.1, 85.1 

 resolution (Å) 20-2.85 (3.00-2.85) 

 mean I/σ(I) 22.6 (3.0) 

 Rmeas (%)b 7.3 (79.8) 

 completeness (%) 97.5 (85.1) 

 redundancy 10.8 (9.4) 

 no. of unique reflections 15399 (1880) 

Refinement 

 Rwork, Rfree 0.22, 0.26 

 no. of reflections 15288 

 rmsd  

    bond lengths (Å) 0.002 

    bond angles (°) 0.696 

ramachandran plot (%)  

    favored regions 100 

 B-factor (Å2)  

    protein (subunit A, B) 92.0, 91.4 

    DNA (strand C, D) 89.6, 83.5 

    solvent 83.9 

    ligand 119.8 

 

aValues in parentheses indicate statistics for the highest-resolution bin. 

bRedundancy-independent R factor.54 
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 Table 1.2. Overall SAXS parameters of the MafA-MARE complex 

   p(r)b  Crysol 

concn 

(mg/mL) 

Guinier Rg
a 

(Å) 

    shell Rg  

 Rg (Å) I(0)  χ2 (Å) 

9 33.8 ±0.5  34.0 ±0.2 0.090  1.87 

34.0 4.5 30.7 ±0.6  32.5 ±0.3 0.040  1.07 

2.25 33.4 ±1.3  33.1 ±0.4 0.018  0.97 

 

aRg was estimated with qRg <1.3. 

bPair-distance distribution function, p(r), was analyzed with the Dmax of 108 Å (Figure S10 of 

the Supporting Information). 
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Figure 1.1. 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.55 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 3A5T, black),6 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 C0/G0 and flanking G−5C−4. 

(C) “Tyrosine zipper”. Tyr 310 in position “d” and Tyr 314 in position “a” of turns 5 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 SO42− ion. 
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Figure 1.2. Interactions between MafA and MARE 

(A) Arg 260 (NH1 and NH2) and Asn 264 OD1 in subunit A make direct hydrogen bonds 

with the flanking G−5C−4 sequence. Arg 264 also contacts G4 (O6). The electron density is 

calculated from a simulated annealing omit map with the Arg 260 and Asn 264 side chains 
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omitted. (B) Sulfate-coordinated Arg 272 in subunits A and B contacts the central C0/G0. 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 1σ 

for 2FO − FC (dark blue) and at 4σ for FO − FC (green for positive, red for negative). (C) 

MafA basic helix residues primarily contact the flanking G−5C−4 bases (left), while Fos basic 

helix residues primarily contact the AP1 core (right, PDB entry 1FOS).37 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. 
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Figure 1.3. 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 −45, 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 Å resolution) is higher than the B factor 

of the MafB/Fos structure (2.3 Å resolution). The B factor colors from low to high are blue 

for −55, 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−6). Dotted lines represent hydrogen bonds. 
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Figure 1.4. 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 C0/G0 (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. 
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Figure 1.5. MafA bound the 5′ATs-half-MARE with a slow off rate 

(A) Equilibrium assays (empty symbols) and pulse−chase assays (filled symbols) were 

conducted with 0.3 nM MARE probe or 0.5 nM HALF 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. 
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Figure 1.6. ΔMafA bound DNA as a monomer 

(A) One or two ΔMafA monomers bound the MARE_AT probe (0.5 nM), as resolved on an 

8% acrylamide gel. (B) ΔMafA bound the HALF probe with high affinity (◇) and moderate 

off rate (◆). MafA data (△ and ▲, same as in Figure S7 of the Supporting Information) are 
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displayed for comparison. Data were averaged from at least three independent experiments 

(error bar is the standard error of the mean). (C) ΔMafA (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. 
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Figure 1.7. 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); χ2 = 

1.87 (Crysol).35 The inset shows the Guinier plot. 
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Figure 1.8. 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 
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contacting the phosphate backbone and the EHR, the basic helices become locked in a state 

binding to the flanking-TGC. (B) For the asymmetric 5'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 5'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 5'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 5'AT- rich and flanking-TGC sequences, the striped bar 

core-TGA sequences, and the white bar non-specific DNA sequence. 
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Figure 1.S1. Asymmetric DNA contacts 

(A) Gln 269 of subunit A contacts the DNA backbone phosphate of C0. (B) Lys 274 of 

subunit B contacts the DNA backbone phosphate of T-3*. Simulated annealing omit maps, 

with the side-chain of Gln 269 or Lys 274 omitted, are contoured at 1σ for 2FO-FC maps 

(dark blue), and at 4σ for FO-FC maps (green as positive, red as negative). Dotted lines 

represent hydrogen bonds. 
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Figure 1.S2. Phosphate backbone contacts with the flanking-TGC bases 

(A) Arg 259 (subunit A) contacts the DNA backbone phosphate of T-6*. (B) Tyr 267 of 

subunit B contacts the DNA backbone phosphate of G-5. Simulated annealing omit maps, 

with the side-chain of Tyr 267 or Arg 259 omitted, are contoured at 1σ for 2FO-FC (dark blue), 

and at 4σ for FO-FC (green as positive, red as negative). Dotted lines represent hydrogen 

bonds. 
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Figure 1.S3. Comparison of MafA-MARE and MafB/Fos-DNA (pdbid: 2WT7) structures 

(A) The structures were superimposed by aligning 10 bp of DNA (TGCTGACTCA) 

encompassing a MARE half-site and an AP1 half-site, RMSD = 0.5. The MafA (blue) and 

MafB (red) bZIP domains overlap exactly. The basic helices of MafA (cyan) and Fos (yellow) 

are tilted slightly differently. (B) Close-up of the basic helix and maf domain from (A). Y267, 

N264 and R260 of MafA and MafB (left) overlap while N147 and R143 of c-Fos and N264 

and R260 of MafA (right) have distinct orientations. (C) Close-up of the Y267 phosphate 

contact from (A). Y267 of MafA and MafB (left) creates a kink, which is not observed with 

c-Fos (right). The distance between the Cα of R260 and R143 is 1.3 Å. 
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Figure 1.S4. Time-course of MafA binding to MARE (no dIdC added) indicates that MafA 

binding to the MARE probe reached equilibrium within 30 minutes 

Data were averaged from three independent experiments (error bar: SEM). 
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Figure 1.S5. The equilibrium binding of MafA to the MARE probe (no dIdC added) did not 

fit simple association kinetics 

(A) Binding to the MARE consensus sequence did not fit a hyperbolic equation (RMSD = 

0.18). (B) The data fit well to a Hill equation (RMSD= 0.04) with Hill coefficient n = 2.9, Kd 

= 0.47 nM. 
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Figure 1.S6. MafA bound non-specific DNA with high affinity 

Binding of MafA to 0.3 nM MARE probe (¢) was reduced by 50 pg/µL (w) or 1 ng/µL (n) 

of dIdC. Data were averaged from at least three independent experiments (error bar: SEM). 
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Figure 1.S7. Off-rates of MafA on different DNA sequences 

Pulse-chase EMSA were performed with increasing dIdC-chasing time: 0, 5, 10, 30 min. 

Probe concentration was 0.5 nM. MafA concentrations tested were 0.6, 1.2, 1.8, 3.6 and 5.4 

nM. Since the off-rate is independent of the protein concentration, data from different protein 

concentrations were averaged. The data is normalized by dividing the fraction bound at any 

time after adding dIdC by the initial fraction bound without adding dIdC. 
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Figure 1.S8. The 5’ AT-rich sequence is not required for binding of MafA dimers 

MafA bound the MARE probe and the MARE_AT probe with similar affinities (open 

symbols, no dIdC added) and off-rates (filled symbols, dIdC chasing). Binding assays were 

carried out with 0.3 nM MARE probe or 0.5 nM MARE_AT probe. 
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Figure 1.S9. A monomer of ∆MafA bound the 5'ATs-half-MARE in the equilibrium EMSA 

The probe concentration was 0.5 nM. ∆MafA up to 120 nM has been tested, and only one 

∆MafA could bind the HALF probe, which contains one 5'ATs-half-MARE site. 
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Figure 1.S10. Pair-distance distribution function of the MafA-MARE complex (9 mg/mL) 
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Figure 1.S11. Scheme of single-step binding 

For simple single-step binding mechanisms, the binding on-rate is proportional to the MafA 

dimer (MafA2) concentration at constant DNA concentration. Therefore by increasing the 

protein concentration the on-rate can be made arbitrarily fast, approaching saturation of the 

DNA/MafA2 complex. The same is true for positive cooperativity described by the Hill 

equation. 
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CHAPTER 2 

Preliminary Data on DNA Binding Specificities of the Full-length 

MafA, MafA Mutants, MafA-MafA Fusions and ATF2-MafA 

Fusions 
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Introduction 

In our previous studies (Chapter 1), we determined the crystal structure of a homodimer 

of MafA DNA-binding domain bound to the pseudo-symmetric T-MARE sequence 

(TGCTGCCTCAGCA), which was divided into three parts: the central C0/G0 (bolded), the 

core-TGA (underlined), and the flanking-TGC. We then further investigated the DNA-

binding specificity of MafA by electrophoretic mobility shift assays (EMSA). Our major 

discoveries included that: 1) Like MafG, MafA made base-specific contacts primarily to the 

flanking-TGC residues; 2) The maf-specific Extended Homology Region (EHR) did not 

contact DNA directly but stabilized DNA binding by contacting the basic region; 3) The 

core-TGA bases were not directly contacted by MafA, but paradoxically were required for 

the stable DNA binding; 4) MafA stably bound the 5’AT-half-MARE site as a monomer. 

Our hypotheses are: 1) Maf factors bind DNA in at least two steps involving 

conformational changes from contacting the core-TGA to contacting the flanking-TGC bases; 

2) The EHR is critical for stabilizing the basic region at a conformation that favored the 

binding to the flanking-TGC as captured by the crystal structure. Before testing our 

hypotheses, we first confirmed that DNA-binding by the MafA DNA-binding domain was 

representative of DNA-binding by full-length maf factors. We then investigated DNA-

binding by MafA mutants that lacked the EHR or with interactions between the EHR and the 

basic region interrupted. Our preliminary data showed that a single mutation of Arg 259 

dramatically impaired the binding. 
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The other direction of this study focused on DNA sequence discrimination by 

MafA:MafA and MafA:ATF2 dimers, because a recent study has shown that ATF2 formed a 

complex with MafA through the leucine zipper motif, and was involved in activating the 

insulin promoter though the RIPE3b1 mini-enhancer, which contains C1 element (binding 

site for MafA).1 Since our previous study revealed a relatively fast off-rate of MafA 

homodimer on the C1 binding site, we were interested to test whether the MafA:ATF2 

heterodimer might bind the insulin site better. 

