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The leucine zipper domain controls the orientation of AP-1 in the 
NFATeAP-VDNA complex 
Daniel A Erlanson, Milan Chytil and Gregory L Verdine 

Background: Heterologous transcription factors bound to adjacent sites in 
eukaryotic promoters often exhibit cooperative behavior. In most instances, the 
molecular basis for this cooperativity is poorly understood. Our efforts have been 
directed toward elucidation of the mechanism of cooperativity between NFAT 
and AP-1, two proteins that coordinately direct expression of the T-cell growth 
factor interleukin-2 (IL-2). 

Results: We have previously shown that NFATl orients the two subunits of 
AP-I ) c-Jun and c-Fos, on DNA through direct protein-protein interactions. In 
the present study, we have constructed cJun-cFos chimeric proteins and deter- 
mined their orientation using a novel affinity-cleavage technology based on 
chemical ligation. We find that, in the presence of NFAT, the chimeric 
heterodimer binds in such a way as to preserve the orientation of the AP-1 
leucine zipper, but not that of the basic region. 

Conclusions: Protein-protein interactions between NFAT and the leucine 
zipper of AP-1 enable the two proteins to bind DNA cooperatively and coordi- 
nately regulate the IL-2 promoter. The chemical ligation technology presented 
here provides a powerful strategy for affinity cleavage studies, including those 
using recombinant proteins. 
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Introduction 
A hallmark of eukaryotic gene expression is the ability 
of multiple promoter-bound proteins to activate gene 
transcription synergistically [l]. Although the molecular 
basis for this phenomenon is poorly understood, direct 
protein- protein contacts among components of the trans- 
criptional machinery appear to mediate this synergistic 
activation [Z-5]. In many cases, cooperativity is believed 
to result from direct protein-protein contacts among het- 
erologous transcription factors bound to adjacent sites on 
the promoter [6-111. Such cooperativity has been conclu- 
sively demonstrated in the case of the ARREZ element of 
the interleukin-2 (IL-Z) promoter, which is bound cooper- 
atively by two proteins [l&14], the nuclear factor of acti- 
vated T cells (NFAT) [l&16] an’d activator protein-l 
(AP-1) [17,18]. ARREZ, an antigen receptor response 
element within the IL-Z promoter [19], controls activation 
of IL-Z gene expression in response to antigen binding to 
the T cell receptor [‘ZO]. The IL-Z protein thus produced 
delivers a growth signal to the T cell that secretes it. 

NFAT comprises a family of at least four distinct proteins 
that share a domain (-300 amino acids long) that is 
responsible for DNA binding and cooperation with AP-1 
[Zl-251. This domain is related in structure to the Rel 
homology region, a DNA-binding motif found in c-Rel, 
NF-KB, and other members of the Rel family of transcrip- 
tion factors [26]. NFAT proteins also possess a common 

amino-terminal proline/serine-rich domain that controls 
their translocation from the cytoplasm to the nucleus 
in response to Ca2+ mobilization [27-291. This transloca- 
tion is regulated by a ubiquitous serinelthreonine-specific 
phosphatase, calcineurin. The action of calcineurin is 
blocked by the clinically important immunosuppressive 
agents FK506 and cyclosporin A (CsA) [30]. There is, 
therefore, significant interest in NFAT as a potential 
target for the development of drugs that may show 
increased cell-type specificity and thus be less toxic than 
FK506 and CsA. 

Although NFAT is present in the cytoplasm of resting 
T cells [27], AP-1 is only induced upon activation of the 
Ras/MAP kinase and protein kinase C signal transduction 
pathways [31]. AP-1 consists of two subunits, c-Fos and 
c-Jun, which heterodimerize and bind DNA through 
a homologous domain (-70 amino acids long) known as 
a basic-leucine zipper (bZip) [32-351. The known iso- 
forms of c-Jun and c-Fos form all possible heterodimer 
combinations [36], and most if not all of these have been 
shown to cooperate with NFAT [16]. X-ray crystallo- 
graphic studies have revealed that the AP-1 bZip domain 
consists of continuous cx-helices that pair to form a 
Y-shaped crevice where DNA binding occurs (Fig. 1) 
[37,38]. Residues of the basic region make direct contacts 
to DNA, while residues of the leucine zipper establish 
dimerization contacts. 
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Figure 1 

Interaction of the AP-1 bZip domain with functional segments: an amino-terminal basic 
DNA. The two subunits of AP-1, c-Fos and region that contacts DNA, and a carboxy- 
c-Jun, are shown in pink and blue, respec- terminal leucine zipper responsible for dimer- 
tively. c-Fos and c-Jun each contain two ization through formation of a coiled coil. 

Chemical ligation results in the attachment of 
the Fe-EDTA (Fe, orange sphere; EDTA, 
green licorice) reporter element to the 
amino-terminal end of the basic region, as 
depicted for c-Fos. AP-1 binds DNA as a 
mixture of orientational isomers related by 
interchange of c-Fos and c-Jun on DNA (left 
and middle structures). The orientation of 
c-Fosc-Jun is locked in the cooperative 
complex formed between AP-1 and NFAT 
(depicted as a yellow sphere) on DNA. 
Affinity cleavage patterns are depicted by 
red arrows, with length roughly proportional 
to intensity. AP-1 alone produces a tripartite 
cleavage pattern, a composite of the cleav- 
ages produced by the two orientational 
isomers (see below, Fig. 6, lane 2), whereas 
the single AP-1 orientational isomer present 
in the cooperative NFAT*AP-l*DNA complex 
produces a bipartite cleavage pattern (see 
below, Fig. 6, lane 4). 

