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Abstract—bZip transcription factors contain two regions that are required for DNA binding: a leucine zipper dimerization domain
and a highly charged basic region that directly contacts DNA. The spacing between these subdomains is strictly conserved, and
changes in this spacing result in a loss of function. Using an in vitro selection strategy, we have investigated the ability of a bZip
protein with incorrect spacing between these two regions to bind specifically to DNA. Surprisingly, we find that although such a
protein does not bind to its predicted site, it is possible to isolate a pool of DNAs that bind with very similar affinity to that of
GCN4 for its optimum DNA site. © 2001 Elsevier Science Ltd. All rights reserved.

Introduction

The basic-region leucine-zipper (bZip) group of tran-
scriptional activators and protooncogenes recognize
DNA through a conserved bipartite structural motif.
This motif consists of a coiled-coil leucine zipper
dimerization domain and a highly charged basic region
that directly contacts DNA.'=3 Although the leucine
zipper region does not contact the DNA directly, it
serves to position the two basic regions appropriately
for DNA binding. The spacing of the basic region rela-
tive to the leucine zipper is strictly conserved across this
class of proteins. Indeed, Struhl and co-workers have
shown for the yeast transcriptional activator GCN4 that
insertions or deletions that change the rotational orien-
tation of the basic regions relative to the leucine zipper
lead to a loss of function.* In contrast, insertions of
seven amino acids, corresponding to two complete heli-
cal turns within the coiled-coil domain, are tolerated.*
Using an in vitro selection strategy, we have investi-
gated the ability of a bZip protein with incorrect spa-
cing between these two regions to bind to DNA
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specifically. We show here that, although such a protein
does not bind to its predicted site, it is possible to isolate
a pool of DNAs that bind with very similar affinity to
that of GCN4 for its optimum DNA site.

Results and Discussion

In naturally occurring bZip proteins, the basic region is
N-terminal to the leucine zipper. We have recently
designed a series of model bZip peptides in which the
GCN4 basic region is placed C-terminal to the leucine
zipper.® Because the correct spacing between an N-
terminal leucine zipper and a C-terminal basic region
was unknown, we tested seven ‘reverse’ GCN4
(RGCN4) peptides, each with a different number of
amino acids between the leucine zipper and basic
regions, to span the full 360° of rotational space. We
defined the leucine zipper as residues 251-281 of GCN4
and the basic region as residues 231-246. The four resi-
dues between these regions were considered the ‘linker’
region for the parent protein, RGCN4(0). Other mem-
bers of the series contain insertions or deletions in this
region (Fig. 1A). Finally, we considered residues 226—
230, which are also required to maintain full DNA
binding affinity,® to be important for the basic region to
assume a helical conformation. These residues have
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been replaced in the RGCN4 peptides by residues
commonly found at the C-termini of helices.’

GCN4 binds with high affinity to the inverted repeat
sites 5-TGACTCA-3%1° and 5-TGACGTCA-3,'!
with each monomer of the basic region recognizing the
half-site 5-TGAC-3'.1%13 Because the basic regions in
the RGCN4:DNA complex lie in the opposite orienta-
tion with respect to the DNA, we expected the RGCN4
binding site to be a palindromic repeat of the inverted
half-site, 5’-GTCA-3’ (Fig. 1B). It has been shown pre-
viously that two basic regions covalently linked with a
flexible disulfide bond at their N-termini recognize the
INV4 site.'* We assayed all seven RGCN4 proteins for
binding to five 24-bp oligonucleotide duplexes (INV0-4;
Fig. 1B) containing DNA sites that differed only in the
spacing between the 5-GTCA-3’ and 5-TGAC-3' half-
sites. As expected, we found that only one of these seven
RGCN4 proteins is able to bind specifically and with
high affinity to one of these rationally designed DNA
sites.> This peptide, RGCN4(+3), binds to the INV2
site (Fig. 1B) with an affinity as high as that of GCN4
for its optimal site.’

Of the seven RGCN4 peptides tested, only
RGCN4(+1) (Fig. 1) failed to bind to any of the five
INV sites, even at a concentration of 6 pM.
RGCN4(+1) has two fewer residues in the ‘linker’
region than does RGCN4(+3). As the residues that
make specific contacts in the major groove of DNA are
appropriately positioned in RGCN4(+3), we expect
them to be approximately 160° out-of-phase in
RGCN4(+1), assuming an o-helical conformation of
the RGCN4(+ 1) basic regions in the presence of DNA.
Because the GCN4 basic region is largely disordered in
the absence of DNA and becomes helical only upon
DNA binding,'>?> other conformations of the
RGCN4(+ 1) basic regions must be considered. Simi-
larly, as there is conformational flexibility in the side
chains involved in DNA binding, the positions of the
functional groups that make specific contacts with
DNA cannot be predicted precisely. Thus, although it is

A

GCN4-56 basic region linker
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clear that RGCN4(+ 1) cannot bind to the expected
recognition sites, it is possible that a different spatial
arrangement of the basic-region residues would lead to
altered DNA-binding specificity.