Cross-family dimerization is common in bZIP factors2. Different dimers discriminate 

related yet divergent DNA sequences from their consensus binding sites.3-7 The heterogeneity 

in dimer formation and thus DNA recognition allows bZIPs to regulate a large number of 

genes with high specificity. In vitro strategies to form different dimers followed by studying 

their DNA-binding specificities include: 1) Mutating residues in the leucine zipper motif to 

disfavor certain type of homo- or heterodimerization;8 2) Adding Gly-Gly-Cys residues to the 

terminus to form an artificial disulfide bonds.9 We propose to deploy the fusion strategy, 

which has been successfully developed for the Zn finger10,11 and basic helix-loop-helix 

factors,12 to tether two MafA monomers or one MafA and one ATF2 in one polypeptide. 

The fusion strategy would allow us to unambiguously and accurately evaluate DNA-

binding properties of the MafA homodimer and the MafA:ATF2 heterodimer. However, 

generating functional MafA-MafA and ATF2-MafA fusion proteins represented a major 

challenge. Our preliminary data have shown that the MafA-MafA fusion protein linked by a 

flexible 39 amino-acid-long sequence retained similar DNA-binding properties of the 

untethered MafA homodimer. ATF2-MafA fusions were not as soluble and quickly 
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precipitated during the EMSA procedure, but data from the dialysis experiment were 

promising in showing the distinct DNA-binding by MafA-MafA and ATF2-MafA fusions. 
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Experimental Procedures 

Cloning of MafA mutants and ATF2 

MafA(256-318)_C271S_C287S (hereafter called MafA_noEHR), which lacked the Extended 

Homology Region (EHR), was amplified from pET24b_MafA(226-318)_C271S_C287S 

(hereafter called MafA) with primers 5’-tattggatccaagcagaagcggcgcacg-3’ and 5’-

gagacaagcttttacgccagcttctcgtatt-3’, and put sub-cloned into the pET24b vector, which 

contains an N-terminal six-His tag followed by a thrombin cleavage site. The Arg 259 

residue in both MafA and MafA_noEHR was mutated to an alanine residue by site-directed 

mutagenesis with primers 5’-caagcagaaggcgcgcacgctc-3’ and 5’-agccggatgacctcctccttg-3’. 

ATF2(354-415)_C369S (hereafter called ATF2) was amplified from pETATF63S with 

primers 5’-atattggatccaaaagaaggaagtttctagaa-3’ and 5’-atatagaattcggatcctcaatgagcca-3’, and 

put into pET24b. 

 

Cloning of ATF2-MafA and MafA-MafA fusions 

Cloning of pET24_ATF2_longMafA started with pET24_ATF2(354-415)_C269S and 

included two steps: 1) Mutating the stop codon “ TGA” to “GGA”; 2) Inserting MafA(201-

318), which contained the loop region (HHHHHHHHGGAGHGGGAGHHVRLEE) 

preceding the EHR, at the C-terminal of ATF2. MafA(201-318) was amplified from the full-

length MafA(1-353) with primers 5’-tattgaattccaccaccaccaccaccaccac-3’ and 5’-

gagacaagcttttacgccagcttctcgtatt-3’. One of the ligation products contained an extra histidine 
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residue at the N-terminal of MafA(201-318), subsequently referred to as 

pET24_ATF2_long(+1)MafA. 

In the other strategy, we generated a series of pET24b vectors containing up to three 

copies of a linker sequence named Linker13, Gly-Ala-Gly-Ala-Ala-Gly-Gly-Ala-Ser-Gly-

Gly-Arg-Ser. DNA sequences coding for Linker13, 5’-

gatccggcgcgggagccgcgggcggcgcatcaggaggaa-3’ and 5’-

gatcttcctcctgatgcgccgcccgcggctcccgcgccg-3’, were annealed in an annealing buffer [100 mM 

NaCl, 1 mM EDTA, and 10 mM Tris-HCl (pH 8.0)] at 95 °C and slowly cooled to room 

temperature. The annealed Linker13 DNA had a BamHI sticky end at the 5’ terminus and a 

BglII sticky end at the 3’ terminus. When cloned into the BamHI-linearized pET24b plasmid, 

the 5’ BamHI site was preserved, but the 3’ BamHI site was destroyed. Therefore the 

pET24b_Linker13 vector contained the Linker13 sequence immediately following the 

BamHI site. Additional copies of Linker13 were introduced in sequentially, and were named 

pET24b_Linker13_two (with two copies of Linker13) and pET24b_Linker13_three (with 

three copies of Linker13). MafA(228-318)_C271S_C287S was amplified from 

pET24b_MafA(226-318)_C271S_C287S with primers 5’-tattgaattctccgacgaccagctggtgtc-3’ 

and 5’-gagacaagcttttacgccagcttctcgtatt-3’, and ligated into pET24b_Linker13_two and 

pET24b_Linker13_three (between the EcoRI and HindIII sites). ATF2(354-415) without a 

stop codon was amplified from pET24b_ATF2(354-415) with primers 5’-

atattggatccaaaagaaggaagtttctagaa-3’ and 5’-attaggatcctccatgagccagaa-3’, and ligated into 

pET24b_Linker13_two_MafA(228-318) and pET24b_Linker13_three_MafA(228-318) at the 

BamHI site. Because ATF2 could insert between the BamHI sites in both directions, the 
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forward direction was identified through sequencing. Generated fusion constructs were 

named ATF2_2_MafA (with two copies of Linker13) and ATF2_3_MafA (with three copies 

of Linker13). Likewise MafA(226-318)_C271S_C287S without a stop codon was amplified 

from pET24b_MafA(226-318)_C271S_C287S with primers 5’-

atattggatcccgcttctccgacgaccagc-3’ and 5’-gtccggatcccgccagcttctcgtatttct-3’ and ligated into 

pET24b_Linker13_two_MafA(228-318) and pET24b_Linker13_three_MafA(228-318) at the 

BamHI site. Generated fusion constructs were named MafA_2_MafA and MafA_3_MafA. 

All fusion constructs were summarized in Figure 2.1. 

 

Protein Expression and Purification 

Protein constructs (except for ATF2) were expressed in Escherichia coli BL21(DE3) STAR 

cells (Invitrogen), grown at 37 °C to an OD600 of 0.6, and induced with 1 mM isopropyl β-

D-1-thiogalactopyranoside (IPTG) overnight at 22 °C. Due to the cell toxicity, ATF2 was 

expressed in Rosetta BL21(DE3) pLysS cells (Stratagene) , grown at 37 °C to an OD600 of 

0.5, and induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) overnight at 

21 °C. Proteins were purified by nickel affinity chromatography (Sigma) according to the 

manufacturer’s instructions with high-salt buffers [0.8 M NaCl and 100 mM Tris-HCl (pH 

7.8)]. The six-His tag was cleaved by thrombin (MP Biomedicals) and removed by rebinding 

to nickel affinity resin. Protein samples were resolved on 12.5% SDS-PAGE gels 

(AMRESCO) to access the purity. Protein concentrations were measured using the Bradford 

assay (Bio-Rad) or the absorbance assay (280 nm). 
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Pulse−Chase Electrophoretic Mobility Shift Assay (EMSA) 

Proteins were incubated for 10 min at 30 °C before being mixed with 6−10 fmol of probes 

(listed in Table 2.1) in 20 µL of binding buffer [100 mM KCl, 10 mM HEPES-KOH (pH 7.9), 

5 mM MgCl2, 0.1 mM EDTA, 2.5% Tween, 10 mM DTT, 20% glycerol, and 0.5 mg/mL 

BSA]. In some experiments, 1% NP-40 has also been added to improve the protein solubility. 

Binding reaction mixtures were incubated for 30 min at room temperature, followed by the 

addition of 2 µL of deionized H2O or 730 ng/µL poly(dI-dC)-poly(dI-dC). After incubation 

for an additional 30 min, binding reaction mixtures were loaded onto a 4% pre-run 

polyacrylamide gel in running buffer [196 mM glycine, 1 mM EDTA, and 20 mM Tris (pH 

8.3)]. Gels were run for 45-60 min at 80-100 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). Data were plotted using Prism 5 (GraphPad Software, Inc). 

 

Formation of protein−DNA Complexes by dialysis 

10 nmol of proteins were mixed with 2 nmol of double-stranded DNA molecules (Table 2.2). 

The Protein−DNA complexes were formed during stepwise dialysis to a low salt level: from 

800 to 500 to 250 to 150 mM NaCl with 2 mM MgCl2 and 10 mM HEPES (pH 7.8). Excess 

proteins not bound to DNA precipitated at low salt concentrations and was removed by 

centrifugation. Complexes were resolved by a 4% native gel, and visualized under UV after 

staining the gel with ethidium bromide. 
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Results 

DNA-binding by the full-length MafA and MafB. We first tested DNA-binding by the 

full-length MafA, and compared it to our previous study of the MafA DNA-binding domain 

alone (Chapter 1). Fluorescently labeled DNA probes used in EMSAs were the same as the 

ones used in the previous study. Similar to the MafA DNA-binding domain alone, the full-

length MafA bound all three probes (MARE, HALF and INS) with high apparent affinities 

(Figure 2.2). The off-rates of the full-length MafA were slow with MARE and HALF, but 

relatively fast with INS. We were then interested in comparing the full-length MafA and 

MafB, which shared 83.7% sequence identity in the DNA-binding domain (residue 226-318 

in MafA).13 As shown in Figure 2.3, MafB bound HALF and INS probes with comparable 

apparent affinities and off-rates as MafA. Collectively, DNA-binding by the MafA DNA-

binding domain appears to be representative of the binding by full-length maf factors. 

Therefore we decided to continue working with the MafA DNA-binding domain alone. 

 

DNA-binding without the EHR. In Chapter 1, we proposed that the EHR stabilized 

interactions between the basic region and DNA. To test this hypothesis, the entire EHR was 

removed from MafA, and its DNA-binding properties were studied by the conventional 

EMSA (no pulse-chase). Surprisingly, MafA_noEHR was able to bind the consensus MARE 

sequence with fairly high apparent affinity (Figure 2.4). At as low as 10 nM of the protein, 

most of the probes were shifted. Aggregation started to show up in the wells when the protein 

concentration exceeded 50 nM. On the other hand, MafA_noEHR bound poorly to the INS 
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and TGC probes, even at a protein concentration of 500 nM. MafA_noEHR showed a 

slightly better binding on the HALF probe than on the INS and TGC probes (data not shown). 

Although MarA_noEHR appeared to bind the MARE sequence very well, we suspected 

that the binding might be unstable. Therefore a pulse-chase EMSA experiment was 

conducted with the MARE probe with a narrower protein concentration gradient (3 ~ 30 nM). 