ARREZ contains two subsites, a polypurine stretch that 
binds NFAT separated by two base pairs from a non- 
consensus AP-1 binding site [12,14,39,40]. When AP-1 
binds DNA in the absence of NFAT, it does so as a 
mixture of orientational isomers (the positions of c-Jun and 
c-Fos are interchangeable). When NFAT is present, 
however, only a single AP-1 orientation is seen (Fig. 1; 
[14]). Chemical crosslinking studies indicate that NFAT 
and AP-1 are in close proximity when bound to ARREZ, 
suggesting that contacts between the two proteins are 
responsible for cooperativity and orientational locking 
[14]. Consistent with this notion, a single arginine to 
alanine point mutation in the c-Jun leucine zipper virtually 
abrogates cooperativity with NFAT, but does not affect 
DNA binding by AP-1 alone [41]. The involvement of the 
basic region in cooperativity and orientational locking 
could not be addressed in these mutational studies, 
however, because sequence alterations in this region of 
bZip proteins disrupt their interactions with DNA [42]. 
Here, we have examined directly the relative contribu- 
tions of the basic region and the spacer/leucine zipper to 
cooperativity through the construction of c-Jun/c-Fos 
chimeric proteins. Our experimental approach involves 
equipping the basic regions of c-Fos, c-Jun, and the 
c-Fosc-Jun chimeric proteins with an affinity cleavage 
moiety, which reports the orientation of the basic region 
with respect to DNA. 

In the affinity cleavage technique [43] used here, a 
metal-ligand complex such as Fe-EDTA is attached to 
a defined position on the probe molecule of interest. In 
the presence of an oxygen source such as hydrogen perox- 
ide and a reducing agent, the attached Fe-EDTA cat- 
alyzes the production of a highly reactive, freely diffusable 

species, probably tOH 1441, that attacks nearby positions 
in a macromolecule, ca-using chain cleavage. This tech- 
nique has been used extensively to probe the orientation 
of DNA-binding proteins on their recognition sites 
[45-SO]. Affinity cleaving has also been used to probe 
protein-RNA [51], protein-protein [S&54], protein-small 
molecule [55,56], DNA-DNA [57,58] and DNA-small 
molecule interactions [43]. The site-specific attachment of 
the Fe-EDTA moiety to the probe molecule is crucial for 
the successful use of this technique. In our previous 
studies of AP-1 orientation, the EDTA ligand was attached 
to c-Jun and c-Fos during solid phase synthesis of the pep- 
tides [14]. This method allows precise control over the 
location of the EDTA substituent [48], but unfortunately 
is applicable only to small proteins; indeed, even proteins 
the size of the c-Fos and c-Jun bZip domains (68-70 amino 
acids) represent a formidable synthetic challenge. EDTA 
derivatives that can be attached to cysteine residues have 
also been used productively [59-611 but cannot be selec- 
tively targeted when more than a single reactive amino 

’ acid is present. 

Initially, our objective was to develop chemistry for con- 
jugating EDTA site-specifically to proteins, regardless of 
their size and amino acid composition. Kent and co- 
workers [6’2,63] have recently described a method for 
chemical ligation of peptides that produces a native 
amide linkage between them. This method relies on 
thioester exchange with an amino-terminal cysteine 
residue, followed by intramolecular rearrangement to 
form an amide bond (Fig. 2). This acyl transfer reaction 
exhibits impressive selectivity for amino-terminal cys- 
teine residues, because they are the only residues that 
can undergo the required rearrangement to the amide. 
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Figure 2 

Conjugation of EDTA onto the amino terminus 
of a protein through chemical ligation. The 
amino-terminal cysteine residue of a protein 
attacks the thioester carbonyl of EDTA-3MPA, 
resulting in trans-thioesterification to form a 
labile EDTA-protein thioester, which then 
undergoes intramolecular rearrangement to 
produce a new amide bond. 

Protein 

HN’ Protein 

EDTA-3MPA 0 

Selectivity for acyl transfer to cysteine over lysine 
residues is also high, particularly at neutral pH when the 
lysine E-amino group exists as a quaternary ammonium 
salt. We reasoned, therefore, that is should be possible to 
produce reagents for use in affinity cleavage studies with 
NFAT, by reacting a thioester of EDTA with AP-1 pep- 
tides containing an amino-terminal cysteine residue (Fig. 
2). Here we report the production of such reagents and 
their use to probe NFAT-AP-1 interactions. 

Resu Its 
Synthesis of EDTA thioester (EDTAGMPA) 
The chemical ligation procedure described by Kent and 
coworkers [62,63] involves the coupling of two peptide 
fragments, one containing a carboxy-terminal thioester and 
the other containing an amino-terminal cysteine residue. 
We reasoned that the fragment containing the thioester 
component could be replaced by a monothioester of the 
chelating l&and EDTA. Coupling of a peptide containing 
an amino-terminal cysteine residue with the EDTA 
thioester should give the peptide an affinity-cleaving func- 
tion. As a first step towards this goal, we synthesized an 
EDTA thioester suitable for use in affinity cleaving studies. 

