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Abstract

Since specific DNA binding proteins play many important roles
in the regulation of cellular reactions including replication,
transcription, and translation by the specific interactions of DNA
binding proteins with DNA, the design and synthesis of sequence-
specific DNA binding proteins is of great interest in modern chemistry
and biology.

Chapter 1 introduces a strategy by which to design new protein
structures recognizing new sequences of DNA. The results of
experiments using new protein show that there is cooperation
between the monomers in binding to DNA and each monomer
recognizes the half-site of the dimer binding site.

Chapter 2 describes the advantage of palindromic sites and
dimerization in DNA recognition according to the experimental
results. The results also show that each monomer in a dimer
recognizes one half-site of the dimer binding site irrespective of the
relative orientation monomer in the dimer and the dimer binding site
depends on the relative orientation of the two monomer in the dimer.

Chapter 3 shows that the monomer of DNA binding region of the
v-Jun leucine zipper protein recognizes the dimer binding site. Our
results support the possibility that two monomers of v-Jun might bind
sequentially to the dimer site with dimerization of v-Jun occurring

while bound.



Chapter 4 describes the design of a new protein recognizing a
new 16 bp site in DNA. Our results show that there is cooperation
between monomers and all three monomers in the new peptide
recognize unique half-sites in the proposed trimeric binding site.

Chapter 5 describes quantum mechanical calculations on the
active site of cytochrome P-450cam to improve force constants for the
molecular simulations of cytochrome P-450cam. Our results show that
the size of iron ion is a function of its spin and oxidation state and

plays a key role in the process of oxygenation.
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Protein Design



Chapter 1

Protein Stitchery:
Design of a Protein for Selective Binding

to a Specific DNA Sequence
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*Materials and Molecular Simulation Center, Beckman Institute 139-74
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Abstract

We present a general strategy for designing proteins to
recognize DNA sequences, and illustrate this with an example based
on the "Y-shaped scissors grip" model for leucine-zipper gene
regulatory proteins. The designed protein is formed from two copies,
in tandem, of the basic (DNA binding) region of v-Jun. These are
coupled through a tripeptide to yield a "dimer" expected to recognize
the sequence TCATCGATGA (the v-Jun homodimer recognizes
ATGACTCAT). We synthesized the protein and oligonucleotides
containing the proposed binding sites and used gel retardation assays
and DNase I footprinti'ng to establish that the dimer binds specifically
to the new DNA sequence but not the wild-type DNA sequences, nor to
oligonucleotides in which the recognition half-site is modified by
single-base changes.

These results also provide strong support for the "Y-shaped

scissors grip" model for binding of leucine-zipper proteins.



Introduction

We propose a general strategy for designing new proteins to
recognize specific DNA binding sites, it is to select segments of
proteins, each of which recognizes particular DNA segments, and to
stitch these together via a short peptide with a cysteine crosslink in a
way compatible with each peptide being able to bind to its own DNA
segment. This leads to a new protein that recognizes the composite
site.

As a starting point we consider the gene regulatory leucine-
zipper proteins. They are characterized by two structural motifs (1-3):
(i) the leucine zipper which is responsible for dimerization and
(ii) the basic region for DNA binding (4-7). The basic regions of
unbound leucine-zipper dimers are unfolded, but fold into the alpha-
helix conformation upon binding to the specific site (8-10). The most
plausible model for the conformation of leucine-zipper protein is the
"Y-shaped scissors grip" model (1,2), in which the basic region of each
monomer interacts with DNA on either side of the dyad axis of the
binding site. Thus, for GCN4 each arm recognizes the half-site AGTA
(11,12).

The Design

Our design strategy assumes this "Y-shaped scissors grip" model
(Figure la). We form new proteins by crosslinking (stitching together)
various binding arms so as to be consistent with the orientation of the

recognition helix in each half-site. Here we build upon the results of



Kim and coworkers (5,6), who showed that the leucine zipper of
GCN4 can be replaced with linkers (Gly-Gly-Cys) at the C-terminus of
the DNA binding segment which upon oxidation dimerize and bind to
the same site (ATGACTCAT) as GCN4. As a model system to explore
the design of new DNA binding proteins, we have chosen the v-Jun
leucine zipper dimer (Figure la) which also binds to the site
ATGACTCAT as a homodimer with itself or as a heterodimer with Fos
(4,13-16), another member of this DNA binding protein family. We
will reverse the sequence relationship of the alpha-helix to the target
nucleotide of the binding arms by adding the Gly-Gly-Cys linker to the
N-terminus (rather than C). As illustrated in Figure 1b the new protein
is designed to recognize the DNA sequence TCATXATGA, where X
represents O to 2 additional bases to accommodate the loop region of
the new dimer.

Several criteria were used in selecting v-Jun as the starting
point:
(i) To prevent nonspecific disulfide bond formation, the protein must
not contain cysteine in its basic region.
(ii) Since we want to reverse the alpha-helix relative to the target
DNA sequence, the protein should have no residues (especially proline
and probably glycine) that would interrupt alpha-helices.
(iii) Since we want to ensure that the protein can form the alpha-helix
when joined with the linker, the composition of amino acids in its
basic region should strongly favor a-helices [by the Chou-Fasman

criterion (17}].



We considered 14 leucine-zipper proteins and found that v-Jun best
satisfies the above criteria.

We took as our standard protein the 31 residues at the N-
terminus of v-Jun joined with the linker (Gly-Gly-Cys) (Figure 2a). The
new protein (v-Jun-NN) is designed to bind specifically to the site
TCATXATGA, where X might contain O to 2 base pairs (bp). As
indicated in Figure 2b, we considered four cases for X:

(i) X =F (no base pairs), denoted as NNS-F

(ii) X = C (which is equivalent to X = G), denoted as NNS-C/G

(iii) X = CG, denoted as NNS-CG

(iv)] X = GC, denoted as NNS-GC

We excluded using A or T on the assumption that the methyl group of
T (which sites in the major groove) might interfere with binding of

the protein.

Materials and Experiments
Preparation of Peptide and Oligonucleotides

Peptide v-Jun-N was chemically synthesized at The Biopolymer
Synthesis Center of Caltech. The automated stepwise solid phase
syntheses were performed on an ABI 430A peptide synthesizer
employing an optimized synthetic protocol of the f-Boc chemistry. The
peptide was purified by reverse phase HPLC on a Vydac C18 column. A
linear gradient of 0-50% aqueous/acetonitrile/0.1% TFA was run over
120 minutes. The purity of peptide was checked by mass
spectroscopy: calculated, 4039.3; experimental, 4041.8. All



oligonucleotides used were chemically synthesized at The Biopolymer

Synthesis Center of Caltech.

Gel retardation assays

The binding solution contains bovine serum albumin at 50
mg/ml, 10% (vol/vol) glycerol, 20 mM Tris.HCI (pH 7.5), 4 mM KC1,
2 mM MgCl2 and 1.56 nM v-Jun-NN in 10 pul reaction volume. After
adding 5,000 cpm of each 5'-32P-labeled probe DNA (25-26 bp), the
solutions were stored at 4° C for 1 hr and loaded directly on an 8%

nondenaturing polyacrylamide gel in TE buffer at 4° C.