Without chasing with dIdC, the fraction of bound probe plateaued at about 65%, which was 

considerably lower than the intact MafA DNA-binding domain (Figure 2.5). Adding dIdC 

completely abolished all the binding, indicating a fast binding off-rate. This contrasts with 

the intact MafA, which has a very slow off-rate from the consensus MARE sequence. The 

fast off-rate supports the model that the EHR stabilizes the conformation of the basic helix on 

the DNA. Similar results were also observed on the MARE_AT probe (data not shown). 

Consistent with our previous report, adding an AT-rich sequence 5’ of the MARE probe did 

not affect the binding by the MafA homodimer. 

 

DNA-binding by MafA Arg 259 mutants. As described above, removal of the entire 

EHR significantly destabilized the DNA-binding by MafA. We next wanted to investigate 

the role of the EHR more carefully by mutating individual residues. Our first target was Arg 

259, a residue in the basic region that bridged the EHR and DNA through hydrogen bonds 

(as shown in Chapter 1). Some preliminary data were listed in Table 2.3. Compared to MafA, 

which bound the MARE and HALF sequences stably, MafA_R259A exhibited fast off-rates 

on both probes. The critical role of Arg 259 was even more obvious when this residue was 

mutated in the MafA monomer that lacked the entire leucine zipper motif (ΔMafA). ΔMafA 
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has been shown before to shift >90% of HALF probe at a protein concentration of 6 nM in 

the conventional EMSA. In sharp contrast, no binding by ΔMafA_R259A was detectable on 

the HALF probe at the same protein concentration (data not shown). 

 

DNA-binding by ATF2.  Han et al. have shown that the MafA:ATF2 heterodimer was 

able to activate the insulin promoter.1 Since the MafA binding site on the insulin promoter 

(see the INS sequence in Table 2.1) deviated from the consensus MARE sequence, we 

proposed that the insulin site might select for the MafA:ATF2 dimer. An ATF2 construct was 

cloned with the length of its leucine zipper domain comparable to the one in MafA (Figure 

2.6B). DNA-binding properties of ATF2 were tested with the consensus MARE probe, which 

contained a TRE core (TGACTCA) typically bound by classical AP1 factors.  

No discrete shift was detectable with ATF2 using the conventional EMSA procedure 

(Figure 2.7A). ATF2 appeared to have an effect when the protein concentration exceeded 20 

nM. Interestingly, there was aggregation in the well even at 10 nM (Lane 6 in Figure 2.7A). 

Typically for other constructs aggregation and smeared bands in the gel were only observed 

at a concentration over at least 400 nM. Therefore we added more additives to the binding 

reactions to improve the solubility of ATF2, but did not get any better results (data not 

shown). We presume that the probe trapped in the wells were bound by the aggregated ATF2. 

Indeed, a shift by ATF2 was clearly visible when the binding study was done through 

dialysis (Figure 2.7B). This demonstrates that ATF2 can bind the MARE sequence but is 

aggregating in the EMSAs during mixing. The large amount of free DNA in the dialysis 

sample was likely due to an overestimation of the DNA concentration instead of an 
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underestimation of the protein concentration, because we did not observe any protein 

precipitation during the dialysis, while we did observe tremendous amounts of protein 

precipitation in a parallel experiment with another DNA sequence (data not shown). 

 

ATF2_longMafA and ATF2_long(+1)MafA. No ATF2:MafA heterodimer was 

detectable in a gel shift by mixing the two proteins purified separately. MafA appeared to 

form a stable homodimer (FPLC size exclusion data not shown). Therefore we decided to test 

ATF2-MafA fusion proteins. In this way the DNA-binding data would not be complicated by 

the unknown dimerization constant. To estimate the linker needed to connect the C-terminus 

of ATF2 and the N-terminus of MafA, we measured the distance between the C-terminus of 

one MafA subunit and the N-terminus of the other in the MafA crystal structure (Protein 

Data Bank entry: 4EOT).14 The average distance was 92 Å (Figure 2.6), which might be 

covered by 25 ~ 26 amino acid residues in an extended conformation if each residue spanned 

3.5 ~ 3.6 Å in length. To make sure that the linker encompasses a similar distance in both 

ATF:MafA and MafA:MafA fusions, we placed ATF2 first, and fused the C-terminus of the 

leucine zipper of ATF2 with the N-terminus (EHR) of MafA. 

In our first strategy for a linker between ATF2 and MafA, we took advantage of the loop 

region (HHHHHHHHGGAGHGGGAGHHVRLEE) immediately preceding the EHR (MafA 

residueS 201 to 318). The resulting ATF2_longMafA and ATF2_long(+1)MafA (containing 

an extra His residue in the linker sequence by chance) were expressed in E.coli as indicated 

by SDS-PAGE gels (Figure 2.8). These constructs expressed well, however, our attempts to 

purify them failed. Neither fusion protein bound the nickel beads. This was surprising 
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because the loop region of MafA contained an eight-to-nine Histidine tract, and the full-

length MafA was purified on a Nickel column (Roland Stein, personal communication). The 

construct contained an additional six-His tag at the N-terminus of ATF2. 

 

ATF2-MafA and MafA-MafA tethered by an artificial linker. We hypothesized that 

the loop region of MafA, which was used as the linker in ATF2_longMafA , was not flexible 

preventing formation of the ATF2-MafA dimer. We would also like to have a library of 

constructs containing different sequences and lengths of linkers. Therefore we designed 

another strategy to construct ATF2-MafA and MafA-MafA fusions with flexible linkers 

consisting of Gly, Ala and Ser residues (described in Experimental Procedures). The 

resulting ATF2_2_MafA, which contained two copies of the Linker13 sequence between 

ATF2 and MafA (Figure 2.1), had the same length linker as the in ATF2_long(+1)MafA, but 

could be successfully purified by a nickel affinity column. The other three fusion proteins, 

ATF2_3_MafA, MafA_2_MafA and MafA_3_MafA, could also be purified as well. 

We tested the DNA-binding by ATF2_2_MafA and ATF2_3_MafA fusions. Similar to 

what we saw with the ATF2 homodimer, the fusion proteins aggregated in the wells (Figure 

2.9). Removal of the six-His tag did not improve solubility (data not shown). At best we 

observed very little shifts with the CEN and CORE probes when the concentration of 

ATF2_3_MafA was as low as 2 nM (Figure 2.9B). We believe that the probe stuck in the 

wells was bound by the fusion protein, because the DNA signal could be chased off with 

dIdC (Figure 2.10). In addition, including dIdC in the binding reactions from the beginning 

of binding competed off the labeled probe.  
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MafA-MafA fusions were more soluble than ATF2-MafA fusions. However, there was 

still a lot of aggregations in the wells even at 2 nM protein (Figure 2.9 and 2.11A). When the 

six-His tag was not removed from the MafA_3_MafA fusion, we observed two shifts, S1 and 

S2 (Figure 2.11A). Pulse-chase EMSAs revealed that S2 was stable while S1 was not. In the 

S1 complex, MafA_3_MafA might be mis-folded and bound the probe with just one of the 

two MafA subunits, because we know that the monomer binding was unstable (Chapter 1). 

Removing the six-His tag reduced aggregation in the wells (Figure 2.11B). We again 

observed two shifts, S3 and S4. This time, S3 represented the stable binding by the properly 

folded MafA_3_MafA (no tag). S4 might represent the binding by the uncut MafA_3_MafA, 

which may not have been completely removed by the nickel affinity column after digestion 

with thrombin.  

 

DNA sequence discrimination by ATF2-MafA and MafA-MafA fusions. Since 

ATF2-MafA fusions largely aggregated during our EMSA procedure, we attempted to study 

the DNA-binding by ATF2-MafA fusions through dialysis. When excess of the 

ATF2_3_MafA fusion was mixed with DNA sequences that contained the consensus T-

MARE (lane 3 in Figure 2.12) or C-MARE (lane 4 in Figure 2.12), a single shift was 

observed. To test which dimer bound the consensus MARE or the insulin site better, we 

tested a competition with excess of DNA mixed with both ATF2_3_MafA and 

MafA_3_MafA fusions. Different patterns of shifts were observed with the T-MARE (lane 1 

in Figure 2.12) and the insulin site (lane 2 in Figure 2.12). The lowest shift in lane 2 was at 

the same position as the shift by ATF2_3_MafA alone in lane 3, suggesting that 
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ATF2_3_MafA binds better to the insulin site. This shift was not observed on the consensus 

MARE sequence in lane 1. 
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Discussion 

The data presented in this chapter were to follow up the experiments in Chapter 1, with 

the goals of validating the significance of the maf-specific EHR and testing the hypothesis 

that the ATF2:MafA heterodimer binds better than the MafA homodimer to the authentic maf 

binding site on human insulin promoter. Formation of the ATF2:MafA heterodimer might be 

favored through binding of a MafA monomer, as proposed in the multi-step DNA-binding 

model in Chapter 1. 

 

Full-length maf factors. The first question we wanted to address was whether the 

isolated maf DNA-binding domain behaves in the same way as the full-length protein, 

because inter-domain interactions and post-translational modifications may significantly 

change domain functions. Large maf factors are heavily phosphorylated in vivo.15-18 

Phosphorylation at the N-terminal transactivation domain appeared to modulate the 

dimerization and DNA-binding properties at the C-terminus of MafA (residues 279 to 359), 

but not MafB.19 Since the recombinant MafA DNA-binding domain (residues 226 to 318) 

used in our previous study was unphosphorylated, we wondered whether the phosphorylated 

full-length MafA and MafB (a gift from Dr. Roland Stein) might show different binding 

activities.  

Both full-length MafA and MafB bound three types of DNA sequences with similar 

kinetics to the MafA DNA-binding domain alone (Figure 2.2 & 2.3): high apparent binding 

affinities and slow off-rates from the consensus MARE and 5’ATs-half-MARE sequences, 
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but relatively fast off-rates from the non-consensus maf binding site from the human insulin 

promoter. Interestingly, the off-rate of the full-length MafB appeared to be faster, but maybe 

not significantly, than MafA from the insulin site (Figure 2.3B). Optimizing the binding 

assay by reducing the chasing time with dIdC may provide a better comparison. It will be 

exciting if MafA and MafB are differentially selected by authentic binding sites, which often 

deviate from consensus MAREs. This might explain why MafA and MafB are not 

interchangeable in some cellular processes.20 Most importantly, these results encouraged us 

to continue studying the MafA DNA-binding domain. 