We chose 3-mercaptopropionic acid (3MPA), a water- 
soluble thiol that has a relatively innocuous odor, for inves- 
tigation in these studies. The 3MPA monothioester of 
EDTA (EDTA3MPA) was prepared by reacting stoi- 
chiometric amounts of EDTA dianhydride and 3MPA, 
followed by selective anhydride hydrolysis. The EDTA- 
3MPA was separated from contaminating EDTA and 
EDTA-(3MPA)z bis-thioester by semipreparative reversed- 
phase high performance liquid chromatography (HPLC) 
and lyophilized to yield the pure trifluoracetic acid salt 
of EDTA-3MPA as a white powder. We have stored this 
highly water-soluble compound as a 250 mM aqueous stock 
solution for several months at -70 “C with no detectable 
decomposition. 

Model reactions of EDTA-3MPA with a polypeptide 
To test our chemical ligation approach, we used a lo- 
amino-acid peptide derived from fibronectin (FBlO, 
H,N-CQDSETRTFY-CO,H).  Reaction of EDTA-3MPA 
(25 mM) with FBlO (0.4 mM) in phosphate buffer (pH 7) 
resulted in clean conversion of FBlO to a material with a 
slightly longer HPLC retention time (data not shown). To 
determine whether the product had an attached EDTA 
group and a free thiol, the product was treated with the 
thiol-specific reagent 4-vinylpyridine and subjected to 
mass spectroscopy and amino acid analyses [64]. The 
molecular weight of the product was consistent with the 
expected molecular weight of the S-ethylpyridyl modi- 
fied EDTA-FBlO (1627.9 observed, 1628.7 calculated); 
amino acid analysis revealed the presence of the expected 
amino acids, including S-ethylpyridyl cysteine, in the 
correct proportions. 

Synthesis of AP-1 affinity cleaving reagents 
Bsc/er&ia coli cells do not carry out efficient post- 
translational removal of the initiator methionine when 
it is followed by cysteine [65]. We therefore decided to 
use selective Zn a&o proteolysis to generate native and 
chimeric c-Fos and c-Jun bZip proteins bearing amino- 
terminal cysteines. We generated expression constructs 
encoding a cysteine at the amino-terminal end of the bZip 
domain, preceded by a recognition site for the protease 
Factor Xa [66] and a His6 tag [67] (Fig. 3a). Following 
induction, E. co/i cells containing these constructs were 
lysed in a buffer containing guanidinium hydrochloride 
(6M) as denaturant. Lysis in the presence of methyl 
methanethiolsulfonate (1.5 mM), which reacts with cys- 
teine residues to form the mixed CH3S-disulfide, prevents 
the condensation of adventitious formaldehyde with the 
amino-terminal cysteine during handling [68] (D.A.E. and 
G.L.V., unpublished), and thus increases the yields of 
EDTA-conjugated protein. The cell lysis and purification 
can also be carried out under non-denaturing conditions 
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Figure 3 

(a) 
Hiss tag Spacer 

Factor 
Xa Site ~ bZip domain 

Factor Xa 
protease 

Native and chimeric AP-1 bZip proteins 
expressed in E. co/i. (a) Schematic represen- 
tation of the fusion protein construct used to 
generate AP-1 bZip domains having a free 
amino-terminal cysteine through proteolytic 
cleavage using Factor Xa. (b) Native and 
chimeric AP-1 bZip proteins used in this 
work. Color scheme is as in Fiaure 1. with 
c-Fos in pink and c-Jun in blue. Non-italicized 
lettering inside boxes denotes amino acid 
sequence in single-letter code, with the amino 
terminus on the left. 

I Basic region 
285 

Leucine zipper I 

JJ 

FF 

JF 

FJ 

in the presence of thiols, with only slightly reduced yields 
of EDTA-conjugated protein due to formaldehyde con- 
densation. After lysis, the denatured, S-protected recom- 
binant proteins were purified using Niz+-nitrilotriacetic 
acid resin (Ni-NTA, QIAGEN). The proteins were then 
cleaved with factor Xa to obtain the desired b’Zip domains 
containing an amino-terminal cysteine residue, protected 
as the mixed CH$-disulfide (Fig. 3a). Two of these (JJ 
and FF, Fig. 3b) contain the wild-type bZip domains 
of c-Jun and c-Fos, respectively, whereas JF and FJ are 
chimeric proteins containing the amino-terminal DNA- 
binding (basic region) segment of c-Jun or c-Fos attached 
to the carboxy-terminal dimerization (leucine zipper) 
of the other. 

Initially, we conjugated the bZip peptides with EDTA- 
3MPA using the reaction conditions developed for FBlO. 
This reaction sometimes produced significant amounts 
of doubly conjugated material. The amount of this over- 
modified product was unaffected by treatment with 
aqueous base, suggesting that the second EDTA unit was 
ligated to an internal lysine sidechain. By systematic vari- 
ation of the reaction conditions, we found that perform- 
ing the reaction in the presence of a large excess of 
dithiothreitol (DTT) gave close to absolute selectivity in 
formation of the desired amino-terminal conjugation 
product, and also significantly increased the rate of the 
reaction. Similar observations have been made by Kent 
and coworkers [63] using thiophenol. Because EDTA 
conjugation changes the charge state as well as the mass 
of the protein, it affects the mobility of the molecule in 
an SDS-PAGE gel, allowing the reaction to be easily 
monitored (Fig. 4). 

Binding and affinity cleavage 
To determine the extent to which chimerism or EDTA 
conjugation affects the ability of the AP-1 bZip domain to 
bind DNA or cooperate with NFAT, we carried out elec- 
trophoretic mobility shift assays using the consARRE2 
DNA site, a variant of ARREZ. ConsARREZ contains 
canonical recognition sites for both NFAT and AP-1 sepa- 
rated by two base pairs; the two proteins exhibit strongly 
cooperative behavior in binding these sites [14]. 