DNase I footprinting assays

The footprinting assay solution (in 50 pl) contains bovine serum
albumin at 50 mg/ml, 5% glycerol, 20 mM Tris-HCI (pH 7.5), 4 mM
KC1, 2 mM MgCl2, 1 mM CaClg, 20,000 cpm of each 5'-32P-labeled
probe DNA (60-62 bp) and 50 nM v-Jun-NN. This solution was stored
at 4° C for 1 hr. After adding 5 ul of DNase I diluted in 1x footprinting
assay buffer, the solutions were stored 1 min more at 4° C. the DNase I
digestion was stopped by addition 100 ul of DNase I stop solution
containing 15 mM EDTA (pH 8.0), 100 mM NacCl, 25 ug/ml sonicated
salmon sperm DNA and 25 ug/ml of yeast tRNA. This was
phenol/chloroform extracted, ethanol precipitated, and washed with
70% ethanol. The pallet was resuspended in 5 ul of formamide loading
buffer, denatured at 90° C for 4 min, and analyzed on 10%

polyacrylamide sequencing gel (50% urea).



Results

We carried out gel retardation assays using four DNA sequences
(o) the new sequence TCATCGATGA (case ¢ above), NNS-CG
(B) the binding sequence for v-Jun, ATGACTCAT,

(y) the complementary double base pair substitution (C2 -> A2 and G9
-> T9) of a: TAATCGATTA.

(8) the complementary double base pair substitution (A3 -> C3 and T8
-> G8) of a: TCCTCGAGGA.

The 'results (Figure 3) indicate that v-Jun-NN binds to the new
DNA sequence as a homodimer with a dissociation constant of less
than 1 nanomolar at 49 C. On the other hand, the new protein does
not bind significantly to the wild-type site  of the mutant sites y and
3.

In order to establish the specific binding site for v-Jun-NN, we
carried out deoxyribonuclease (DNase) I footprinting. These results
(see Figure 4) show that the v-Jun-NN protects the exact binding site
predicted for the new protein. Thus we conclude that each arm of
DNA-bound v-Jun-NN retains the same structure as in native v-Jun.
The DNase I footprinting results (Figure 4) also indicate that NNS-CG
has the strongest binding affinity for v-Jun-NN. The decrease in
binding for shorter X may result from the strain required at the loop
region of the dimer to place the binding segments along the binding
region. Particularly interesting is the difference in specificity observed

between NNS-GC and NNS-CG, (Figure 4, compares lanes 9 and 12 for



top strands and lanes 21 and 24 for bottom strands). These results

indicate that X plays more than the role of spacer.

Discussion

These results support the idea that the N-terminal region of v-
Jun contributes to the binding to DNA through specific interaction
with the DNA (since in v-Jun-NN this region is forced to contact the
DNA). This supports the angulated bend conformation (1). Our results
help differentiate the respective roles of the basic region and of the
leucine zipper region in recognition and binding. The basic region of
v-Jun is sufficient for specific binding. Although the leucine zipper
region is not directly involved in DNA binding, our results indicate
that its position relative to the basic region plays an important role in
determining which target sequence of DNA the protein recognizes.

Summarizing, we have designed a new protein (stitched
together from segments derived from the natural protein) to
recognize a specific new DNA binding site, and we have established
specific binding of the new protein this site. Note that use of the--Cys
linker is not essential in the design. We could just as well replace the
cysteine and make a continuous ~70 amino acid protein that should
recognize a predictable site (14). In addition this strategy is not
limited to two arms. We could have stitched together three, four, or
more arms with appropriate linkers to design proteins that would
recognize DNA sequences with 15, 20 or 25 base pairs. Such systems

with EDTA-Fe (18) or other nucleases would presumably cut very
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specific sites, allowing the genome to be cut into much longer
segments. The design is not limited to v-Jun. Any protein or other
molecule that recognizes a specific DNA sequence by binding along the
major groove could be a candidate. Many such cases are now known so
that we already have a collection of available partial bindings sites that
could be combined to form composite target binding sites for
designing new binding proteins. Of course the segments of the new
proteins should be designed so that the intramolecular interactions
are not so strong as to compete with binding to the DNA.

Our results support the idea that each monomer arm of the
dimer binds along the major groove to the half of the binding site of
the dimer (11,12). This strongly supports the "Y-shaped scissors
grip” model for leucine zipper proteins (1). Our new strategy can be
used to investigate the interaction between DNA and protein and the

structure of DNA/protein complex.
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Figure 1. (a) The "Y-shaped scissors grip”" model for the v-Jun
homodimer bound to the ATGACTCAT site. (b) The designed protein
v-Jun-NN. After removing the leucine zipper region (blue and light-
blue) of each monomer, the upper arm (green) and its DNA binding
site (pink, ATGA) was shifted just below the lower arm (orange). In
Figure 1b the shifted upper arm and DNA fragment retain their
original green and pink colors, respectively. Different linkers (Gly-Gly-
Cys, purple) were added at the N-termini of both arms, and a disulfide
bond was made. V-Jun-N was dimerized by oxidized djthiothreitol and
purified by HPLC. Protein concentration was determined by the
method of Bradford with Bio-Rad protein assay kit. Thus the designed
protein is expected to bind to TCATXATGA (where cyan joins to pink
in 1b) and does not to ATGACTCAT (where pink joins to cyan in la),
where X (filling bases) fit the new loop introduced between the
peptide monomers to make the dimer.
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Figure 2. Sequences of protein and oligonucleotides used in gel
retardation and footprinting. v-Jun-br contains the basic region of v-
Jun corresponding to the residues from 218 to 346, and Gly-Gly-Cys is
added to make v-Jun-N. Single-letter amino acid code is used.
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Figure 3. Gel retardation assay for the binding of v-Jun-NN to various
DNA segments. The dimer selectively binds to the predicted site,
NNS-CG. Odd-numbered lanes, no protein; even-numbered lanes, v-
Jun-NN. Lanes 1 and 2, probe DNA a (NNS-CG); lanes 3 and 4, probe
DNA b (the wild type site); lanes 5 and 6 probe DNA g, lanes 7 and 8,
probe DNA d (Figure 2b). As determined by titration of the gel shift, v-
Jun-NN binds to the predicted new sequence, NNS-CG with a
dissociation constant (K{d) of ~ 0.3 nanomolar at 4° C.
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Figure 4. DNase I footprinting assay of v-Jun-NN with DNA containing
the predicted binding sites, NNSs. This shows that the protein
protects the target binding site with the best protein for NNS-CG.
lanes 1-12, labeled at 5' end of top strand; lanes 13-24, labeled at the
5' end of bottom strand. Lanes 1-3 and 13-15, NNS-F; lanes 4-6 and
16-18, NNS-C/G; lanes 7-9 and 19-21, NNS-GC; lanes 10-12 and 22-
24, NNS-CG. The first lane for each probe DNA (lanes
1,47,10,13,16,19, and 22), G+A marker; the middle lane for each
probe DNA (lanes 2,5,8,11,14,17,20, and 23), no protein; the last lane
for each probe DNA (lanes 3,6,9,12,15,18,21, and 24), v-Jun-NN.
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Chapter 2