 

Significance of the EHR in DNA-binding. Maf proteins differ from canonical AP1 

factors in possessing an ancillary DNA-binding domain termed EHR and also in residues in 

the basic region (eg., Tyr 267). In Chapter 1 we proposed that the EHR assisted DNA 

binding by stabilizing the basic helix. Here we asked whether removing the EHR was 

sufficient for converting MafA into a classical AP1 factor, which would not require a 

flanking-TGC sequence for binding. Surprisingly MafA_noEHR still relied on the flanking-

TGC for binding, as it barely bound a probe that contained the core-TGA but was mutated in 

the flanking-TGC (compare Lane 1-4 and Lane 8-10 in Figure 2.4). This suggests that 

residues outside the EHR predispose maf factors to bind the flanking-TGC. The best 

candidate is Tyr 267 in the basic region (RxxxNxxYAxxCR).21,22 Mutating this Tyr residue 

to an Ala residue should serve as a good comparison to fully address whether the EHR 

directs maf factors to bind the flanking-TGC sequence. 
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Moreover, MafA_noEHR bound the consensus MARE sequence with high apparent 

affinity but not with any other modified sequences including the newly defined consensus 

half site (5’ATSs-half-MARE), implying that the binding was weak. Indeed, although 

MafA_noEHR did bind the consensus MARE, the off-rate was very fast (Figure 2.5), 

confirming that the EHR was crucial for stable binding. We next investigated how the EHR 

stabilizes the binding. In Chapter 1 we showed that Arg 259 was bridged between the EHR 

and the T-6 backbone phosphate in the flanking-TGC (Figure 1.S2A). Mutating Arg 259 to an 

Ala residue disrupted all four hydrogen bonds and possibly also hydrophobic interactions. As 

expected, MafA_R259A displayed a fast off-rate on both consensus MARE and 5’ATSs-

half-MARE sequences. A next experiment might to dissect the roles that the hydrogen bonds 

play might be to mutate Arg 259 to a Lys residue, because the Lys side chain backbone can 

preserve hydrophobic interactions but disrupt the hydrogen bond with the backbone amide.  

Collectively, the EHR contributes to maf-type DNA binding mainly through stabilizing 

the basic helix, but residues outside the EHR appeared to play a more important role in 

binding the flanking-TGC. 

 

ATF2 and ATF2:MafA fusions. Cross-family dimerization is common in bZIP factors. 

Depending on the types and amounts of bZIPs available in the cell, different bZIP dimers 

form and perform distinct functions. This is a very efficient and powerful system to both 

temporally and spatially regulate a large number of target genes. The dimerization strategy is 

also deployed by the basic helix-loop-helix (bHLH) and receptor transcription factors. One 

factor in the differential regulation of diverse target genes by different dimers is that they 
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have different DNA-binding specificities. In vitro, maf factors can heterodimerize with a lot 

of other bZIPs, but the physiological relevance is poorly documented. The only confirmed 

case is the dimerization between small mafs and NF-E2, a member of the Cap ‘n’ Collar 

family of bZIPs.23 The NF-E2/maf dimer binds a hybrid sequence made of a MARE half site 

and an AP1 half site. More recently, the ATF2:MafA heterodimer (ATF2 is a classical AP1 

factor) has been implicated in activating insulin transcription through the RIPE3b1 mini-

enhancer, which contains the C1 element. Since the off-rate of a MafA homodimer from the 

C1 element, which deviates from the consensus MARE, is relatively fast (Figure 1.4F), we 

decided to test the DNA-binding of a ATF2:MafA heterodimer, and hypothesized that the 

heterodimer binds C1 more stably than the MafA or ATF2 homodimers. 

Studying DNA-binding by ATF2 homodimers and ATF2:MafA heterodimers with the 

ATF2 bZIP domain was problematic, because ATF2 appeared to aggregate quickly during 

the EMSA procedure (Figure 2.7 & 2.9). Discrete gel shift by the ATF2 bZIP could only be 

measured by using a slow step-wise dialysis protocol (Figure 2.7B and 2.12). Optimizing 

ATF2 constructs by varying the length or by using ATF2 homologues is necessary. Another 

possibility is that the ATF2-MafA heterodimer prefers binding a CRE-type MARE, because 

ATF2 homodimers prefer binding CRE (TGACGTCA) instead of TRE (TGACTCA) sites. 

Improving the DNA binding may enhance solubility if the protein-DNA complex is more 

stable. A C-MARE DNA sample was tested but it may have been degraded since it produced 

a faint band in the EMSA (Lane 4 in Figure 2.12). Repeating the experiments is needed. 

Nevertheless, we have already seen a differential binding by ATF2:MafA heterodimer and 

MafA homodimer on the insulin site (Figure 2.12). This supports the hypothesis that the 
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ATF2:MafA heterodimer is selected by the authentic binding site and may be responsible for 

activating insulin transcription in vivo. Since promoters of known target genes of MafA often 

contain non-consensus maf binding sites,24-27 we envision that heterodimers of mafs and 

other bZIPs may be selected on these sites as well. 

In Chapter 1 we proposed that monomer binding might facilitate heterodimer formation 

on DNA. Monomer binding is characteristic of maf proteins, and has never been seen with 

any other bZIPs. We propose that the selection of heterodimers on authentic binding sites 

could take place in two steps (see Chapter 1, Figure 1.8B). A maf monomer might first bind 

to the MARE half site, followed by dimerization with an incoming partner (eg. ATF2). The 

heterodimer may be more stable than the maf homodimer on the nonconsensus DNA 

sequence. Future studies of binding kinetics are required to confirm the model. 

 

Forced dimer formation by fusions. The dimeric bZIPs offer excellent diversities and 

specificities in gene regulation, but also present great complexity for studying them. 

Dimerization constants for various bZIP dimers have not yet been determined. To avoid 

complications, we deployed the fusion strategy to study DNA-binding by the MafA 

homodimer and the ATF2:MafA heterodimer. In addition, our long-term goal is to use forced 

dimers (with activation domains) to specifically turn on gene expressions in cell cultures, like 

what has been done with Zn finger transcription factors.10 

Generating a functional fusion protein requires a proper linker sequence, both in length 

and amino acid composition. With the same length, two linker sequences showed different 

results. The first linker contained the loop region preceding the EHR in MafA, and it did not 
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allow the fusion proteins to bind nickel beads (Figure 2.8). Although these fusion constructs 

might be purified under the denaturing condition, the second linker (with multiple copies of 

the flexible Linker13 sequence) clearly functioned as expected. The tethered MafA 

homodimer with three copies of Linker13 bound the consensus MARE similarly as the non-

tethered MafA homodimer (Figure 1.4 & 2.11B), indicating our MafA-MafA fusion protein 

was functional. 
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Conclusion 

We confirmed that the EHR was essential for stabilizing the DNA binding by MafA. The 

stabilization was mediated, at least partially, through Arg 259, which bridges the EHR and 

DNA backbone. By using the fusion strategy, we also demonstrated that the ATF2:MafA 

heterodimer selectively bound the C1 element on human insulin promoter, suggesting it 

might be a functional dimer activating insulin transcription in vivo. 
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Table 2.1. DNA sequences of probes used in EMSA 

Probe Sequence 

MARE CAGGCCC CGCCCG TGC TGA C TCA GCA GCGCGA CCTGTAC 

MARE_AT CAGGCCC Catttc TGC TGA C TCA GCA actttA CCTGTAC 

CEN CAGGCCC CGCCCG TGC TGA t TCA GCA GCGCGA CCTGTAC 

TGC CAGGCCC CGCCCG gat TGA C TCA GCA GCGCGA CCTGTAC 

CORE CAGGCCC GGCCCG TGC aGc C atc GCA GCGCGA CCTGTAC 

INS CAGGCCC GGaaat TGC aGc C TCA GCc CCCAGC CCTGTAC 

HALF CAGGCCC Catttc TGC TGA C cac Gtt actttA CCTGTAC 

 

Bases deviate from the consensus MARE (including the adjacent 5’ AT-rich sequences) were 

underlined and shown in lower cases. 
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Table 2.2. DNA sequences used to form protein-DNA complexes through dialysis 

19nt-1   C C G C T G C T G A G  T C A G C A C G   

19nt-C    C C G T G C T G A C G T C A G C A C G   

19nt-3    G G G G G C T G A G  G C T G C A A T T  

 

19nt-1 was the same DNA sequence in the crystal structure (Chapter 1). 

19nt-C contained a CRE-type MARE (C-MARE) instead of a TRE-type MARE (T-MARE). 

19nt-3 contained the C1 element on human insulin promoter. 

The flanking-TGC residues were shaded grey to aid comparison. 

 



 

123 

Table 2.3. DNA-binding by MafA_R259A 

 MafA_R259A, 1 nM  MafA_R259A, 6 nM 

 equilibrium chase  equilibrium chase 

MARE 0.119 0.034  0.874 N/A 

HALF 0.102 0.013  0.829 0.137 

 

Fractions of bound DNA were listed.  

N/A: not assayed. 
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Figure 2.1. Schematic representation of ATF2_MafA and MafA_MafA fusion constructs 

(A) The longer versions of MafA, MafA(201-318) and MafA(200-318), contained the loop 

region immediately 5’ of the EHR domain. The sequence of the loop was: (+1 His)-His- His- 

His- His- His- His- His- His-Gly-Gly-Ala-Gly-His-Gly-Gly-Gly-Ala-Gly- His-His-Val-Arg-

Leu-Glu-Glu. (B) L13: Linker13, Gly-Ala-Gly-Ala-Ala-Gly-Gly-Ala- Ser-Gly-Gly-Arg-Ser. 
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Figure 2.2. The full-length MafA bound DNA similarly as the DNA-binding domain alone 

DNA-binding of the full-length MafA and the DNA-binding domain (DBD) alone on MARE 

(A), HALF (B) and INS (C) were compared by pulse-chase EMSA. Differences in the three 

probes were schematically represented in (D). 0.3 nM of MARE and 0.5 nM of HALF and 

INS were used. 
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Figure 2.3. Full-length MafA and MafB bound DNA similarly 

DNA-binding of the full-length MafA and MafB on HALF (A) and INS (B) were compared. 

0.5 nM of probes were used in the pulse-chase EMSA. 
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Figure 2.4. MafA_noEHR bound the consensus MARE but not the insulin site or the TGC 

mutant sequence	  

MafA_noEHR, which lacked the EHR domain, was able to bind the consensus MARE 

sequence with a high apparent affinity (first four lanes: 10, 50, 200, 500 nM of protein). 