DNA-binding affinity was measured using electrophoretic 
mobility shift assays (EMSA) under Kd-controlled condi- 
tions ([DNA] << Kd). The cooperativity in the binding of 
AP-1 and NFAT to DNA can clearly be seen in Figure 5 
(compare lanes 3 and 8 with lane 10). At concentrations of 
AP-1 and NFAT that yield only partial formation of a 
protein-DNA complex when only one protein is added 
(lanes 3 and 8, respectively), the two proteins together 
yield essentially complete formation of a ternary NFAT* 
AP-l*DNA complex (lane 10). In all cases, the EDTA- 
conjugated proteins bind DNA with an affinity indistin- 
guishable from their unmodified counterparts, irrespective 
of the presence or absence of NFAT Thus, EDTA modifi- 
cation per se has no effect on the interactions of these 
proteins with DNA. 

The results of affinity cleavage experiments using AP-1 
bZip domains in the presence and absence of NFATl 
are shown in Figure 6. The wild-type c-Fosc-Jun hetero- 
dimer with Fe-EDTA linked to c-Fos (*FF*JJ, lane 2) 
generates a tripartite cleavage pattern, resulting from attack 
of hydroxyl radicals in the center of the AP-1 site and 
on both ends outside the site; the intensity of cleavage in 
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Figure 4 

Time-course of EDTA-3MPA conjugation to the amino-terminal cysteine 
of the chimeric peptide JF The resulting peptide, *JF, has an EDTA- 
modified c-Jun basic region fused to the c-Fos leucine zipper. 

the center is roughly double that on the ends. As discussed 
in detail elsewhere [14], this tripartite cleavage pattern 
shows that the AP-1 heterodimer binds to DNA as a pair of 
orientational isomers (Fig. 1). The chimeric heterodimer 
with Fe-EDTA attached to the c-Fos basic region (“FPJF, 
lane 3) also generates a tripartite affinity cleavage pattern, 
indicating that it also binds DNA as a mixture of orienta- 
tional isomers. This is consistent with the fact that the basic 
regions of c-Jun and c-Fos form virtually identical contacts 
with DNA and hence are incapable of differential half-site 
recognition 114,371. 

In the presence of NFATl, “FF*JJ yields a bipartite cleav- 
age pattern (Fig. 6, lane 4), resulting from attack of 
hydroxyl radicals in the center of the AP-1 site and down- 
stream of it. When the Fe-EDTA is placed at the amino- 
terminal end of c-Jun only (“JPFF, lane 6), cleavage is 
observed in the center and at the upstream end of the 
AP-1 site. These data are fully consistent with previously 
reported affinity cleavage experiments that used chemi- 
cally synthesized EDTA-containing peptides, demonstrat- 
ing that NFAT orients AP-1 so as to position c-Jun over 
the upstream half-site and c-Fos over the downstream 
half-site [14] (Figs 1 and 7a). A chimeric heterodimer with 
EDTA on the c-Fos basic region (“FbJF, lane 5) exhibits a 
center/upstream bipartite cleavage pattern; placement of 
EDTA on the c-Jun basic domain in this chimera (“JF*FJ, 

Figure 5 

lane 7) gives a center/downstream bipartite cleavage 
pattern. Thus, NFAT also orients the chimeric AP-1 pep- 
tides. Furthermore, since the affinity cleavage patterns 
change when the basic regions are swapped (compare 
lanes 4 and 5, and 6 and 7), we conclude that the com- 
plexes form so as to maintain the orientation of the AP-1 
leucine zipper with respect to NFAT (Fig. 7). 

Discussion 
Here we have described a new method for the synthesis of 
protein-based reagents for affinity cleavage and the use 
of this method to probe the interactions between AP-1 and 
NFAT . The chemistry used in this method is a condensa- 
tion between an amino-terminal cysteine residue and a 
thioester; the product of this reaction subsequently under- 
goes intramolecular rearrangement to produce a new 
amino-terminal amide linkage. Although this same reac- 
tion, termed chemical ligation [69], has been used by others 
to assemble polypeptides and proteins through segment 
condensation [62,63,70,71], the present example broadens 
the scope of chemical ligation to include the attachment of 
reporter groups to the amino-terminal ends of proteins. 
Although here we have explored only the attachment of 
EDTA to proteins via chemical ligation, other reporters or 
‘handles’ such as fluorescein or biotin could presumably be 
attached to proteins in a similar manner, provided that they 
can be prepared as suitable thioesters. 

Chemical ligation has previously been used only on 
polypeptides produced through chemical synthesis, thus 
limiting the method to peptides and small proteins. Here 

.we have demonstrated highly efficient and selective 
chemical ligation of proteins produced through bacterial 
overexpression, using in vitro proteolysis by Factor Xa to 
liberate an amino-terminal cysteine through cleavage of a 
fusion peptide. In this fusion peptide we included a His, 
sequence, which allowed rapid and convenient purifica- 
tion of the expressed protein through immobilized metal 
affinity chromatography. Since Factor Xa cleaves at the 