To determine whether high-affinity DNA binding can
occur at any DNA site for a bZip protein with incorrect
spacing between the leucine zipper and basic regions, we
carried out an in vitro selection assay?>2* to search for
high-affinity ligands for RGCN4(+1). Several groups
have carried out selection experiments for GCN4. The
optimum binding site for intact GCN4, 5-TGACTCA-
3’ was identified in an early selection experiment that
did not include amplification steps.” GCN4-binding
duplexes were isolated from a pool containing 23 ran-
domized nucleotides through four cycles of affinity
chromatography. Forty of the 43 selected DNA
duplexes contained all seven nucleotides in this con-
sensus sequence. More recently, an in vitro selection
assay was carried out for the bZip domain of GCN4. In
this assay, GCN4-binding DNAs were isolated from a
pool containing 10 randomized base pairs through four
rounds of gel retardation and PCR amplification.'”
Although the same optimum binding site was identified,
a greater variety of sequences were obtained, with only
13/37 sequences matching the consensus 7-bp binding
site. Indeed, some of the isolated DNAs bound to
GCN4 with an affinity 10-20 times lower than that of
the consensus site.'” Nonetheless, these results clearly
demonstrate that the bZip domain is sufficient to select
the optimal DNA binding site for GCN4. We carried
out a similar selection using the GCN4 bZip domain
and a DNA pool with 12 randomized base pairs and
obtained similar results.?>

We used a gel retardation selection strategy to probe for
high-affinity DNA ligands for RGCN4(+ 1). One pmol
of oligonucleotide 66N18, which contains an 18-nucleo-
tide randomized region (Fig. 2), was amplified by PCR
and used for the first round of selection. Roughly 10
pmol (500 nM) of the double-stranded DNA pool were
incubated with RGCN4(+1) (3 uM) in phosphate

leucine zipper

KDPAAL KRARNTEAARRSRARK LQRV KQLEDKVEELLSKNYHLENEVARLKKLVGER

RGCN4 leucine zipper

linker
(0) M KQLEDKVEELLSKNYHLENEVARLKKLVGE LQRV

(+1) M KQLEDKVEELLSKNYHLENEVARLKKLVGE LQRRV

basic region
KRARNTEAARRSRARK AALKG

KRARNTEAARRSRARK AALKG

(+3) M KQLEDKVEELLSKNYHLENEVARLKKLVGE LQKLQRV KRARNTEAARRSRARK AALKG

B.

5’ -ATAGCAGGTCATATGACAGCGGAT-3 "
3 ' -TATCGTCCAGTATACTGTCGCCTA-5"

INV2

5" -ATTATAGTCATCGATGACAAGGAT -3
3’ -TAATATCAGTAGCTACTGTTCCTA-5

INV4

Figure 1. (A) Comparison of the protein sequences of GCN4 and three RGCN4 variants. Standard single-letter amino acid abbreviations are used.
(B) Sequences of the INV2 and INV4 oligonucleotides. The expected consensus half-sites for RGCN4, 5-GTCA-3' and 5-TGAC-3' are underlined
in bold. INVO, INVI1, and INV3 (not shown) are also 24 bp in length with 0, 1, and 3 base pairs between the half sites, respectively.
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buffer at 4°C for 30 min. The buffer also contained
NaCl (350 mM) and polydeoxyinosinic-deoxycytidylic
acid (poly[dI-dC]-poly[dI-dC]; 100 uM in base pairs) to
minimize non-specific protein—-DNA binding. Protein-
bound DNAs were separated from free DNAs by gel
retardation®®?” and were then extracted from the gel
and amplified by PCR. The isolated DNAs were sub-
jected to further rounds of selection, and the protein
concentration was reduced gradually to 100 nM. The
progress of the selection was monitored by determining
an apparent composite affinity constant (K,) for
RGCN4(+ 1) to intermediate and final pools of DNAs
in the presence of excess non-specific DNA. Although it
is clearly not possible to assign a single apparent affinity
constant to a heterogeneous mixture of DNAs, deter-
mining an apparent composite K, provides a convenient
measure of the overall affinity of the DNA pool. Both the
apparent composite K, and the maximum percentage of

66N18

66AP1

24P3 5-GCACCATATGGTCGCGTGGATCCT-3
24P4 5-GCGGGTACCTGGAGATCTGTGCGG -3’

bound DNAs increased as the stringency of the selec-
tion increased. At 12 rounds of selection, no further
increase in the apparent composite K, was observed.