MafA_noEHR barely bound the INS probe (lanes 5 to 7: 50, 200, 500 nM of protein) or the 

TGC probe (last three lanes: 50, 200, 500 nM of protein). 0.5 nM of probes were used in the 

equilibrium EMSA. 
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Figure 2.5. MafA_noEHR bound the consensus MARE with a fast off-rate 

0.5 nM of the MARE probe were used in the pulse-chase EMSA. 
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Figure 2.6. Rationale for making ATF2-MafA and MafA-MafA fusions 

(A) In the MafA structure (PDB entry 4EOT), distances between Phe 227 of the subunit B 

and Ala 318 of the subunit A, and between Arg 226 of the subunit A and Leu 317 of the 

subunit B were measured in PyMOL.24 Cα atoms were used in measurements. Residues Arg 

226, Phe 227, Leu 317 and Ala 318 were labeled red. (B) Primary sequences of ATF2(354-

415) and MafA(226-318) were aligned using residue Asn 264 in MafA as the reference 
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(shaded grey) to demonstrate that the ATF2 construct used contained a leucine zipper motif 

with comparable length to MafA. Distances as shown in (A) were labeled. 
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Figure 2.7. ATF2 bound the consensus MARE 

(A) Conventional EMSA performed with an increasing amount of ATF2 (Lane 1 to 10: 1, 2, 

3, 4, 5, 0, 10, 20, 50, 70 nM). 0.375 nM of the MARE probe were used. (B) 5 µL of 19nt-1 

DNA (2 nmol) and 112 µL of ATF2 (10 nmol) were used in the dialysis. Lane 1: 400 ng of 
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19nt-1 DNA; Lane 2: 12 µL of the total sample volume (117 µL); Lane 3: 24 µL of the total 

sample volume. The sample contained the ATF2/DNA complex and a large amount of free 

DNA. 
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Figure 2.8. Expression test of ATF2_longMafA and ATF2_long(+1)MafA constructs 

Proteins were expressed in E.coli with the protocol described in the Experimental Procedures. 

Pre- and post-induction samples were taken out from the E.coli culture right before the 

induction with IPTG, and after expression overnight. Cell populations were estimated by 

measuring the OD600. Similar numbers of cells were lysed with the protein loading buffer 

and boiled for 10 min. The whole cell lysates were loaded to the SDS-PAGE. Lane 1 & 2: 

pre- and post-induction of E.coli expressing the ATF2_longMafA. Lane 3 & 4: pre- and post-

induction of E.coli expressing the ATF2_long(+1)MafA. Both constructs expressed well, as 

suggested by the band at ~25 kDa in the post-induction samples. Theoretical molecule weight 

for ATF2_longMafA and ATF2_long(+1)MafA were about 23 kDa. 
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Figure 2.9. DNA-binding by ATF2-MafA and MafA-MafA fusions on the consensus MARE 

(A) The MafA-MafA and ATF2-MafA constructs (with the six-His tag) aggregated in the 

wells. Protein concentrations were 9 and 100 nM for M2M, 9 and 500 nM for A2M, and 9, 

100 and 500 nM for A3M. (B) The M3M construct (with the six-His tag) bound DNA, but 

also aggregated in the wells. Protein concentrations were 2 and 6 nM. 0.5 nM of probes were 

used in the conventional EMSA. M2M: MafA_2_MafA; M3M: MafA_3_MafA; A2M: 

ATF2_2_MafA; A3M: ATF2_3_MafA. 
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Figure 2.10. ATF2_3_MafA fusion protein bound the CORE mutant sequence 

The ATF2_3_MafA construct (with the six-His tag) aggregated in the wells. 0.5 nM of 

CORE probes were used. In equilibrium EMSA, protein concentrations were 1 and 2 nM. In 

pulse-chase EMSA, protein concentrations were 1, 2, and 3 nM. In equil-dIdC experiments, 

100 pg/µL of dIdC were mixed with probes and proteins (1, 2, 3 nM), and reactions were 

incubated for 60 min. 
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Figure 2.11. MafA_3_MafA fusion protein (with or without the six-His tag) bound the 

consensus MARE	  

(A) MafA_3_MafA (with the six-His tag ) bound the consensus MARE with a slow off-rate, 

but significant amount of the protein aggregated in the wells. Protein concentrations of 

MafA_3_MafA3 were 1.5, 2, 3, 6, and 9 nM. (B) Removal of the six-His tag from the 

MafA_3_MafA construct reduced the aggregation in the wells. Protein concentrations used 

were 1, 2, 3, and 6 nM. 0.5 nM of MARE probes were used. 
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Figure 2.12. Formation of ATF2_3_MafA/DNA and MafA_3_MafA/DNA complexes by 

dialysis 

Protein-DNA complexes were formed through dialysis. Lane 1 & 2: competitions for DNA 

binding. Lane 1: 1 nM of MafA_3_MafA + 1 nM of ATF2_3_MafA (no tag) + 4 nM of 19nt-

1 DNA. Lane 2: 1 nM of MafA_3_MafA + 1 nM of ATF2_3_MafA (no tag) + 4 nM of 19nt-

3 DNA. Lane 3: 10 nM of ATF2_3_MafA (no tag) + 2 nM of 19nt-1 DNA. Lane 4: 10 nM of 

ATF2_3_MafA (no tag) + 2 nM of 19nt-C DNA. DNA sequences are listed in Table 2.2. 
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 GENERAL DISCUSSION 

Basic region-leucine zipper transcription factors (bZIPs) form homo- and heterodimers 

to regulate a large number of genes.43 Different bZIP dimers are selected, based on their 

diverse DNA-binding specificities, to regulate genes in a context dependent manner.19,147 A 

tremendous amount of research has been carried out studying the structure and function of 

bZIPs because they play essential roles in proliferation, survival, differentiation and 

apoptosis.22,23 Our study of the structure and binding specificity of maf bZIPs adds to this 

increasing body of research by providing new insights into how maf factors, together with 

other bZIPs, regulate gene transcription. 

Maf factors are atypical AP1 members of bZIPs. Unlike their cousins Fos and Jun, maf 

factors possess an N-terminal ancillary DNA-binding domain, the Extended Homology 

Region (EHR), and bind to longer DNA sequences.42,44 Our structure of MafA, together with 

the known maf structures,53 provides insight into the unique binding properties of maf factors. 

Residues used by maf factors to directly contact DNA bases are evolutionarily conserved in 

canonical bZIPs, but their side chain orientations are distinct and thus bind to different DNA 

bases. 

The most intriguing finding from our study is that the core-TGA bases 

(TGCTGACTCAGCA) are required for specific binding, as revealed by a pulse-chase 

electrophoretic mobility assay protocol measuring the binding off-rate, even though MafA 

does not directly contact these bases in the crystal structure. The consensus maf recognition 
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elements (MAREs) were characterized almost twenty years ago,42 but later the importance of 

the core-TGA sequence has been under-appreciated. Our study not only reestablished the 

significance of the core-TGA sequence, but also suggested a novel multistep binding 

mechanism (Figure 1.8). We propose that before MafA adopts its final conformation binding 

stably to the flanking-TGC, as captured by the crystal structure, MafA transiently binds to the 

core-TGA. Future studies of the binding kinetics of MafA are needed to characterize the 

intermediate step(s). 

Maf-type binding differs from other bZIPs due to the EHR, which does not directly 

contact DNA but assists maf binding by stabilizing the basic region (BR) through hydrogen 

bonds and hydrophobic interactions. We showed that interrupting the EHR-BR crosstalk in 

MafA dramatically increased the binding off-rate. The stability that the EHR confers may 

also explain the stable binding by maf monomers and the incredibly long half-life of maf-

DNA complexes, as shown in our and others’ studies.7,48,148 Based on our multistep binding 

model, we further propose that binding to the core-TGA is required for the EHR to be 

positioned properly against the basic helix so that the EHR can lock the basic helix in 

position and bind stably to the flanking-TGC. In this model, the core-TGA and flanking-TGC 

in the consensus MAREs are sequentially used by maf factors and both contribute to binding 

specificity. Binding to the core-TGA is transient, but required to guide or allow the EHR 

time to find the optimal position to subsequently stabilize the basic helix so it can bind the 

flanking-TGC. Mutating either the core-TGA or the flanking-TGC interrupts this binding 

pathway. 
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Another important finding from our study is that MafA binds 5’ATs-half-MARE with 

comparable kinetics to the consensus MARE in our binding condition. Future studies of the 

structure of MafA bound to 5’ATs-half-MARE will be helpful to understand how the 5’ AT-

rich sequence facilitates maf binding. An attempt has been made to crystallize a MafA 

monomer bound to 5’ATs-half-MARE and generated promising results. However, the 

physiological relevance of maf monomer binding is unknown. We favor the hypothesis that a 

maf monomer first binds DNA followed by dimerization with an incoming bZIP partner. The 

stable binding of maf monomers may facilitate binding of heterodimer partners and increase 

binding to promoter sequences that they otherwise would not be able to bind. This resembles 

other cases in which DNA binding is influenced by transcription factors bound close by.51 

Therefore maf factors may function as a hub for other bZIPs. 

Not many of maf binding sites have been identified, possibly due to the fact that 

promoter sequences perfectly matching the long MAREs are rare. Ironically, none of the 

verified or even proposed sites match MAREs (Table 0.1). However, most identified sites 

contain a 5’ATs-half-MARE, implying that forming the maf-containing dimer through the 

maf monomer binding pathway may be important in vivo. 

We focused on the authentic maf site from the human insulin promoter, C1 element, 

because it is known that MafA activates insulin transcription through this site.113 C1 element 

(5’-AAATTGCAGCCTCAGCC-3’) is asymmetric but without a perfect 5’ATs-half-MARE: 

one half site contains base substitutions in the core-TGA, while the other half does not 

contain the AT-rich sequence. In our studies, the INS probe we used (5’-

TGCAGCCTCAGCC-3’) did not contain an AT-rich sequence on either side, and MafA 
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bound this INS probe with a measurable off-rate. We further demonstrated that the INS 

sequence was selectively bound by the MafA:ATF2 heterodimer in vitro. It would be 

interesting to compare how well the MafA homodimer and MafA:ATF2 heterodimer bind the 

“full” C1 element. 
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APPENDIX 

Preliminary Data on the Synergistic Activation of the Rat Insulin 

I Promoter by Pdx1, E47 and NeuroD1 
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Introduction 

Genes are expressed in a cell-specific manner in multi-cellular organisms. One of the 

best paradigms is the insulin gene, which is almost exclusively expressed in the β cells of the 

pancreatic islets of Langerhans. The cell-specific expression of the insulin gene is made 

possible through the cooperation of multiple transcription factors: Pdx1, NeuroD1, MafA, 

and E47.1-5 However, the molecular mechanism of the cooperation is not clear. Our study has 

focused on the synergistic activation of the rat insulin I promoter by Pdx1, NeuroD1 and E47. 