Wild-type and chimeric AP-1 proteins bind 
DNA and cooperate equally well with NFAT. 
Electrophoretic mobility shift assays (EMSA) 
to measure the affinities of EDTA-modified 
wild-type (*JJ**FF) and chimeric (*JF**FJ) 
AP-1 heterodimers for consARRE2. Virtually 
identical data were obtained for the corre- 
sponding unmodified bZip domains (data 
not shown). AP-1 dimer concentrations are: 
0 (lanes 1,8), 5 (lanes 2,5,9,12), 12.5 (lanes 
3,6,10,13), and 25 nM (lanes4,7,11,14). 
NFATl concentrations are 0 (lanes l-7) and 
2 nM (lanes 8-l 4). The faint upper band 
observed at high protein concentrations 
arises from non-specific DNA binding, which 
is commonly observed at the relatively low 

I- + NFATll 

1-d -4 
*JJ**FF *Jp*FJ *JJ**FF *JF**FJ 

b 4 -AP-leNFAT 
-NFATl 
-AP-1 

-Free probe 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

salt concentrations used in these studies. 
These bands may contribute to the back- 
ground levels of non-specific DNA cleavage, 

but do not affect the specific cleavage pat- 
terns that provide orientational information. 
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Figure 6 
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NFAT orients chimeric AP-1 peptides on 
DNA. A schematic representation of the DNA 
probe is shown with the NFAT and AP-1 sub- 
sites in yellow and blue/pink, respectively. 
Arrows indicate major sites of cleavage 
(schematized by red arrows in Figs 1 and 7). 
Lane 1: A-cleavage lane (A: adenine-specific 
Moxam-Gilbert DNA cleavage lane). Lanes 
2-7: affinity cleavage experiments. Protein 
components are schematically shown above 
each lane. 

carboxy-terminal end of the IEGR sequence, the entire 
fusion peptide could be removed from the b’Zip protein 
upon processing by the protease. 

Chemical ligation has been shown [62,63] to be highly 
selective for an amino-terminal cysteine, even in the pres- 
ence of internal cysteine and lysine residues. This selec- 
tivity derives from the irreversible rearrangement of 
the intermediate amino-terminal thioester linkage (Fig. 2) 
to the corresponding amide. Condensation of the EDTA 
thioester with internal cysteine residues can and pre- 
sumably does take place. These internal thioesters cannot 
rearrange to the more stable amide, however, and are 

therefore removed by the large excess of exogenous thiol 
present in the reaction mixture. Because chemical ligation 
is so selective for amino-terminal cysteine residues, it can 
be used directly on wild-type proteins, without first 
mutating internal cysteine residues to another amino acid. 
Alternative approaches for attachment of EDTA to 
biosynthetically derived proteins rely on direct S-alkyla- 
tion of cysteine residues [49,.50,59-611, and hence require 
mutation of non-target cysteine residues to avoid their 
participation in the reaction. We should point out, 
however, that the AP-1 proteins used in these studies 
possess no internal cysteines, and therefore did not 
directly address the issue of EDTA-thioester formation at 
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Figure 7 

The orientation of AP-1 in the NFAT*AP-1. 
DNA complex is determined by the leucine 
zipper. In the model, the arrangement shown 
in (a) corresponds to lane 4 of Figure 6, 
(b) corresponds to lane 5 of Figure 6, and 
(c) corresponds to lane 7 of Figure 6. 

such sites. The selectivity of chemical ligation reactions 
using the EDTA thioester would not be expected to differ 
substantially from that observed in the several studies that 
used peptide thioesters [62,63,70]. (Native c-Fos and c- 
Jun do contain a cysteine residue in their bZip domains at 
positions 154 and 278, respectively. Both of these had 
been mutated to encode serine residues in the constructs 
from which our overexpression vectors were derived. The 
Cys to Ser mutations were originally introduced in these 
constructs to facilitate crystallographic analysis [37]. 
These mutations have been shown to have little effect on 
the DNA-binding affinity and specificity of AP-1, but 
render it resistant to oxidative inactivation [72]. 

The EDTA-thioester could, in principle, also react with 
the E-amino group of internal lysine residues, but at the pH 
used in chemical ligation, these groups are present almost 
exclusively in the unreactive ammonium ion form. Only 
under conditions in which conjugation of the EDTA- 
thioester to the amine-terminal cysteine is slow (and in the 
absence of DTT) have we observed reaction at internal 
lysines. Indeed, the AP-1 peptides represent a stringent 
test of selectivity, because they are unusually rich in lysine 
residues. Under the chemical ligation conditions described 
here, we found that the desired coupling reaction goes 
essentially to completion, without producing even minor 
amounts of material having EDTA linked to an internal 
lysine. Given the high degree of selectivity observed in our 
and related systems [62,63,70], it is reasonable to expect 
that the method of reporter attachment described here will 
be fully applicable to much larger recombinant proteins. 

The use of chemical ligation for proteins that possess 
redox-active disul’rides is complicated by the fact that they 
may undergo reduction by the free thiols that are present 
in the ligation reaction mixture. So long as the protein can 
be reoxidized or perhaps even refolded following chemical 
ligation, disulfide reduction is not a problem. For those 

few cases in which the protein would undergo irreversible 
inactivation upon exposure to reducing agents, an alterna- 
tive but related strategy could be envisaged: amino-termi- 
nal serine residues undergo selective oxidation upon 
treatment with periodate, and the glyoxamide thus formed 
is known to condense with acyl hydrazides [73], such as 
EDTA monohydrazide. 