Design Superiority of Palindromic DNA Sites for Site-Specific
Recognition of Proteins: Tests Using Protein Stitchery
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tDivision of Chemistry and Chemical Engineering (Contribution No.8776),
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Abstract

Using Protein Stitchery with appropriate attachment of
cysteines linking to either carboxy (C) and amino (N) ends of the basic
region of the v-Jun leucine-zipper gene-regulatory protein, we
constructed three dimers, pCC, pCN, and pNN. All three bind
specifically to the appropriately rearranged DNA recognition sites for
v-Jun: ATGAcgTCAT, ATGAcgATGA, and TCATcgATGA, respectively
(dissociation constants of about 4 nM at 4° C). Results of DNase I
footprinting provide strong support for bent recognition helices in
leucine-zipper protein/DNA complexes. Comparison of the results for
pCC and pNN with those for pCN shows the design superiority of

palindromic sequences for protein recognition.
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Introduction

The mechanism by which cells respond to external stimuli is a
fundamental problem in modern biology. Transcriptional regulatory
proteins are known to play a key role in several systems evolved by
cells to convert extracellular signals into altered gene expression (1).
They operate by specifically binding to DNA target sites which regulate
the transcription of particular genes. Prominent among transcriptional
regulatory proteins is the leucine-zipper family, which recognize the
DNA binding site either homodimers or heterodimers (2-4). The
leucine-zipper proteins are characterized by two functional segments:
i. the leucine zipper region, a helical region containing 4 or 5 leucines
spaced at seven amino acid intervals, and
ii. the basic region containing many basic residues (5-10).
The basic region appears to be unfolded in solution, but assumes an
alpha-helical structure binding to its recognition site (11-13). Site-
directed mutagenesis (6,7) and domain swapping (8-10) experiments
show that the leucine zipper region mediates dimerization and that
the basic region is responsible for DNA binding. Experiments
replacing the leucine zipper region with a three peptide linker
(14,15) showed that: the dimerized basic region recognizes the same
site as the native protein supporting the scissors grip model (5),
where each monomer recognizes the half-site of the symmetrical DNA
binding site. Recently, we showed that the normal dimer (denoted

pCC), which selectively recognizes the sequence ATGAcgTCAT, can be
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inverted to form a protein (denoted pNN) which selectively recognizes
the inverted site, TCATcgATGA (15).

Gel electrophoresis experiments (22) with Jun homodimer and
with Jun-Fos heterodimer showed that Jun and Fos induce DNA
bending in the opposite direction upon binding to the specific site. To
explain this it was proposed that the basic region of Jun has a bent «-
helix while the basic region of Fos has a straight helix. However, a
recent X-ray crystal structure (21) for the complex between GCN4 and
DNA containing the GRE site (ATGACTCAT) showed a straight single
o-helix for the basic region of GCN4. Our current results support the
interpretation that the v-Jun homodimer bound to its specific site has

bent o-helices.

Peptide design

Using Protein Stitchery, we have now made three kinds of v-Jun
(16,17) homodimers (denoted pCC, pNN, and pCN) and show herein
that each selectively recognizes the appropriately reorganized DNA
binding sites ATGAcgTCAT, TCATcgATGA, and ATGAcgATGA (Figure
3). The concept of Protein Stitchery (15) is that the individual basic
arms (half-sites) of the dimer and the individual half-sites of the DNA
can be recombined or stitched together in various sequences to form
new proteins selective for binding to the new DNA sites. Thus we use
here the recognition helix v-Jun-br of Figure la with a cysteine linker
either at the amino end (v-Jun-N) or at the carboxy end (v-Jun-C).

These can be combined to form either pNN, pCC, or pCN dimers as
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illustrated in Figure lc. Formation of pNN and pCC (via pathway I) is
straightforward since each involves dimerization of identical
monomers. In order to ensure formation of pCN, the cysteine at the
carboxy end of v-Jun-C was reacted with excess 2,2'-dithiodipyridine
to form thiopyridyl-(v-Jun-C) (18,19) and then coupled with the
cysteine at the amino end of v-Jun-N to form the pCN dimer (v-Jun-
C)-S-S-(v-Jun-N) (pathway III, Figure 1c). We also verified pathway II
for forming pCC.

Results and Discussion

We carried out gel retardation assays (15) for each of the three
peptide dimers with oligonucleotides (Figure 1b) corresponding to
each of the three proposed binding sites. These results (Figure 2a)
show that each dimer recognizes the appropriate binding site
specifically with no detectable binding to the other sites. It is
important to note that this strong preference for dimer occurs even
though all oligonucleotides contain proper sites for binding a single arm of
each dimer. Therefore at 3 nM peptide concentration the dimer does
not make a stable complex with DNA unless both arms in the dimer
recognize their proper sites. This implies cooperation between the
monomers in recognizing the binding site (20). Since all three
dimers have similar (2 to 6 nM) binding affinities with their own sites
and since all three lead to the same length protected region from
DNase I digestion, we conclude that (i) all three cases involve similar

conformations in the complex between DNA and peptide, and (ii) the
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monomer arm retains the same contact region in various dimers. This
occurs despite the changing orientation of the monomers in the
various peptide dimers (15).

There are two major models for the bound conformation of
leucine zipper protein to the specific site. One is the 'induced helical
fork' model (13) which propose a straight single o-helix for the basic
region, and the other is 'scissors grip' model (5) proposing a bent a-
helix for the basic region. The recent X-ray crystal structure (21) for
the complex of GCN4 containing only the basic and leucine zipper
region and DNA containing GRE site showed that the basic region of
each protein has a straight o-helix conformation recognizing each half
site of the dimer binding site. There was no DNA bending caused by
protein binding (21). However, there remain many problems with
assuming that the basic region is in all cases a straight a-helix:

(i) the bases flanking the active site affect the binding of leucine
zipper protein even though the crystal structure shows no direct
contacts with protein (21)

(ii) gel electrophoresis experiments using Jun homodimer and Jun-
Fos heterodimer showed that Jun and Fos induce DNA bending in
opposite directions upon binding to their site (22), whereas GCN4
does not induce DNA bending (21,27). (iii) Even though GCN4-br (a
peptide containing the basic region of GCN4 protein) showed no
specific binding [for details see ref. 14], we find that the monomer v-
Jun-br (a peptide containing only the basic region of v-Jun, see Figure

1a) specifically binds to the dimer site and shows the same protection
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as the dimer. Our conclusion then is that there is no universal model
for the DNA bound conformation of the basic region of leucine zipper
proteins. Whether it is linear (as in GCN4) or bent (as in Jun) depends
on the specific primary sequence and the properties of the solutions
(stabilizers, pH, etc.) used in the experiments.