The pool resulting from the 12th round of selection was
amplified independently by three different workers, and
the apparent composite dissociation constant (Ky) was
determined to be (3+1) x 10~7 M (Fig. 3). This number
is surprisingly close to the apparent Kq of 2-3 x 1077 M
observed for our final GCN4-selected pool.?> Half of
the sequences obtained for the GCN4-selected DNAs
contained the consensus seven-base pair site, which
binds to the GCN4 bZip domain with a Ky of approxi-
mately 9 x 108 M under these conditions.?® We there-
fore predict that the RGCN4(+ 1)-selected pool
contains a high proportion of sequences that bind to
RGCN4(+ 1) with an affinity similar to that of GCN4
for its consensus site.

5-GCACCATATGGTCGCGTGGATCCT(N)1gCCGCACAGATCTCCAGGTACCCGC-3
5-GCACCATATGGTCGCGTGGATCCTGATGACTCATCCCGCACAGATCTCCAGGTACCCGC-3'

Figure 2. Sequences of oligonucleotides used for the RGCN4(+ 1) in vitro selection experiment. 66N18 is the pool used for the selection; 66AP1
contains the optimal binding site for GCN4 (underlined). 24P3 and 24P4 are the primers used for PCR amplification.

1 23456 78 910111213141516

dimer « DNA complex —» U.'U...-.

freeDNA —> B uuw bbb BB .."".'

Figure 3. Gel mobility-shift assay of RGCN4(+ 1) binding to an oligonucleotide pool after 12 rounds of selection: 137 mM NacCl, 2.7 mM KCl, 4.3
mM sodium phosphate, 1.4 mM potassium phosphate, | mM EDTA, | mM DTT, 0.1% Igepal CA-630, 0.4 mg mL~' BSA, 100 uM bp calf thymus
DNA, pH 7.4. Lanes 1-15 contain **P-end-labeled DNA and decreasing amounts of peptide (8 uM, 6 uM, 4 uM, 2 uM, 1 uM, 800 nM, 600 nM, 400
nM, 200 nM, 100 nM, 80 nM, 60 nM, 40 nM, 20 nM, and 10 nM, respectively). Lane 16 contains end-labeled DNA only. Approximately 70% of the

DNAs in the pool are bound at high concentrations of protein.

rGCN4(+1) rGCN4(+1)

.. e

1 2 3 4 5 6 7 8 9 10 11

dimer « DNA complex —p» ‘

weona—» SOOI es

pool DNA pool DNA after 12

rounds of selection

Figure 4. Equilibrium binding of RGCN4(+ 1) to oligonucleotide pool DNA under the conditions described for Figure 3. Lane 1, GCN4-56 (600
nM) binding to double-stranded 66AP1; lane 2, oligonucleotide pool DNA, lanes 3—6, RGCN4(+ 1) binding to oligonucleotide pool DNA at pep-
tide concentrations of 1 uM, 500 nM, 250 nM, and 125 nM, respectively; lane 7, oligonucleotide pool DNA after 12 rounds of selection, lanes 811,
RGCN4(+ 1) binding to oligonucleotide pool DNA after 12 rounds of selection at peptide concentrations of 1 uM, 500 nM, 250 nM, and 125 nM,

respectively.
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The binding by most of the DNASs in this pool appears
to be specific. The selection was carried out in the pre-
sence of high concentrations of NaCl and in the pre-
sence of non-specific competitor DNA. These
conditions have been shown previously to reduce bind-
ing by GCN4 to non-specific, but not to specific DNA
sites.>?® In addition, little or no binding is observed by
RGCN4(+1) to the randomized DNA pool at micro-
molar concentrations (Fig. 4). In contrast, a significant
fraction of 12th-round-selected DNAs bind to
RGCN4(+1) in the presence of excess non-specific
DNA at concentrations as low as 125 nM. Finally, it
should be noted that the mobility of the RGCN4(+ 1)
complex is very similar to that of GCN4 bound to
66AP-1 (Fig. 4), strongly suggesting that RGCN4(+ 1)
binds as a dimer to the selected DNAs.