Chemical ligation can only modify the amino-terminus of 
the protein, restricting the method to targets that interact 
near the amino-terminus of the EDTA-modified protein. 
Although this is a limitation of the technique, bZip proteins 
are one class of DNA-binding proteins that can be usefully 
studied in this way. There are over 60 members of the bZip 
family of transcription factors [38] and they are extremely 
diverse in their DNA sequence specificity, dimerization 
behavior and biological function. The molecular basis for 
the unique DNA-binding properties of most bZip proteins 
is poorly understood, for three main reasons. First, co- 
crystal structures are available for only two family 
members, GCN4 [74,75] and AP-1 1371, and these proteins 
recognize virtually identical DNA sequences using highly 
conserved residues. Second, the naturally occurring binding 
sites for any given bZip protein typically vary around a con- 
sensus, and it is not known how the proteins tolerate this 
variation. And third, many bZip heterodimers are formed 
from subunits that recognize different half sites, and it is 
not known to what extent the heterodimers are oriented on 
DNA. Affinity cleavage provides a powerful means of 
addressing many of these issues. For example, comparison 
of the affinity cleavage pattern of any bZip protein with 
that of AP-1 (Fig. 6) [14] or GCN4 [46] directly defines the 
orientation, half-site spacing and alignment of the basic 
region with respect to its cognate half-site. 

Evidence has been presented elsewhere that AP-1 coop- 
erates, either negatively or positively with a number 
of regulatory proteins other than NFAT, including the 
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transcription factors IP-1, ABP, FIP, glucocorticoid and 
thyroid hormone receptors, p52/54, MyoD and Elf-l 
[11,38]. In most of these cases it is not known whether 
the mechanism of cooperativity involves direct protein- 
protein contacts, however. Assuming that such contacts 
would discriminate between c-Jun and c-Fos, as NFAT 
does, the cooperating protein should orient AP-1. Affinity 
cleavage studies can thus provide information on the 
mechanism of cooperative gene regulation by any protein 
that synergizes with AP-1. Furthermore, there are many 
other bZip proteins that cooperate with heterologous tran- 
scription factors. For example, the bZip protein c-Maf 
may interact with NFAT to control IL-4 production by T 
helper 2 cells [76], members of the C/EBP bZip sub- 
family interact synergistically with certain forms of NF-KB 
[10,77], and members of the ATF sub-family of bZip tran- 
scription factors have been shown to interact with various 
proteins, including Ela, HPV pX, CREB, NF-KB, and the 
retinoblastoma gene product [38,78,79]. 

Other major classes of transcription factors for which the 
present chemical ligation strategy might be applicable 
include basic helix-loop-helix proteins such as Myc, Max, 
MyoD and E47 [80-821, zinc-finger proteins such as Zif 
268 and Gli [83,84], nuclear hormone receptors such as 
the glucocorticoid hormone and estrogen receptors 
[85,86], homeodomain and POU-homeodomain proteins 
such as engrailed, Mata/rx and Ott-1 [87-891, and helix- 
turn-helix proteins such as the X, 434 and Cro repressors 
[90-921. Many of the proteins listed above contain zinc- 
bound cysteine residues that cannot be mutated without 
loss of function and that are reactive toward electrophiles; 
the present method could permit these proteins to be 
analyzed by affinity cleaving. 

The cooperative interaction between NFAT and AP-1 is 
essential for activation of the IL-Z gene. Such cooperative 
interactions between proteins bound to adjacent sites on 
DNA are believed to exist in a number of other systems 
[6-111, and indeed may be important in the regulation 
of many, if not most, eukaryotic genes. Of these, the 
NFAT*AP-l-DNA system is probably the most exten- 
sively characterized, yet it remains poorly characterized at 
the molecular level. Although high-resolution structural 
information on the NFAT*AP-l*DNA complex is not yet 
available, biochemical experiments are beginning to iden- 
tify regions of the AP-1 bZip that participate in coopera- 
tive protein-protein interactions with NFAT Remarkably, 
mutation of a conserved arginine residue (Arg285) to 
alanine in the c-Jun leucine zipper results in an almost 
complete loss of cooperativity with NFAT, but does not 
affect the binding of AP-1 to DNA [41]. These experi- 
ments were unable to address the importance of the basic 
region, because most changes in this region disrupt AP-10 
DNA interactions [42]. The experiments presented here 
circumvent this problem. In our chimeric constructs, 

we conceptually bisected the c-Jun bZip motif into two 
regions, a carboxy-terminal region beginning at the critical 
Arg285 residue, and an amino-terminal region containing 
all residues preceding Arg285 (Fig. 3b). These segments 
were exchanged with the corresponding segments from c- 
Fos, to generate chimeric proteins having the basic region 
of c-Jun fused to the leucine zipper of c-Fos and vice versa. 
The EDTA-modified chimeric AP-1 heterodimers were 
both oriented by NFAT, but gave an inverted affinity 
cleavage pattern relative to wild-type, thus indicating that 
the complex preserves the positioning of the AP-1 leucine 
zipper with respect to NFAT. We thus conclude that the 
leucine zipper is solely responsible for determining the 
strength and specificity of the protein-protein interactions 
between NFAT and AP- 1. 