The result that all three dimers pCC, pNN, and pCN bind
strongly to the appropriate combination of oligonucleotide sites
implies that the helical binding arm is bent (5,22) (see Figure 3). Our
argument is as follows. The optimum binding site for both Jun
homodimer and the Jun-Fos heterodimer is known to be ATGAcgTCAT
(or ATGAcgTCAT) where the inner seven (or eight) bases play an
important role in recognition (23,24)

The X-ray crystal structure of GCN4 bound to DNA leads to
straight a-helices which have direct contacts with only the inner seven
bases of the GRE site (ATGACTCAT). Thus each arm recognizes the
half-site (gATGAc or gTCATc) of the dimer binding site
asymmetrically. If the same were true for v-Jun and if the same
contacts are maintained between the protein and bases for the bound
conformations of pCC/CC, pNN/NN, and pCN/CN (as expected since
the binding constants and protection are the same), then the
orientations of the binding arms would have very different orientations
(Fig. 3e-f). This should result in different protection from DNase I
digestion (not observed). In addition for the pNN/NN complex, this
would lead to N-termini of the two arms too distant to be connected

by the added linker, GGCCGG. The alternative to Fig 3def is for each
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dimer to have the same angle (as in Fig. 3d). Thus the actual contact
region would not be equivalent in the three cases and it would be
difficult to explain the gel retardation and footprinting results. On the
other hand, with the recognition helix bent roughly at the middle of
the helix (as indicated in Figures 3a,b,c), it is plausible that the
contact regions are ATGAcgTCAT for pCC, TCATcgATGA for pNN, and
ATGACgATGA for pCN. This leads to equivalent contact regions for all
three cases and to the roughly equivalent binding energies apparent in
Figure 2a. Thus we conclude that for v-Jun the basic region becomes
bent upon binding to DNA. In addition, footprinting (15) of the three
peptide dimers (Figure 2b), each with the appropriate oligonucleotide
dimer, suggests that the complexed peptide dimers protect the full
specific site (all 10 bp) from DNase I digestion. These results strongly
support the bent recognition helix model for the basic dimers
considered herein and hence also for the leucine-zipper parent
proteins (22).

For the pCN/CN complex, the footprinting (Fig. 2b) shows
incomplete protection on the binding site and partial protection on
the bases flanking the binding site, whereas for pCC/CC and pNN/NN
this does not happen. This occurs even though gel retardation assays
indicate specific binding for all complexes. This occurs even though
all three complexes show specific binding in gel retardation assays.
Our explanation of this (Figure 4) suggests why palindromic sequences
are so common for selective binding of regulatory proteins (25,26).

This reasoning is supported by recent results we have observed
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showing that (i) the monomer of v-Jun containing only the basic region
(v-Jun-br) specifically protects both pCC and pNN binding sites
identically to the protection provided by the dimers pCC and pNN,
respectively, and (ii) at 3 nM concentration gel retardation showed
that pCC (and pCN) has lower binding affinity for the DNA probe
carrying a sequence of cgATGAcgTCATcgTCATcg [containing pCC and
PCN binding sites overlapping half of each dimer binding site in the
center] than for CC (and CN) probe DNA. These results imply that the
half-site, gTCATc (or gATGAc), added next to the pCC (or pCN)
binding site interferes with the binding of pCC (or pCN) to the dimer
binding site [because the half-site can be used as a binding site for
each arm of the dimer if the orientation between the site and arm fits
each other]. Details of these results will be published elsewhere.
Figure 4 indicates the strength of binding for all three peptide dimers
at or near their DNA recognition sites. Here O represents good
binding while X represents nonspecific binding. The palindromic sites
for pNN and pCC lead to binding only when the protein is exactly at
the recognition site whereas pCN can recognize both full site (both
arms bound) and half sites (one arm bound). In DNase I footprinting
and gel retardation assays, semispecific binding compete with specific
binding. This occurs because one arm of the semispecifically bound
peptide would cover half of the specific binding site, preventing
another dimer from binding and providing full protection. This
explains (i) why gel retardation assays (Fig. 2a) show lower binding

affinity for the pCN/CN complex compared to the pCC/CC and



30

PNN/NN complexes and (ii) why footprinting assays (Fig. 2b) show
incomplete protection on the binding site and partial protection on a
few bases flanking the binding site. Such semispecific binding
interferes with the site specific binding and would eventually result in
low production and abnormally slow growth. However, gel retardation
shows no detectable nonspecific or semispecific binding at low
peptide concentration, indicating that semispecific binding is
significantly weaker than specific binding. After dimerization, the
proteins suitable for palindromic dimer binding sites avoid
semispecific DNA binding, leading to more selective recognition of the
specific sites. Thus palindromic dimer binding sites provide good design
Jor selective molecular recognition and for further flexibility the link can
align sites (Figure 3) to modify recognition.

The results on the three dimers considered here provide
encouragement that this Protein Stitchery approach is feasible for
designing and synthesizing proteins to recognize long DNA sequences.
Thus for trimers to recognize 15 bp sequences, we are using an
approach similar to Figure lc involving appropriate use of cysteine
linkages and transfer activators. It seems possible to design proteins

for 20 bp and longer.

Summarizing:
(). We find that Protein Stitchery of v-Jun leads to three dimers pCC,
PNN, and pCN each of which binds specifically to the appropriate

rearrangement of DNA sites. Thus, there is cooperation between the
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two monomers of the dimer in binding to DNA which depends on the
relative orientation of two monomers in the dimer.

(ii). These results provide strong support for the bent a-helix model of
the basic region when bound to DNA.

(iii). These results provide an explanation for the advantage of
dimerization and the use of palindromic sites in the site selective
binding of proteins to DNA.

(iv). These results show Protein Stitchery to be useful for establishing
the conformation and mechanism for binding of proteins to their DNA

binding sites.
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Figure 1. Sequences of protein (a) and oligonucleotides (b) used in the
gel retardation and footprinting studies. The total length of each
oligonucleotide is 62. v-Jun-br contains the basic region of v-Jun. Cys-
Gly-Gly is added to the N-terminus of v-Jun-br to make v-Jun-N and
Gly-Gly-Cys is added to the C-terminus of v-Jun-br to make v-Jun-C.
Proteins were chemically synthesized and checked by mass
spectroscopy at the Biopolymer Synthesis Center at the California
Institute of Technology (15). (c) Shows the strategy for making pCC
(and pNN) and pCN dimers. v-Jun-C was incubated with 10 mM
dithiothreitol (DTT) for 5 hours at room temperature and purified
directly into 10 mM 2,2'-dithiodipyridine, 100 mM sodium phosphate
(pH 5.5) containing 30% acetonitrile. The resulting thiopyridyl-(v-
Jun-C) was purified by HPLC. Purified monomer v-Jun-N was reacted
with 2 equivalent of thiopyridyl-(v-Jun-C) in solution containing 100
mM TEAA buffer(pH 7.5) and 15% acetonitrile for 12 hours at room
temperature. The final product, pCN, was purified by HPLC (15).
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(a) Peptidés (Amino end at left)

ch
v-Jun-br: S QERIKAERKR MRNRIAASKS RKRKLERIAR
v-Jun-N : CGG S QERIXAERKR MRNRIAASKS RKRKLERIAR
v-Jun-C : S QERIKAERKR MRNRIAASKS RKRKLERIAR GGC