Pdx1, pancreatic duodenal homeobox-1 (also know as IPF-1, STF-1, and IDX-1), is a 

master regulator of pancreas development.6-10 Pdx1 deficient mice completely lack a 

pancreas and die perinatally. In mice Pdx1 is expressed on day 8.5 to 10.5 in most epithelial 

cells of the pancreatic bud. Interestingly Pdx1 is required for differentiation of pancreatic 

acinar and ductal cell, and is later turned off in the exocrine cells and becomes restricted to β 

cells and delta cells.4,11-14 Pdx1 is required for insulin gene expression in adult pancreatic β 

cells. Low levels of insulin transcripts are detectable in the Pdx1-expressing region even 

before the onset of pancreas morphogenesis.15 However, expressing Pdx1 in rat embryo 

fibroblasts did not result in insulin expression, indicating that Pdx1 alone is not sufficient.14 

At least two additional β-cell specific transcription factors, NeuroD116 and MafA,17-21 and 

one ubiquitous transcription factor E47, cooperate with Pdx1 to fully activate the insulin 

promoter.1-5 

NeuroD1 (also known as BETA2) is critical for endocrine pancreatic development, and 

later becomes restricted to β cells in the mature pancreas.22 The number of β cells is 
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significantly reduced in NeuroD1 knockout mice. Mutations in neurod1 gene have been 

associated with the type 2 diabetes in humans.23 NeuroD1 belongs to the Class II of basic 

helix-loop-helix (bHLH) transcription factors, and requires the class I bHLH protein E47 to 

form a functional heterodimer to activate the insulin promoter. E47 is ubiquitously expressed 

and may be substituted with other class I bHLH factors.24 The cytoplasm-to-nucleus trans-

localization of both Pdx125 and NeuroD126 are stimulated by high glucose. 

A lot of research has been carried out charactering insulin promoters. While most 

animals have only one insulin gene and hence one insulin promoter, rodents have two non-

allelic insulin genes with each regulated by its corresponding promoter. The rat insulin I 

(rInsI) promoter is considerably different from rat insulin II (rInsII) and human insulin (hIns) 

promoters (Figure 3.1).27 However, the rInsI promoter was chosen as the focus of this study 

because it is well characterized and because there is no human β-cell line. A region of the 

rInsI promoter is activated synergistically by just Pdx1 and E47:NeuroD1 heterodimer, and 

was chosen to evaluate the interactions between these three factors.28 

It is known that the proximal 5’ 300 to 400 bp of the insulin promoter account for almost 

all the promoter activities. Within this region there are multiple Pdx1 binding sites (Figure 

3.1), termed A-boxes, with A3 the most conserved.27 There are two E-boxes, binding sites for 

the E47:NeuroD1 heterodimer,16 with E1 the more conserved.27 Basic region-leucine zipper 

factor MafA binds the C1 site. Some of these regulatory elements are far apart, but some are 

clustered and even overlapping. One possible mechanism for synergy is through direct 

protein-protein interactions among transcription factors. Direct interactions among Pdx1, 

E47:NeuroD1 and MafA have been demonstrated by co-immunoprecipitation, fluorescence 



 

163 

resonance energy transfer (FRET) and GST pull-down assays.1,4,29 Two models have been 

proposed to link protein-protein interactions and synergistic activation. One is through 

looping of DNA by transcription factors bound at regulatory sites that are far apart,4 and the 

other is through cooperative DNA binding of transcription factors to sites that are close-by.1,5 

For this study our ultimate goal is to elucidate interactions between Pdx1 and 

E47:NeuroD1 at the atomic level by using X-ray crystallography. The DNA-binding domains 

of Pdx1 and E47:NeuroD1 interact in the absence of DNA, suggesting that interactions 

between these domains may assist in cooperative DNA binding.1 Before we pursue 

crystallizing the tertiary complex made of Pdx1, a E47:NeuroD1 dimer and a DNA molecule 

composing an A-box and an E-box, we proposed first to characterize the protein-protein 

interactions by crystallizing the binary complex of Pdx1 and E47:NeuroD1 in the absence of 

DNA. We picked short versions of the DNA binding domains of Pdx1, E47 and NeuroD1 

(Figure 3.2), with the flexible regions removed, but including the globular parts of the DNA 

binding domains that might be sufficient for protein-protein interactions.1 We were able to 

purify the short version of Pdx1, named Pdx1-HHH. However, short versions of E47, E47-

HLH, were not expressed under all tested conditions. We were only able to purify the intact 

E47 DNA-binding domain, E47-bHLH, in complex with the short version of NeuroD1, 

NeuroD1-HLH. In the future, other lab members will verify that these minimal domains 

interact with a pull-down assay, and try to crystallize Pdx1-HHH and E47-bHLH:NeuroD1-

HLH dimer complex. 

We also wanted to test whether the Pdx1 and E47:NeuroD1 dimer confer synergy by 

binding the insulin promoter at nearby sites. The spacing between regulatory elements 
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appeared to be critical for the synergy, favoring the importance of proximal sites.4 Spacing 

between regulatory elements is unlikely to affect the looping model as much. The standard 

reporter for measuring insulin promoter activity contained multiple copies of the Far-FLAT 

mini-enhancer (1FF), which encompasses the E2 and A4/A3 elements (Figure 3.1B). The 

multimerized reporter showed high activity in transient transfection assays, but made it 

impossible to unambiguously assess the importance of binding site spacing for synergy. 

Therefore, we constructed a reporter that contained only a single copy of the Far-FLAT mini-

enhancer (1FF). In all tested cell lines, 1FF exhibited high background and no induction by 

all three transcription factors (Pdx1, E47, NeuroD1). We also constructed a reporter that 

contained region -350 to -35 of the endogenous rat insulin I promoter, and observed synergy 

between E47 and Pdx1, and between NeuroD1 and Pdx1 in MpacL20 cells. Further 

optimization might be desired. This construct is available for future studies to mutate 

individual regulatory element to determine which elements is/are critical for synergy. 
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Experimental Procedures 

Cloning of NeuroD1-HLH and E47-HLH Constructs 

Mouse NeuroD1(115-160)-C130S (hereafter called NeuroD1-HLH) coding sequence was 

amplified from the pET24b-NeuroD1(102-160)-C130S plasmid using primers 5’-

aatttaggatcccacgggctgaacgcggcgct-3’ and 5’-atattaagcttagcctgagcgcaggatctctga-3’, and was 

subcloned into the modified pET24b vector, which contains an N-terminal six-His tag 

followed by a thrombin cleavage site. NeuroD1(115-160)-C130S-GlyGlyCys (hereafter 

called NeuroD1-HLH-Cys) coding sequence was amplified from the pET24b-NeuroD1(102-

160)-C130S-GlyGlyCys plasmid using primers 5’-aatttaggatcccacgggctgaacgcggcgct-3’ and 

5’-atattaagcttattaacatccaccgcctgagcgcagg-3’, and was ligated into the pET24b vector. Rat 

E47(546-593) (hereafter called E47-HLH) coding sequence was amplified from the 

pBAT14.shPAN-1 plasmid using primers 5’-aatttaccatggtgcgggacattaacgaggcctt-3’ and 5’-

atattaagcttagcgctctcgcacctgctgct-3’, and was sub-cloned into the pCDF-1b vector, which 

does not contain a tag. The pCDF vector contains a different origin of replication (the CDF 

origin) than the pET vectors (pBR322 origin), allowing E47 and NeuroD1 to be co-expressed. 

E47(546-593)-GlyGlyCys (hereafter called E47-HLH-Cys) coding sequence was amplified 

from the pCDF-E47(534-593)-GlyGlyCys plasmid using primers 5’-

aatttaccatggtgcgggacattaacgaggcctt-3’ and 5’-atattaagcttaacatcctccgcgctctcgca-3’, and was 

sub-cloned into the pCDF-1b vector. 
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Protein Expression and Purification 

Pdx1-HHH (152-206) was expressed in Escherichia coli BL21(DE3) STAR cells 

(Invitrogen), grown at 37 °C to an OD600 of 0.6, and induced with 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) overnight at 22 °C or for 4 h at 37 °C. NeuroD1-HLH or 

NeuroD1-HLH-Cys, and E47-HLH or E47-HLH-Cys were co-expressed in Escherichia coli 

BL21(DE3) STAR cells (Invitrogen), grown at 37 °C to an OD600 of 0.6, and induced with 

0.6~1 mM IPTG. Proteins were purified by nickel affinity chromatography (Sigma) under 

native or denaturing condition according to the manufacturer’s instructions. High-salt buffers 

[0.8~1 M NaCl and 100 mM Tris-HCl (pH 7.8)] were used under the native condition. 

Protein samples were resolved on 12.5% SDS-PAGE gels (AMRESCO). 

 

Construction of pFox_1FF, pFox_E1A1 and pFox_rInsI316 Reporters 

The reporter vector pFoxLucPrl (hereafter called pFox) was a gift from Michael S. German, 

M.D. It contains the luciferase gene under the control of a minimal prolactin promoter. To 

construct pFox_1FF (hereafter called 1FF) and pFox_E1A1 reporters, complementary 

oligonucleotides (Table 1) were purchased from Integrated DNA Technologies, and mixed in 

an annealing buffer [100 mM NaCl, 1 mM EDTA, and 10 mM Tris-HCl (pH 8.0)], placed in 

a sealed microfuge tube in 1 liter of water heated to 95 °C, and annealed by allowing the 

water to cool slowly to room temperature in a styrofoam box. The annealed double-strand 

DNA was ligated with the pFox vector that had been digested with KpnI and BamHI. To 

construct pFox_rInsI316 (hereafter called rInsI316 or 316), Rat insulin I promoter region -

350 to -35 was amplified from pAL3_rIns_350 using primers 5’-
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atatggtaccggtccccaacaactgcaact-3’ and 5’-ttatggatccaaagcacctcctctctgccc-3’, and sub-cloned 

into pFox. 

 

Cell Culture 

The mouse embryonic fibroblast NIH3T3 cell line and the monkey kidney fibroblast-like 

Cos7 cells were maintained in high glucose DMEM (Dulbecco’s modified Eagle’s minimum 

essential medium, Invitrogen) supplemented with 10% (v/v) newborn calf serum (NCS, 

Thermo Scientific), 100 U/mL penicillin, and 100 µg/mL of streptomycin. The mouse ductal 

cell line MpacL20 and the mouse insulinoma βTC3 cells were grown in high glucose DMEM 

supplemented with 15% (v/v) horse serum (Invitrogen), 2.5% (v/v) fetal bovine serum (FBS, 

Thermo Scientific), 100 U/mL penicillin, and 100 µg/mL of streptomycin. Cells were 

maintained at 37 °C in a humidified atmosphere of 5% CO2. 