Conclusions

We have isolated high-affinity, specific DNA ligands for
a bZip protein with incorrect spacing between the basic
region and leucine zipper. This result is particularly
surprising as this protein, RGCN4(+1), fails com-
pletely to bind to five rationally designed sites, including
one that can be bound by two basic regions with their
N-termini connected by a flexible disulfide linker.!#
Changes in protein or DNA structure may be required
for high-affinity protein'DNA complex formation, or
unanticipated primary DNA sequences may be recog-
nized. Further investigation is required to address these
issues.

Experimental

Materials

Deionized water was further purified with a Corning
MegaPure Filtration System. (Poly[dI-dC]spoly[dI-dC])
was purchased from ICN Pharmaceuticals, Inc. (Costa
Mesa, CA) and dissolved in water to a concentration of
2 mM in base pairs. Enzymes were obtained from New
England Biolabs (Beverly, MA) and used with the buf-
fers supplied. Adenosine 5'-[y-3?P]-triphosphate was
purchased from ICN Pharmaceuticals, Inc. Oligo-
nucleotides were supplied by Genosys Biotechnologies,
Inc. (The Woodlands, TX). Cerenkov radioactivity was
measured with a Packard Tri-Carb® 1600TR Liquid
Scintillation Analyzer (Meriden, CT). A Molecular
Dynamics 400E Phosphorlmager and ImageQuant
Software v. 3.3 were used to obtain data from storage
phosphor screens purchased from Molecular Dynamics
(Sunnyvale, CA).

In vitro selection

Construction of an expression vector for RGCN4(+ 1)
will be described elsewhere.> RGCN4(+ 1) was expres-
sed and purified from Escherichia coli as described pre-
viously.?® Double-stranded 66N18 was obtained by
standard PCR procedures, using ~1 pmol template,
and ~ 160 pmol each of the 5'-3?P-labeled primers 24P3

and 24P4 (Fig. 2). The radioactive product was purified
by non-denaturing polyacrylamide gel electrophoresis
(8% polyacrylamide, 79:1 acrylamide/bisacrylamide)
before use in the first round of selection. Complex for-
mation was initiated by adding template DNA to
RGCN4(+1) in phosphate-buffered saline (350 mM
NaCl, 2.7M KCl, 4.3 mM sodium phosphate, 1.4 mM
potassium phosphate, | mM EDTA, 1 mM DTT, 0.1%
Igepal CA-360, 0.4 mg/mL BSA, pH 7.4). This buffer
was supplemented with poly[dI-dC]:poly[dI-dC] to a
final concentration of 100 pM in base pairs. After a 30
min equilibration period at 4 °C, samples were subjected
to polyacrylamide gel electrophoresis (8% poly-
acrylamide, 19:1 acrylamide/bisacrylamide) at 4°C. A
positive control lane containing 66AP-1 and GCN4-56
or similar was used to determine the location of protein-
bound DNAs. The protein-bound DNAs were eluted
from the gel and subjected to PCR amplification and
purification as described above. 25-30% of the ampli-
fied DNA pool was used in the next round. Protein
concentrations were: 3 uM for rounds 1 and 2, 750 nM
for rounds 3-5, 400 nM for rounds 6 and 7, 200 nM for
rounds 8-10, and 100 nM for rounds 11 and 12.

Quantitative electrophoretic mobility-shift assays

These assays were performed as described pre-
viously.?$2° Protein concentrations ranged from 8§ uM
to 10 nM. The labeled DNA concentration was ~ 2
nM. After electrophoresis, gels were dried and analyzed
using storage phosphor technology, and the amounts of
free and bound DNA were quantified using Image-
Quant v. 3.3 software. The fraction DNA bound (0,,)
was calculated as the volume contained within the band
corresponding to the bound DNA divided by the sum of
the volume present in the bands corresponding to the
bound and free DNAs within each lane. Data were fit to
the modified Hill eq 1 describing formation of a 2:1
protein/DNA complex:

Kg [L]tzol

ea = emin + emax - emin
" ( 'TIRLE,

)

[L}ot corresponds to the total protein monomer con-
centration, K, corresponds to the apparent composite
monomeric equilibrium association constant, and 0,,;,
and 0,,,, represent the experimentally determined site
saturation values when the site is unoccupied or satu-
rated, respectively. Data were fit using the nonlinear
least-squares fitting procedure of KaleidaGraph soft-
ware (version 3.0.5, Abelbeck software) with K, 0,,ax,
and 0,,;, as the adjustable parameters.
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