(b) Oligonucleotides

ce: st-ctcagatccggatcctaggttaaacgATGACGTCATcggtataggtcgagaattcggatecs-3"
* 3'-gagtcraggcctaggatccaatttgcTACTGCAGTAgccatatccagetcttaagectagga-s"

CN: S '-ctcagatccggatcectaggttaaacgATGACGATGAcggtataggtcgagaattcggatcat-3"
' 3'-gagtctaggcctaggatccaatttgcTACTGCTACTgccatatccagetcttaagectagga-s®

NN: S r-ctcagatcesgatectaggttaaacgTCATCGATGAcggtataggtcgagaatteggatcct -2
* 3'-gagtctaggcctaggatccaatttgcAGTAGCTACT gccatatccagetcttaagectagga-5'

{c) Disulfide bond formation to make pCC(or pNN) and pCN

air bubble
or
oxidized DTT I
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Figure 2a. Gel retardation assay for binding of pCC, pCN, and pNN to
the CC, CN and NN probe DNAs. The binding solution contains bovine
serum albumin (BSA) at 50 ug/ml, 10% (vol/vol) glycerol, 20 mM
Tris.HCI (pH 7.5), 4 mM KCI, 4 mM MgCly and 3 nM of appropriate
peptide where indicated in a 10 pl reaction volume. After 5000 cpm of
each 5'-32P-labeled probe DNA was added, the solutions were stored
at 4° C for 40 min and loaded directly on an 8% nondenaturing
polyacrylamide gel in Tris/EDTA buffer at 4° C. As determined by the
titration of the gel shift, Kq ~ 2 nM for pCC/CC, Kq ~ 6 nM for
pCN/CN, and Kq ~ 4 nM for pNN/NN all at 4° C. These results show
that each peptide binds specifically to its proposed binding site and
not to the other sites.
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Probe-DNA }——CC ] CN ; NN —
Peptide — PCCpCNpPNN — pCCpCNpNN — pCC pCN pNN
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Figure 2b. DNase I footprinting assay of pCC, pCN and pNN peptide
with DNA containing the predicted binding sites for, pCC, pCN, and
PNN, respectively. The footprinting assay solution (in 50 ul) contains
bovine serum albumin (BSA) at 50 ug/ml, 5% (vol/vol) glycerol, 20 mM
Tris.HCI (pH 7.5), 4 mM KCIl, 2 mM MgClp, 1 mM CaClg, 20,000 cpm
of each 5'-32P-labeled probe DNA and 50 nM of appropriate peptide
(where indicated). This solution was stored at 4° C for 40 min. After 5
ul of DNase I diluted in 1X footprinting assay buffer was added, the
solutions were stored 1 min more at 4° C. The DNase I digestion was
stopped by adding 100 pl of DNase I stop solution containing 15 mM
EDTA (pH 8.0), 100 mM NaCl, and sonicated salmon sperm DNA at 40
ug/ml. This mixture was phenol/chloroform-extracted, ethanol-
precipitated and washed with 70% (vol/vol) ethanol. The pallet was
resuspended in 5 pl of formamide loading buffer, denatured at 90° C
for 4 min and analyzed on 10% polyacrylamide sequencing gel (50%
urea). These results show that each peptide specifically binds to the
proposed binding site and protects the whole site except for the case
of pCN/CN which shows some incomplete protection on the binding
site. This exception is explained as due to binding to semispecific
(half) sites by single arms as discussed in the text (see Figure 4).
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Figure 3. Schematic diagram for the complex between peptides and
their corresponding DNA sites assuming a bent recognition helix for
(a)-(c) and a straight recognition helix for (d)-(f) based on the X-ray
crystal structure of GCN4/DNA complex (21). (a) and (d) The complex
between pCC and probe DNA CC. (b) and (e) The complex between
pCN and probe DNA CN. (c) and (f) The complex between pNN and
probe DNA NN. The linker connecting two monomers indicates a
disulfide bond between the cysteines attached to the end of peptides.
For each case the side view is on the top and the top view is on the
bottom. The outer and inner circles of the top view represent the
outer and inner major groove surfaces of the top strand for the
proposed binding site projected onto an imaginary plane
perpendicular to the axis of DNA and running through the center of
peptide and binding site. Shading is used with the peptide and DNA
contacts to ease the tracking of these regions for different cases. This
diagram shows that a bent recognition helix can contact the same four
bases for all three peptide dimers, while a linear recognition helix
would contact different bases in the three peptide dimers. [This
diagram is not meant to imply an exact correlation between where the
basic region is bent and where the bases are positioned.]
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Figure 4. Specific binding of protein at and near the corresponding
DNA binding site. (a) The complex pCC/CC. (b) The complex pCN/CN.
(c) The complex pNN/NN. Here O represents specific binding while
X represents nonspecific binding. The case of pCN/CN has one
specific binding site and two sites for semispecific (half-site) binding
near its (non-parlindromic) binding site. However, the cases of
pCC/CC and pNN/NN do not allow semispecific binding near their
(parlindromic) binding sites.
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(@) pcc recognition region of CC

( nnnnonnndAATGAcgT TCATnnnnnn=n ()'

( nnnnnnATGAcgTCATnnnnnn O

( nnnnnndAaTGACGTCAT nnn o O

(b) pPCN recognition region of CN

( nnnnnnd3dTGAcgATGAnnnannnn O

o o

( nnnnnnTCATcecgATG2nnnnnn )

( nnnnnnTCATcgATGAnnnnnnn O
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Chapter 3

The Monomer of the DNA Binding Region of the v-Jun Leucine
Zipper Protein Recognizes the Dimer Binding Site
without Dimerization.

Changmoon Park*'#, Judy L. Campbellf#, and William A. Goddard III**
*Materials and Molecular Simulation Center, Beckman Institute 139-74

tDivision of Chemistry and Chemical Engineering, and #Division of Biology

California Institute of Technology, Pasadena, CA 91125
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Abstract

It has been believed that leucine zipper proteins recognize the
binding site as a dimer preformed in solution and that the monomer
does not does not bind specifically to this site. We synthesized a 31
residue peptide, v-Jun-br, which contains only the DNA binding region
of the v-Jun monomer. Footprinting assays show that v-Jun-br
specifically recognizes and protects the binding site of v-Jun
homodimer pCC (and the rearranged binding site) almost identically
as do dimers. This means that the monomer recognizes the half-site of
the dimer binding site and dimerization does not affect the bound
conformation of each monomer. These results support the possibility
that two monomers of v-Jun might bind sequentially to the dimer site

with dimerization of v-Jun occurring while bound.
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I. Introduction

Many DNA binding proteins are characterized by specific binding
motifs (e.g., helix-loop-helix, zinc finger, leucine zipper) many of
which recognize their parlindromic DNA binding sites as dimers (1).
Leucine zipper proteins have common structural motifs confined on a
region of about 60 residues with a leucine zipper region (4 or 5
leucines occurring exactly every 7 residues) on the C-terminus
responsible for dimerization and a basic region on the N-terminus
which is responsible for DNA binding (2).