Significance 
Affinity cleavage is a powerful method for determining 
the positioning of a DNA-binding protein over its site. 
This method has, however, been limited by the need to 
use synthetic peptides and proteins, or by the require- 
ment that the protein has a single cysteine residue. The 
present method, based on chemical ligation, should 
permit the generation of affinity-cleaving reagents from 
a broader range of proteins, including large native pro- 
teins produced biosynthetically, by selectively targeting 
the amino-terminal cysteine residue. Here we have used 
this method to study the structural basis for cooperativ- 
ity between two transcription factors, NFAT and AP-1, 
on a DNA-binding site derived from the IL-2 promoter. 
Our earlier studies had shown that AP-1 alone binds 
DNA as a mixture of two orientational isomers, but that 
it adopts a single orientation in the cooperative complex 
formed with NFAT and DNA. Since both orientational 
specificity and cooperativity result from direct contacts 
between NFAT and AP-1, we used orientation to dis- 
cover which region of AP-1 is responsible for cooperative 
interactions between the two proteins. From the affinity 
cleavage patterns of chimeric c-Fos/c-Jun heterodimers, 
it is clear that the leucine zipper region is solely respon- 
sible for orientation by NFAT. Thus we conclude that 
cooperativity in the NFAT*AP-1 interface results from 
direct contacts between NFAT and the leucine zipper 
region of AP-1. Using the approach described here, it 
should be possible to identify the residues of AP-1 that 
are responsible for cooperation with NFAT. Such infor- 
mation may aid the search for novel immunosuppressive 
agents that target the IL-2 gene directly. More generally, 
bZip proteins comprise an important superfamily of 
transcription factors; these proteins are central to many 
processes in development, tissue-specific gene expression 
and oncogenesis. The affinity cleaving approach 
reported here provides a powerful tool for examining the 
DNA-binding behavior of these factors, both alone and 
in cooperation with other regulatory proteins. 
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Materials and methods 
EDTA-3-mercaptopropionate thioester (EDTA9MPA) 
Neat 3-mercaptopropionic acid (1 .O ml, 11.7 mmol) was added with 
stirring to a suspension of EDTA dianhydride (3.0 grams, 11.7 mmol) in 
dimethyl formamide (DMF) (15 ml). The reaction was allowed to con- 
tinue for 14 h, after which the flask was heated to 60 “C and the DMF 
was removed under reduced pressure. 1 N NaOH (11.7 ml) was added 
to the resulting yellow foam and the reaction mixture was stirred for 12 
h. The slurry was then centrifuged, and the supernatant was decanted 
from the precipitate (which contains mostly bis-thioester). Methanol (33 
ml) was added to the yellow solution and the mixture was allowed to 
stand at 4 “C for several hours in order to precipitate EDTA. The solution 
was re-centrifuged, and the supernatant was decanted and then 
lyophilized to give a yellow powder (0.89 g). A small sample of this 
material (55 mg) was dissolved in water (0.5 ml), neat trifluoroacetic 
acid (TFA, 20 ~1) was added to bring the pH to 2, and the solution was 
purified using reversed phase high performance liquid chromatography 
(HPLC) (Waters RCM 8 x 10 Cl 8 cartridge; 2 ml min-‘; A = 98 %  
water, 2 O/o acetonitrile, 0.06 %  TFA; B = 10 %  water, 90 %  acetonitrile, 
0.055 O/o TFA; O-5 min 100 O/o A, 5-20 min linear gradient to 85 %  A, 
20-25 min linear gradient to 0 O/o A; EDTA-3MPA elutes at 12.7 min). 
The collected fractions were pooled and lyophilized to give 26.5 mg of 
EDTA-3MPA as a white crystalline powder: UV/vis (water) X,, 236 nm; 
‘H NMR (D,O) 6 4.00 (s, 4H), 3.74 (s, 2H), 3.55 (s, 2H), 3.36 (t, 2H, J 
= 5.6 Hz), 3.07 (t, 2H, J= 5.6 Hz), 3.00 (t, 2H, J= 6.8 Hz), 2.56 (t, 2H, 
J= 6.8 Hz) ppm; 13C NMR (D,O) 6 204.7, 179.0, 176.9, 172.5, 65.5, 
58.4, 57.7, 56.1, 52.2, 36.3, 26.2ppm; HRMS (negative ion FAB) for 
C,,H,,N,O,S found, 379.0816; calc’d, (M-H) 379.0811. 

Reaction of FB 10 with EDTA-3MPA 
A solution containing 0.4 mM FBlO (H,N-CQDSETRTFf-CO,H, 
Sigma), 25 mM EDTA-BMPA, 10 mM DTT, and 200 mM sodium phos- 
phate at pH 7 was allowed to incubate at room temperature. At various 
time points aliquots were removed, quenched with TFA, and analyzed by 
reversed phase HPLC (Beckman Cl8 ODS ultrasphere column; 
1.5 ml min-’ ; same solvents as above; O-5 min 85 a/o A, 5-20 min linear 
gradient to 70 %  A, 20-25 min linear gradient to 0 s/o A; FBI 0 elutes at 
10.4 min; FBlO-EDTA elutes at 11.5 min). Both the modified and 
unmodified FBI 0 peptides were collected, lyophilized, and modified with 
4-vinylpyridine as described previously. After repurification by HPLC the 
peptides were analyzed by amino acid analysis and mass spectroscopy 
(MW VP-FBI 0 found, 1355.9; calc’d, 1354.5; EDTA-VP-FBI 0: found, 
1627.9; calc’d, 1628.7). 