 

Transient Transfection and Luciferase Reporter Assays 

NIH3T3, Cos7, MpacL20 and βTC3 cells were plated on a 24-well plate, with 7.5 × 104, 6 

× 104, 8 × 104, 8~10 × 104 cells/well, respectively. After one or two days, cells at 

40~80% confluence were transfected with a total of 0.5~1 µg plasmids using FuGENE6 

(Promega), according to the manufacturer’s instructions. The total amount of expression 

plasmids transfected were kept constant across any individual set of experiments, by adding 

pBAT12 or pBAT14 (collectively called pBAT). The ratio of plasmid DNA (µg) to 

FuGENE6 (µL) was 1 : 3. Transfections were carried out with or without serum for 4 to 20 h. 

Cells were lysed with the Lysis buffer included in the Luciferase Assay System (Promega) 40 
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to 48 h post-transfection. After a freeze-thaw cycle, cell lysates were transferred to micro-

centrifuge tubes, and spun for 10 min at 13200 rpm. Firefly luciferase activity of the 

supernatant was determined using the Luciferase Assay System (Promega). The protocol for 

the Victor Light 1420 luminescence counter (PerkinElmer) is listed in Table 2. Data were 

analyzed and plotted using Prism 5 (GraphPad Software, Inc). 
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Results 

Pure Pdx1-HHH was purified under denaturing condition. Pdx1-HHH (Figure 3.2C) 

was expressed overnight at 22 °C or for 4h at 37 °C. 0.4 mg Pdx1-HHH per 1.5 liter of E.coli 

culture, was obtained after purification by Ni beads under native condition. SDS-PAGE 

analysis of the soluble and the insoluble portions of the cell lysate indicated that Pdx1-HHH 

was soluble. The expression level appeared to be greater than what was ultimately purified. 

The low yield might be due to a protein conformation, which interfered with the binding to 

nickel beads. In addition, the eluted Pdx1-HHH samples were not pure, as determined by 

SDS-PAGE (data not shown). In order to obtain pure and large quantity of Pdx1-HHH for 

later study, purification under denaturing condition was pursued. 12 mg pure Pdx1-HHH was 

obtained from 1.5 liter of E.coli culture (Figure 33.A), and was dialyzed into a high salt 

buffer [500 mM NaCl, 50 mM HEPES (pH 7.8)] overnight at 4 °C. 

 

NeuroD1-HLH in complex with an intact E47-bHLH was purified. The NeuroD1 

and E47 constructs were co-expressed. Due to the small molecular weight difference between 

the short versions of E47 and NeuroD1 (Figure 3.2A & B), we added Gly-Gly-Cys residues 

to the C-terminus of E47 and NeuroD1 so that the dimer could be resolved by SDS-PAGE 

(without DTT). NeuroD1-HLH-Cys contained an N-terminal six-His tag. E47-HLH-Cys and 

E47-bHLH-Cys did not have a tag, and thus could only be co-purified if they dimerized with 

NeuroD1-HLH-Cys. No E47-HLH-Cys:NeuroD1-HLH-Cys dimers were detectable when 

purified under native condition (lane 7~9 in Figure 3.3B). NeuroD1-HLH-Cys was not 
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detectable either when purified under denaturing condition (lane 3~5 in Figure 3.3B). 

Combinations of intact bHLH and short HLH constructs were tested next. We were able to 

purify E47-bHLH-Cys/NeuroD1-HLH-Cys dimers (lane 9 in Figure 3.3C), but not E47-

HLH-Cys:NeuroD1-bHLH-Cys dimers (data not shown). 

 

Pdx1, E47 and NeuroD1 synergistically activate the endogenous rat insulin I 

promoter. Previous studies have used luciferase reporter gene assays for studying the 

synergistic activation by Pdx1, E47 and NeuroD1. Many studies used a reporter named 5FF, 

which contained five adjacent copies of the Far-FLAT mini-enhancer (-247 to -197 of the 

rInsI promoter) followed by a minimal prolactin promoter.28 Pdx1, E47 and NeuroD1 have 

been shown to cooperatively activate the 5FF.1,4 Tandem repeats of enhancers is a common 

strategy used in reporter gene assays to generate higher signals, but it would be more 

informative to study the endogenous promoter. Two studies have used a reporter containing 

the region -410 to -1 of the rat insulin I promoter and observed synergy by Pdx1, E47 and 

NeuroD1.2,5 However, the signals were not strong possibly due to the weak TATA box on the 

endogenous rat insulin I promoter (personal communication with Dr. Raghavendra G. 

Mirmira). Therefore, we constructed a luciferase reporter containing 316 bp (region -350 to -

35) of the rat insulin I promoter followed by a minimal prolactin promoter, and named it 

rInsI316 (Figure 3.1B). 

As a control we first measured the activities of the standard reporter, 5FF, in two 

fibroblast cell lines, NIH3T3 and Cos7, and two pancreas cell lines, βTC-3 and MpacL20. 

Consistent with others’ results (personal communication with Dr. Raghavendra G. Mirmira), 
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5FF did not show a high induction upon adding Pdx1, E47 and NeuroD1 in NIH3T3 cells 

(Figure 3.5A). However, the fibroblast-like Cos7 cells showed a ~100-fold induction (Figure 

3.5B). As expected, mouse insulinoma βTC-3 cells did not show strong induction due to the 

endogenous expression of the three transcription factors. In MpacL20 cells, which are 

derived from pancreatic ductal cells and express low levels of Pdx1,30 5FF showed a 150-fold 

induction consistent with published data.4 Therefore we decided to measure the activity of 

our rInsI316 reporter in Cos7 and MpacL20 cells. 

In Cos7 cells, the rInsI316 reporter exhibited only a 3-fold induction when all three 

factors were added (data not shown). In MpacL20 cells, Pdx1 or NeuroD1, but not E47, 

activated rInsI316 by 6-fold and 4-fold respectively (Figure 3.4). E47 and Pdx1, or NeuroD1 

and Pdx1, then activated rInsI316 to about 15-fold and 28-fold respectively, much greater 

than an additive effect. Surprisingly, adding all three factors resulted in a reduction of the 

promoter activity. Since lower amounts of expression plasmid appeared to give higher 

promoter activities (data not shown), we speculate that too much expression plasmids might 

have caused cellular stress in MpacL20 cells and possibly also in Cos7 cells. A good future 

experiment would be to investigate the synergy on the rInsI316 reporter in Cos7 cells. 

 

One copy of the Far-FLAT mini-enhancer (1FF) exhibited no induction of the 

promoter activity. As described above, Pdx1, E47 and NeuroD1 activated 5FF and rInsI316 

in a cooperative manner.1,2,4 Since both 5FF and rInsI316 contain multiple copies of A-boxes 

and E-boxes (Figure 3.1B), we wanted to test whether a single copy of the Far-FLAT mini-
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enhancer (1FF) was sufficient for the synergy. 1FF would allow us to unambiguously assess 

the importance of spacing between the A-box and the E-box. All four cell lines were tested. 

In NIH3T3 fibroblasts, when all three factors (Pdx1, E47, NeuroD1) were added, there 

were a 2.7-fold induction from the negative control, pFox, and a 9.2-fold induction from the 

positive control, 5FF (Figure 3.5A). There was no induction from 1FF. Interestingly, 1FF 

showed a much higher background than 5FF. In fibroblast-like Cos7 cells, adding all three 

factors, again, failed to induce a significant increase of 1FF activity (Figure 3.5B). 

Like in NIH3T3 cells, 1FF exhibited high background in βTC-3 cells, and there was no 

induction by adding all three transcription factors (Figure 3.5C). In MpacL20 cells, which are 

derived from pancreatic ductal cells,30 similar results were obtained: high background and no 

induction (Figure 3.5D). Adding transcription factors appeared to have a negative impact on 

promoter activity or cells. 

 

Including serum during the transfection had opposite effects in MpacL20 and βTC-

3 cells. In experiments described above, serum was not include during the 4 ~ 20 h of 

transfection. Later, we found out that serum might enhance the signal probably as a result of 

the improved transfection efficiency. Thus, we compared the induction of promoter activities 

in the absence and presence of serum during transfections. In MpacL20 cells, the presence of 

serum dramatically increased the signal (compare white and black bars in Figure 3.6A). 

However, the trend was the same. The background of 1FF (1FF + pBAT) was around 16.5–

fold and 11–fold higher than the background of pFox and 5FF respectively. Since serum 

might have stimulated cell proliferation, the total protein concentration of lysates was 
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measured as an estimate of cell numbers (Figure 3.6A right). When serum was present during 

the transfection, the cell number only doubled compared with the transfections without serum. 

Therefore, the dramatic increase of signals was partially explained by the increased cell 

population, but largely due to other factors such as the enhanced transfection efficiency. 

Transfection assays were repeated with serum in MpacL20 cells. This time, the goal was 

to test whether adding transcription factors could cause a significant induction of promoter 

activity. Consistent with previous results, 1FF exhibited very high background, and adding 

transcription factors reduced the promoter activity (Figure 3.6B). There was a 10.8-fold 

induction on rInsI316, comparable to the 10.5-fold induction when serum was excluded 

during the transfection (Figure 3.4). 

We next explored whether serum had a similar effect in βTC-3 cells. Unexpectedly, 

including serum during the transfection reduced the signal (Figure 3.6C). 
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Discussion 

Short versions of Pdx1, E47 and NeuroD1 for crystallization. The intact DNA-

binding domains of Pdx1 (with a N-terminal six-His tag), E47 (without a tag) and NeuroD1 

(with a N-terminal six-His tag) can be readily expressed in E.coli and (co)purified by the 

nickel column.31,32 For this study we removed flexible regions from the DNA-binding 

domains of Pdx1, E47 and NeuroD1 in order to crystallize the complex of the three proteins 

in the absence of DNA (Figure 3.2). We were able to purify the short version of Pdx1 (Pdx1-

HHH) under denaturing condition (Figure 3.3A), but its function remains to be elucidated. 

Expression of the short version of E47 (E47-HLH) was problematic. No E47-HLH or 

NeuroD1-HLH was detectable when co-expressed (Figure 3.3B). However, when we co-

expressed the intact E47 bHLH domain with the short version of NeuroD1 (NeuroD1-HLH), 

we were able to purify the dimer (Figure 3.3C), indicating that the NeuroD1-HLH construct 

behaved as expected. Co-expressing with the E47-HLH appeared to interfere with expression 

of the NeuroD1-HLH. Based on these results, the minimal complex that could be 

reconstituted consists of Pdx1-HHH and E47-bHLH:NeuroD1-HLH dimer. The next 

experiment would be to measure interactions between Pdx1-HHH and the E47-

bHLH:NeuroD1-HLH dimer with a pull-down assay. Alternatively, E47-HLH may be fused 

with a GST-tag or may be in vitro-translated.1 

 

Synergy from the -350 ~ -35 bp of the rat insulin I promoter. Our rInsI316 reporter 

behaved as expected, and MpacL20 cells appeared to be optimal for studying its activity. 
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Compared with other people’s data in HeLa cells,2 the rInsI316 reporter showed greater 

induction in MpacL20 cells. The enhanced activity could also be due to the replacement of 

the weak insulin TATA box with a minimal prolactin promoter in our reporter. The 

enhancement of the reporter activity is important because later we propose to mutate 

individual binding elements to determine which sites are required for synergy. One 

unexpected observation was that while E47 and Pdx1, or NeuroD1 and Pdx1 synergistically 

activated the rInsI316 reporter, adding all three transcription factors had a negative effect on 

cells or the promoter (Figure 3.4). Based on some pilot studies, we noticed that adding more 

expression plasmids decreased the reporter activity. Further optimization of the amount of 

expression plasmids to be added is required.  