The basic region has no fixed conformation in solution, but
changes into an o-helix when bound to the specific site (3-6).
Experiments using the basic region of GCN4 (7) or v-Jun (8,9) showed
that without the leucine zipper region the basic region alone will
recognize the dimer binding site (denoted CC) when dimerized at the
carboxy termini (denoted pCC) by an added linker. In addition
dimerization at the amino termini leads to recognition of the
rearranged pNN binding site (8,9).

The X-ray crystal structure of GCN4 bound to DNA shows a
straight «-helix conformation for the basic region and no bending of
the DNA induced by protein binding (10). However, Jun homodimer
and Jun-Fos heterodimer do induce DNA bending (in opposite
directions) upon binding to the specific site (11). To explain this DNA
bending it was proposed for the basic region that Jun has a bent a-
helix while Fos has a straight o-helix. The equivalent binding and

footprinting using three v-Jun homodimers, pCC, pCN, and pNN, was
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interpreted as evidence for a bent helix for the bound basic region of
v-Jun (9).

It is widely believed that protein dimerization is essential for
leucine zipper protein to effect specific DNA recognition. Evidence in
favor of this view are the observations that:

(i) most mutations that prevent dimerization also prevent DNA binding
(12-14),

(i) GCN4 can make stable dimer in the absence of specific DNA (15),
and

(iii) the oxidized dimer of the GCN4 basic region specifically
recognizes the dimer binding site, but the reduced monomer does not
(7).

On the other hand NMR experiments showed that in the absence of
the specific DNA binding site the lifetime of GCN4 homodimer is
between 10 ms and 1 s (6). Consequently GCN4 dimer is not stable in
solution in the absence of specific DNA.

In order to obtain a direct test of whether predimerization is
essential for the binding of leucine zipper protein, we synthesized a
peptide v-Jun-br (Figure la) containing only the basic region of v-Jun
monomer and did footprinting assays for oligonucleotides containing

the dimer binding site.
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II. Experimental Details
A, Oligonucleotide and peptide preparation

The probe DNAs CC and NN (Figure 1b) were prepared as
described (9). Peptide v-Jun-br was chemically synthesized and
purified as described (8) (see Caption, Figure 1). The dimers pCC and
pNN were prepared by oxidization of the v-Jun-N or v-Jun-C peptides
as described (9). Protein concentration was determined as described

(8).

B. Footprinting
The probe DNAs for footprinting assays were prepared as
described (8). Peptide concentrations were determined as described

(8) (see Caption Figure 2 for details).

III. Results

Figure 2 columns 3 and 7 show that for the CC probe DNA (top
and bottom) the dimer pCC leads to recognition of the CC binding site.
Figure 2 columns 4 and 8 show that monomer v-Jun-br also protects
the complete CC dimer binding site. Figure 2 columns 11 and 15 show
that for the NN probe DNA (top and bottom), the dimer pNN leads to
recognition of the NN binding site. figure 2 columns 12 and 16 show
that the monomer v-Jun-br also protects the complete NN dimer
binding site.

Because v-Jun-br contains only the basic region, there is no

possibility of dimerization. Since the C-termini become positioned



49

near each other when two monomers bind to the pCC binding site
while the N-termini of both monomers are positioned near each other
when two monomers bind to the pNN binding site, the similarity in
the results between monomers and dimers shows that there are no
specific interactions between the two monomers when bound to the
site. These results show also that the added linkers in pCC (and pNN)
have little influence on the DNA bound conformations of monomers of
pCC (and pNN).

It has been believed that the monomers for leucine zipper
proteins have no ability for specific DNA recognition (7,12-14).
However, the footprinting assays of Figure 2 show that v-Jun-br
specifically binds to and protects the same dimer binding site of pCC (and
PNN). These results show that there are no specific interactions
between the two monomers on the binding site which influence
monomer binding to the dimer binding site. Thus binding of
monomers to NN versus CC probe DNAs must lead to different ends of
the two monomers coming together, therefore, the monomer of v-dJun
basic region specifically binds to the half-site of the dimer binding
site.

The results of footprinting assays (Figure 2) show that the
monomer v-Jun-br protects identically as the dimer pCC (and pNN).
These results mean that the added linkers (Gly-Gly-Cys or Cys-Gly-Gly)
when oxidized to make dimer do not change the bound conformations
of the monomers on the binding site of pCC (and pNN) and so, each

monomer retains the same contacts with DNA on both sites (9). These
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results also mean that oxidization and covalent bond of the thiol
groups of the linkers to make the pCC and pNN dimers do not lead to
sufficient tension to change the contacts between the monomer and
DNA. These results support the bent o-helix for the basic region of v-
Jun (9,11). The reason is that with straight helices placing the
monomers for pNN at the sites corresponding to the bound pCC would
put the N-termini of two monomers of pNN in positions which can not

be reached without bending the basic region (9).

IV. Discussion

Leucine zipper proteins dimerize using the leucine zipper
region to form a coiled-coil structure for the dimer (10,16). Most
mutant leucine zipper proteins which are unable to carry out dimer
formation fail to recognize the binding site (12-14). Therefore, it has
been believed that the dimerization of leucine zipper protein is a
prerequisite to specifically recognizing the binding sites. This idea is
supported by the results that the oxidized dimer of GCN4 basic region
specifically recognizes the GCN4 dimer binding site but the monomer
does not (7,17).

However, our current results (figure 2) show that the monomer
of v-Jun basic region (v-Jun-br) specifically binds to both halves of the
dimer binding sites of pCC and pNN. Because the v-Jun-br has no
functional motif to become a dimer and because it recognizes both the
binding site of pCC and of pNN, we conclude that v-Jun-br recognizes

the half-site of the dimer binding site as a monomer, this contrasts
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with the situation for GCN4. This result implies that v-Jun might
dimerize on the binding site, removing the prerequisite of
dimerization before binding of course. It could be that v-Jun bind to
DNA in a different conformation from that of GCN4.

These results are consistent with a recent study (18) on the
DNA binding protein RexA which recognizes a site with dyad
symmetry as a dimer. RexA has similar dissociation constant with
leucine zipper protein for the complex formation (18,19) between
protein and DNA, and for protein dimerization (6,20). However,
recent experiments show that the monomer of RexA recognizes the
half-site of the full dimer binding site, and it was proposed that two
monomers of RexA bind sequentially to the binding site through
making the dimer on the binding site.