Protein overexpression and purification 
NFATl was overexpressed and purified as described previously 1141. 
DNA encoding the chimeras was generated using megaprimer PCR 
[93], ligated into plasmid pLM1 [941 and transformed into f. co/i BL-21 
(DE3) pLysS (Novagen). After growth to mid-log phase, the cells were 
induced by the addition of isopropyl-3-o-galactopyranoside to 1 mM for 
2-4 h. Following centrifugation, the cell pellet was resuspended in 20 ml 
of buffer Gn (6 M  guanidinium hydrochloride, 100 mM sodium phos- 
phate, 10 mM Tris-hydrochloride, 1.5 mM methyl methanethiolsulfonate 
(Aldrich), pH 8) and stirred vigorously for 1 h at room temperature. The 
resulting mixture was centrifuged at 15000 rpm in a Sorvall SA-600 
rotor for 20 min. The supernatant was removed and mixed with 1 ml of 
N?+-NTA resin (Qiagen) which had previously been washed with buffer 
Gn. This slurry was stirred for 45 min and then loaded into a 1.5~cm 
diameter column and the liquid allowed to flow through. The resin was 
washed extensively, first with 2 x 7 ml buffer Gn, then with 6 x 7 ml 
buffer U (8 M  urea, 100 mM sodium phosphate, 10 mM Tris-hydrochlq- 
ride, pH 6.5), and finally with 4 x 7 ml buffer PiBS (50 mM PIPES, 100 
mM NaCI, pH 7.6). The proteins were eluted with 3 x 5 ml buffer ABS 
(50 mM acetic acid, 100 mM NaCI, pH 2.7), concentrated to < 1 ml by 
centrifugal ultrafiltration (Ultrafree-15, 5000 MWCO, Millipore), and 
brought up to 3 ml with buffer PiBS to which was added 2 mM CaCI,. 
The protein was proteolyzed with 20 kg of Factor Xa (New England 
Biolabs) for 0.5-4 h. The reaction was stopped by adding dansyl-EGR- 

chloromethyl ketone (Calbiochem) to 9 yM, pepstatin A to 1.3 kg ml-‘, 
and leupeptin to 11 pg ml-‘. Next, the solution was gently stirred with 
1 ml of fresh Ni2+-NTA resin for 45 min to bind any uncleaved protein as 
well as the cleaved amino-terminal fusion peptide. Finally, the resin was 
rinsed with 3 x 3 ml buffer PiBS and concentrated by centrifugal ultrafil- 
tration The concentrated stock was stored at -70 “C in 1 OO-t.r,l aliquots. 

For proteins that are irreversibly inactivated upon denaturation, we 
recommend carrying out the purification in the presence of 10 mM 
8-mercaptoethanol, using the procedure recommended by Qiagen. In 
such cases, the protein should not be treated with methyl methane- 
thiolsulfonate. 

Protein conjugation 
Conjugations were carried out in buffer PiBS with DTT added to a final 
concentration of 300 mM, pH 7-7.5. Neutralized BPA-EDTA was added 
to a 100-u, aliquot of protein to a final concentration of 25 mM, and the 
reaction was allowed to incubate at room temperature. The reaction 
was followed by removing aliquots and analyzing them by mass spec- 
troscopy and/or SDS gel electrophoresis on a 15 O/a polyacrylamide 
gel (Protogel, National Diagnostics). Under these conditions, the reac- 
tion is complete in less than 12 h. The protein was then concentrated 
against PiBS by centrifugal ultrafiltration (Centricon-3, Amicon), and 
quantified by BCA assay (Pierce). Peptides stored at -70 “C are stable 
indefinitely. Mass spectral data: M W  EDTA-JJ found, 8317; calc’d 
8318; M W  EDTA-FF found, 8379; calc’d 8378; M W  EDTA-JF found, 
8512; calc’d 8513; M W  EDTA-FJ found, 8442; calc’d 8444. 

Binding assays and affinity cleavage 
Stock solutions of peptides containing 25 PM JJ or FJ and 75 p,M FF or 
JF (with either or both peptide EDTA-modified) were prepared and stored 
at -7O’C. Peptide dilutions were made by diluting these stocks into 
doubly distilled water, either with or without an equimolar amount of ferric 
ammonium sulfate (FAS). Final heterodimer concentration was 50 nM in 
affinity cleavage experiments, or as noted in EMSA. NFATI was added to 
a final concentration of 2 nM (EMSA) or 40 nM (affinity cleavage). A 
DNA restriction fragment containing the consensus ARRE2 site was 
radiolabeled at the 3’ end using Klenow DNA polymerase and 
[o133P]dNTP. The binding buffer contained a final concentration of 14 mM 
HEPES pH 7.5, 60 mM KCI, 0.1 %  Nonidet P-40, 1 mM DTT, 5 fig ml-’ 
poly dl*dC, and 5 O/o glycerol (binding reactions only) in a total volume of 
20 j.d. The reactions were allowed to equilibrate for 30 min at room tem- 
perature, after which binding reactions were loaded directly on a 6% 
native polyacrylamide gel (Protogel, National Diagnostics) run at 150 V in 
0.5 x TBE buffer. Affinity cleavage was initiated by adding 1 ~1 of 
250 mM sodium ascorbate and 1 pl of 20 mM H,O,. Cleavage was 
allowed to continue for several min and then quenched with 2 ~“1 of 3 M  
sodium acetate with 0.5 mg ml-’ tRNA followed by 60 t.d cold absolute 
ethanol. The reactions were incubated on ice for 30 min and centrifuged 
at 14 000 rpm, 4 “C for 30 min. The supernatant was removed and dis- 
carded, and the pellet was resuspended in loading dye (95 o/, for- 
mamide, 12.5 mM EDTA, 25 mM thiourea, 1 mg ml-’ bromophenol blue, 
and 1 mg ml-’ xylene cyanol), denatured at 90°C, and run on a 15% 
denaturing gel (Sequagel, National Diagnostics). Gels were dried and 
imaged by phosphorimaging or autoradiography. 
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