Standard assays use the same amount of each expression plasmid for comparison 

purposes. However, to get the highest possible activity of the rInsI316 reporter, it is likely 

that different amounts of Pdx1, E47 and NeuroD1 are required, because we found that adding 

more Pdx1 or E47 had opposite effects (data not shown). The negative effect induced by 

excess of E47 may be explained by the increased binding of E47 homodimer to E-boxes, and 

the E47 homodimer lacks the ability to recruit cofactors such as p300, which is typically 

recruited by NeuroD1.33 

High background from the 1FF reporter. The 1FF was sub-cloned into the same 

vector as the rInsI316 and the standard 5FF reporter. Intriguingly, despite that the 5FF 

reporter contained five copies of the Far-FLAT mini-enhancer, it showed much lower 

background than the 1FF reporter, which contained only one copy of the Far-FLAT (Figure 

3.5A and 3.6A), suggesting that the high background from 1FF was due to the vector 
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backbone 5’ of the 1FF. One possible explanation is the spacing between the transcription 

binding sites and the proximal promoter. A good future experiment would be to add DNA 

sequences 3’ of the 1FF to increase the distance to the transcription start site, like in the 5FF 

and the rInsI316 reporters. The current 1FF reporter is not suitable for studying synergy 

between Pdx1 and E47:NeuroD1 dimer. 

More interestingly, 1FF showed a reduction instead of an induction of activities when all 

three transcription factors were added in βTC-3 (Figure 3.5C and 3.6C) and MpacL20 cells 

(Figure 3.5D and 3.6B). It appeared that binding by Pdx1, E47 or NeuroD1 to the 1FF 

suppressed the abnormally high activity from the vector backbone. 

 

Optimizing the reporter gene assay. As discussed above, optimizing the amount of 

expression plasmids to be added is desired. The amount we used was comparable to some 

other studies,1,2 but it should be optimized for each cell line. For MpacL20 cells, we might 

want to reduce the amount of expression plasmids and increase the amount of reporter.4 It 

appeared that using six-well plates is common for reporter gene assays, but there are reported 

examples in the literature of transient transfection assays using 24-well plates.3 We have tried 

96-well, 24-well and 12-well plates, and found that 96-well plates were not suitable for this 

study due to low signals and large variations, but 24-well and 12-well plates gave reliable 

data. Someone may want to try six-well plates in the future. 

The other important issue we noticed was that including serum during transfections 

appeared to dramatically boost the luciferase activity in MpaxL20 cells but slightly reduce 

activity in βTC-3 cells (Figure 3.6). For MpacL20 cells, including serum resulted in an 
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increase of the cell population, which could partially explain the higher signal. However, we 

think that the main reason for the increased signal is the enhanced transfection efficiency. 

GFP plasmids should be used to compare the transfection efficiency with and without serum 

in all four cell lines. In addition, internal controls such as a Renilla reporter or a β-gal 

plasmid should be included. 

 



 

178 

Conclusion 

Short versions of DNA-binding domains of Pdx1 and NeuroD1 express well in E.coli 

and can be purified. These may be useful for crystallization to characterize interactions 

between the DNA-binding domains of Pdx1, E47 and NeuroD1. The 1FF reporter is not 

suitable for studying the synergy of Pdx1, E47 and NeuroD1 because the background is 

abnormally high, even higher than the standard reporter, 5FF. The rInsI316 reporter is 

available for investigating the importance of individual promoter elements for synergistic 

activation of the insulin promoter, but further optimizations of the reporter gene assay is 

needed. 
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Table 3.1. Oligonucleotides for constructing pFox_1FF and pFox_E1A1 reporters 

1FF-fwd 5’-caggcCATCTGgccccttgtTAATAATcTAATTAccctaggtctg-3’ 

1FF-rev 5’-gatccagacctagggTAATTAgATTATTAacaaggggcCAGATGgcctggtac-3’ 

E1A1-fwd 5’-ctcgcCATCTGcctacctacccctcctagagccctTAATggtctg-3’ 

E1A1-rev 5’-gatccagaccATTAagggctctaggaggggtaggtaggCAGATGgcgaggtac-3’ 

 

Cis-regulatory elements are in capital letters. 1FF (-241 to -198) contains E2 (CATCTG), A4 

(TAATAAT) and A3 (TAATTA). E1A1 (-115 to -75) contains E1 (CATCTG) and A1 

(TAAT). 
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Table 3.2. Method for measuring luciferase activities using the Victor Light 1420 

luminescence counter 

Name of the plate type Generic 8×12 size plate 

Number of repeats 1 

Measurement height 13.00 mm 

  

Injector 1 

Speed 5 

Volume 25 µL 

Injection mode aspVol = dispVol 

Repeated operation Yes 

  

Delay duration 2.0 s 

Repeated operation Yes 

  

Shaking duration 5.0 s 

Shaking speed Fast 

Shaking diameter 0.10 mm 

Shaking type Orbital 
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Table 3.2. Method for measuring luciferase activities using the Victor Light 1420 

luminescence counter 

Repeated operation Yes 

Name of the label CPSvar 

Label technology Luminometry 

Emission filter name No filter 

Emission filter slot A7 

Measurement time 20.0 s 

Emission aperture Normal 
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Figure 3.1. Human insulin and rat insulin I promoters 

Modified from Ref. 27 and 34. Nomenclatures of regulatory elements are listed below the 

cartoon, while the corresponding transcription factors are listed above. In (B), regions named 

as 1FF (one copy of the Far-FLAT mini-enhancer),28 E1A1 and rInsI316 are used in reporter 

gene assays. 
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Figure 3.2. E47-HLH, NeuroD1-HLH and Pdx1-HHH constructs 

Schematic representation of the full-length and cloned constructs of E47 (A), NeuroD1 (B), 

and Pdx1 (C). Residues are numbered according to gi|1045195 (rat E47), gi|33563268 

(mouse NeuroD1), and gi|2495288 (hamster Pdx1). LZ: leucine-zipper; b: basic region, 

which is responsible for recognizing DNA; HLH: helix-loop-helix, which homodimerize or 

heterodimerize with other HLH domains; TAD: transactivation domain; a: DNA recognition 

arm in the homeodomain; HHH: the three helices in the homeodomain. 
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Figure 3.3. Purification of Pdx1, E47 and NeuroD1 

(A) Pdx1-HHH was purified under denaturing condition. 15ul of each eluted fraction was 

loaded onto the SDS-PAGE gel. (B) Co-expressed E47-HLH-Cys + NeuroD1-HLH-Cys 

were purified under denaturing or native conditions. No E47:NeuroD1 dimer was obtained. 

(C) Co-expressed E47-bHLH-Cys + NeuroD1-HLH-Cys were purified under denaturing or 
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native conditions. The disulfide bond-linked E47:NeuroD1 dimer was resolved without DTT. 

Pre: pre-induction; P: insoluble portion of the lysate; S: soluble portion of the lysate; FT: 

flow-though; B: nickel beads. The protein loading buffer contained DTT, unless specified. 

Pdx1-HHH and NeuroD1 constructs have a N-terminal six-His tag, while E47 constructs do 

not have a tag. Molecular weight ladder used in all gels was the same, and was labeled in (A). 
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Figure 3.4. Synergistic activation of the rat insulin I promoter by Pdx1, E47 and NeuroD1 

E47 and Pdx1, or NeuroD1 and Pdx1, synergistically activated the rat insulin I promoter. 

400ng of rInsI316 reporter plasmids and 300 ng of expression plasmids were transiently 

transfected into 8 × 104 MpacL20 cells on 24-well plates. 100 ng of each expression plasmid 

(E47, NeuroD1, Pdx1) were used, while the empty expression vectors pBAT were used to 

normalize total amounts of DNA in all transfections. Relative luciferase activity was 

calculated as the luciferase activity measured in the presence of one or more transcription 

factors divided by the luciferase activity measured with the empty pBAT vector (set as 1). 

Data represent the mean ± S.D. of three independent experiments. * indicates that the value is 

statistically different (p < 0.05) compared with the empty pBAT vector; # indicates that the 

value is statistically different (p < 0.05) from the doubly transfected values. 
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Figure 3.5. The 1FF reporter exhibited no induction of activity in four cell lines 

400ng of reporter plasmids (pFox, 1FF or 5FF) and 200 ng of each expression plasmid (All: 

Pdx1, E47, NeuroD1) were transiently transfected into NIH3T3 (A), Cos7 (B), and βTC-3 (C) 

cells. For MpacL20 (D) cells, 400 ng of reporter plasmids (pFox or 1FF) and 100 ng of each 

expression plasmids were used. Relative luciferase activities were calculated in reference to 

pFox+pBAT (A,C,D) or 1FF+pBAT (B). The empty expression vectors pBAT were used to 

normalize total amounts of DNA in all transfections. Data were averaged from three 
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independent experiments (error bar is the standard deviation), except for 5FF data in (B), 

which were average from two independent experiments. 
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Figure 3.6. Including serum during transfections had opposite effects in MpacL20 and βTC-3 

cells 

(A) Including serum during transfections increased reporter assay signals in MpacL20 cells. 

MpacL20 cells were transfected in the absence or presence of serum. Relative luciferase 

activities were calculated in reference to pFox+pBAT in the absence of serum. The Y-axis 

was broken down into two segments. Total protein concentration of select lysates were 

measured by Bradford assay. (B) MpacL20 cells were transfected with pBAT or all three 

transcription factors (Pdx1, E47, NeuroD1) in the presence of serum. Relative luciferase 

activities were calculated in reference to pFox+pBAT in the presence of serum. (C) Including 
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serum during transfections decreased reporter assay signals in βTC-3 cells. βTC-3 were 

transfected in the absence or presence of serum. Relative luciferase activities were calculated 

in reference to pFox+All in the absence of serum. Data in (A) and (B) were averaged from 

three independent experiments (error bar is the standard deviation). Data in (C) were 

averaged from two independent experiments. 
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