For both pCC and pNN binding site the monomer and dimer
both lead to complete protection of the binding site and the same
length of protection. This result supports the bent model for the basic
region of v-Jun (11), Thus if the basic region has a straight a-helix, the
orientations of each monomers would become quite different on both
binding sites resulting in different protections (9). These results
support the results of gel electrophoresis (11) using Jun homodimer,
since the X-ray crystal structure of GCN4 (10) bound to DNA shows
straight a-helices. This indicates that the v-Jun and GCN4 proteins

behave differently.
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Figure 1. Sequences of protein (a) and oligonucleotides (b) used in the
gel retardation and footprinting studies. The total length of each
oligonucleotide is 62. v-Jun-br contains the basic region of v-Jun.
Peptide v-Jun-br and v-Jun-C were prepared as descrived (8,9).
Peptide v-Jun-br was chemically synthesized and purified and the
purity was checked by mass spectroscopy at the Biopolymer Synthesis
Center at the California Institute of Technology (8) : calculated;
3822.3, experimental; 3824.6.
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Figure 2. DNase I footprinting assays of v-Jun-br with probe DNAs CC
and NN. In order to compare the results of protections between
monomer and dimer, DNase I Footprinting assays of pCC and pNN
were also carried out together with probe DNAs CC and NN,
respectively. The brackets show the proposed dimer binding sites for
probe DNAs (see figure 1b). Peptide concentrations were determined
as described (8). The reaction solution (in 50 ul) contains 5% (vol/vol)
glycerol, 20 mM Tris.HCI1 (pH 7.5), 4 mM KCl, 2 mM MgCly, 1 mM
CacClg, 50,000 cpm of each 5'-32P-labeled probe DNA, bovine serum
albumin (BSA) at 0.1 %, poly(dI.dC) at 2 pug/ml, and 600 nM of pCC (or
pNN) or 3 uM v-Jun-br (where indicated). This solution was stored at
4° C for 40 min. After 5 ul of DNase I diluted in 1X footprinting assay
buffer was added, the solutions containing v-Jun-br were digested for
10 min and the solutions containing pCC (or pNN) were digested for 6
min at 4° C. After DNase I digestion, all the remaining procedures
were followed as described (8).
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Abstract

We designed a peptide to recognize a new 16 bp site (about 1.5
turn) of DNA. With DNase [ footprinting we show that the new
peptide specifically recognizes the proposed site with a dissociation
constant of about 3 nM at 4° C. Gel retardation shows that all three
arms of the new peptide specifically recognizes the proposed site
(which consists of three 5 bp half-sites), but not to the dimer sites
which have two half-sites for two arms. Footprinting assays show that
the new peptide binds and protects the exact proposed site. These
results also provide information about the reaction of specific and

nonspecific binding in the recognition between protein and DNA.
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I. Introduction

Specific DNA binding proteins play important roles in biological
system. The regulation of cellular reactions including replication,
transcription, and translation are mostly mediated by the specific
interactions of DNA binding proteins with DNA (1). Therefore, design
and synthesis of sequence-specific DNA binding proteins is of great
interest in modern chemistry and biology.

Synthesis of peptides specifically recognizing long sequences
(more than 10 bp) of DNA is also important in mapping large
genomes. Most known restriction enzymes recognize 4 to 8 bp sites,
so they create too many fragments to be handled when they are used
to digest genomic DNA. Many attempts have been developed to
recognize (and cleave) a specific site on a large size of DNA (2,3).
Recent methods (4-6) include a set of steps to recognize (and cut) a
specific restriction site among many identical restriction sites existing
on the same DNA. These involve:

(i) protection of specific restriction sites by making a complex
between the DNA binding protein and duplex DNA or by making a
triple helix between synthetic nucleic acid and duplex DNA,

(ii) methylation using a specific methylase on all corresponding
restriction sites except the specific site,

(iii) denaturation of the complex made in step (i), and

(iv) digestion with an appropriate restriction enzyme.

This procedure creates a single site-specific cleavage when used even

in large genomic DNAs (6). However, this procedure requires
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complete protection of the specific site from mathylation, or it will
create nonspecific cleavages.

Another approach to recognize a long site of DNA is to design
and synthesize new protein specifically recognizing a long site of DNA.
Such a synthetic protein could also be used as a DNA nuclease by
covalently attaching iron chelator (EDTA) (7) or copper-binding
tripeptide (GlyGlyHis) on the amino terminus (8), not always possible
for the natural DNA binding protein.

To illustrate the design a protein specifically recognizing a long
16 bp site of DNA, we stitch together a new peptide from three v-Jun
basic regions. v-Jun is a member of leucine zipper protein which
regulates DNA transcription and binds a site with dyad symmetry as a
homodimer or a heterodimer with Fos (9,10). A recent X-ray crystal
structure for the complex of GCN4 and DNA (11) shows that the
dimerization is mediated by the leucine zipper region, and that each
basic region recognizes the half-site of the dimer binding site. Gel
retardation and footprinting assays were used to investigate the
properties of new peptide. These results also give further insight on

the interaction between leucine zipper protein and DNA.

II. Materials and Experiments

A. Oligonucleotides and peptides preparation

Probe DNAs CC and CN were prepared as described (13).
Oligonucleotides CCeNC (Figure 1b) was chemically synthesized and
purified at the Biopolymer Synthesis Center at the California Institute
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of Technology as described (12). Peptides pCC and pCN were
prepared as described (13). Peptide v-Jun-NC (Figure la) was

chemically synthesized and purified as described (12).

B. Protein Stitchery to make trimer

The procedures to make trimer (Figure 1c) are the same as the
procedures to make dimer pCN except that v-Jun-NC was used instead
of v-Jun-N. 2,2'-dithiodipyridine was used to activate the thiol group of
v-Jun-C ensure disulfide bond formation between specific thiol groups
(13-15). v-Jun-C was incubated with 10 mM dithiothreitol (DTT) for 5
hours at room temperature and purified directly into 10 mM 2,2'-
dithiodipyridine, 100 mM sodium phosphate (pH 5.5) containing 30%
acetonitrile. The resulting thiopyridyl-(v-Jun-C) was purified by HPLC.
Purified monomer v-Jun-NC was reacted with 3 equivalents of
thiopyridyl-(v-Jun-C) in solution containing 100 mM TEAA (tetra ethyl
ammonium acetate) buffer(pH 7.5) and 15% acetonitrile for 12 hours
at room temperature. The final trimer product, pCCeNC, was purified
by HPLC. The HPLC analysis showed that reduction of pCCeNC gives
two peaks corresponding to v-Jun-C and v-Jun-NC in the expectedl:2

ratio.

C. Gel retardation
Gel retardation assays were carried out as described (12). 5000
cpm of each 5'-32P-labeled probe DNA and 3 nM of appropriate

peptide were used as indicated in Figure 2. The results show that each
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peptide binds specifically to its proposed binding site and not to the

other sites.

D. Footprinting

Footprinting assays were performed as described (12). 50,000 cpm of
each 5'-32P-labeled probe DNA and 50 nM of appropriate peptide
were used as indicated. This solution was stored at 4° C for 40 min.
After 5 ul of DNase I diluted in 1X footprinting assay buffer was added,
the solutions were digested for 4 min at 4° C. The remaining

procedures were performed as described (12).

III. Results
A. pCCeNC recognizes the proposed site specifically.

To determine the binding properties of pCCeNC, gel retardation
assays were carried out for probe DNAs CCeNC, CC, and CN. The
results (Figure 2) show that pCCeNC binds to probe DNA CCeNC which
has the exact site for all three arms of pCCeNC, but does not to probe
DNAs CC or CN, each of which has a site for two arms of pCCeNC. This
means that all three arms of pCCeNC are participating in the
recognition and there is cooperation among all three arms in the
pCCeNC (it was previous shown that there is cooperation in the
dimers, pCC, pCN, and pNN) (12,13). Combined with the results for v-
Jun homodimers, this indicates that pCCeNC makes contacts with
about 16 bp of DNA (about 1.5 turn of duplex DNA) along the major

groove.
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B. The half-site interferes with dimers to bind the dimer binding
sites.

pCC (and pCN) shows lower binding affinity for the probe DNA
CCeNC than for the probe DNA CC (and CN) even though the probe
DNA CCeNC has a binding site for pCC (and pCN) (Figure 2). If the half-
site did not interfere with dimers to bind the dimer binding site,
there would be no difference in the binding affinities of pCC (or pCN)
between to CCeNC and CC (or CN). However, about two times higher
affinity was detected for pCC (or pCN) to the site CC (or CN) than to
the site of CCeNC. This means the half-site added next to the binding
site of pCC (or pCN) to make the binding site of pCCeNC interferes
with pCC (or pNN) to bind the dimer binding site.

C. pCC*NC specifically protects the proposed binding site.

To determine the specific site for binding of pCCeNC to DNA,
footprinting assays were performed. The results (Figure 3) show that
the new peptide pCCeNC protects the exact proposed site, confirming
the results from gel retardation assays. These results also indicate that
each arm of pCCeNC binds to the proposed half-site and protects that
half-site from DNase I digestion.

For the top strand of probe DNA CCeNC there is a partial
protection on the 3' end bases flanking the binding site. This partial
protection can be explained as the result of semispecific binding
occurring between the binding site and peptide pCCeNC. The probe
DNA CCeNC can provide two major sites for pCCeNC (Figure 4):
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(i) one is a site for all three arms of pCCeNC resulting in specific
bindings for all three arms, and

(ii) the other is a site for two arms of pCCeNC, that is, a binding site of
pCC, which creates a semispecific binding that two arms have specific

binding and one arm has nonspecific binding.

IV. Discussion
The observation that

() the monomer of v-Jun basic region specifically recognizes the
dimer binding site (16) and

(ii) the half-site of the dimer binding site added next to the dimer
binding site interferes with the dimer, reducing binding affinity to the
dimer binding site. Both results support the idea of semispecific
binding (13). If there are no interactions between the dimer and the
half-site, the probe DNA CC (and CN) and CCeNC would behave
identically to pCC (and pCN) except for a six bp difference in size
(which does not seem to influence gel retardation). However, the
results of gel retardation assays (Figure 2) show that the binding
affinity of pCC (and pCN) to DNA increased upon changing the probe
DNA from CCeNC to CC (and CN). This means there is some interaction
between the half-site and the dimer. Within the concept of
semispecific binding, we expect that probe DNA CCeNC provides (i) 1
specific binding and 1 semispecific binding for peptide pCC, and (ii) 1
specific binding and 4 semispecific bindings for peptide pCN.
However, probe DNA CC provides only 1 specific binding, while probe
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DNA CN provides 1 specific binding and 2 semispecific bindings.
Therefore, the observation of a double binding affinity of pCC (and
pCN) to DNA by changing probe DNA from CCeNC to CC (and CN)
support the idea of semispecific binding (13). The footprinting assays
(Figure 3) indicate a partial protection on the 5' end bases flanking the
binding site of pCCeNC for the top strand. This also supports the
concept of semispecific binding. This is because probe DNA CCeNC can
bind in two ways (Figure 4): (i) a specific binding where all three arms
make specific interactions, and (ii) a semispecific binding which has 2
arms making specific interactions and 1 arm making nonspecific
interactions.

Summarizing,
(i) the new peptide trimer pCCeNC specifically binds to the proposed
trimer binding site and not to the dimer binding sites.
(ii) The results of gel retardation assays footprinting assays support the
idea of semispecific binding.
(iii) the results show the power of using Protein Stitchery both to
design new peptides (in this case for recognizing new and longer

sites) and to investigate the details of protein DNA interactions.
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Figure 1. Sequences of protein (a) and oligonucleotides (b) used in the
gel retardation and footprinting studies. The total length of each
oligonucleotide is 62. v-Jun-br contains the basic region of v-Jun. To
make v-Jun-CN, both Cys-Gly-Gly and Gly-Gly-Cys is added to the N-
and C-terminus of v-Jun-br, respectively. v-Jun-N and v-Jun-C were
prepared as descrived (12,13). v-Jun-CN was chemically synthesized
and purified and , and the purity was checked by mass spectroscopy at
the Biopolymer Synthesis Center at the California Institute of
Technology as described (12): calculated; 4256.4, experimental;
4259.1. (c) Shows the strategy for making pCCeNC trimer.
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Figure 2. Gel retardation assays for binding of pCCeNC pCC, and pCN to
the CCeNC, CC, and CN probe DNAs were carried out as described
(12). 3 nM of each peptide was used in 10 ul reaction volume where
indicated with each of 5000 cpm appropriate probe DNA. As
determined by the titration of the gel shift, Kd ~ 2 nM for pCC/CC, Kd
~ 5 nM for pCC/CCeNC, Kd ~ 6 nM for pCN/CN, Kd ~ 15 nM for
pCC/CCeNC, and Kd ~ 5 nM for pCCeNC/CCeNC all at 4° C.
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Figure 3. DNase I footprinting assays of pCC*NC with probe DNA CCeNC
were performed as described (12). 3 nM of pCCeNC was used with
50,000 cpm of probe DNA CCeNC in 50 ul reaction volume. The
brackets show the proposed trimer pCCeNC binding sites for probe
DNAs (see Figure 1b).
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Figure 4. Specific binding of pCCeNC at and near the proposed DNA
binding site in probe DNA CCeNC. Here O represents specific binding
while X represents nonspecific binding between each arm and each
half-site of dimer binding site. Only the two major contributions for
the interaction of pCCeNC/CCeNC complex were shown. As indicated,
for the upper case all three arms of pCCeNC have specific interaction
with prove DNA CCeNC, but for the lower case two arms of pCCeNC
have specific interactions and one arm of pCCeNC has nonspecific
interaction with the proposed binding site.
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Abstract

Cytochrome P-450cam which catalyzes the hydroxylation of
camphor at the 5-exo-position has been a model system for the other
P-450s in their mechanism and structure. However, because of its
high sensitive and complex geometric changes during the reaction,
still there are many aspects to be investigated which are hard to
extract from experiments. To solve these problems we decided to do
molecular dynamics simulations by using Biograf. To do molecular
dynamics simulations, first of all, we need such good force constants
that can describe the changes in geometry, according to the spin state
and oxidation state of Fe as well as the strength and kind of ligands.

We did ab initio calculations with a simplified model system to
obtain good force constants. Our results show that the size of Fe
depends on its spin and oxidation state, the out-of-plane movement of
Fe is dominated by the coulombic repulsion between the axial ligand
and the porphyrin ring nitrogens, and Fe moves from the porphyrin
toward the ligand with greater ligand field strength of the ligand.
From the calculations, we find that this simple model system can give
many insights into the behaviors of P-450cam, which are difficult to

get from expriments.
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1. Introduction
1.1. Cytochrome P-450cam

Because of the fact cytochrome P-450 selectively hydroxylates
unactivated alkanes, P-450 has been the focus of sustained attention
and has played a central role in the study of oxygen activation. For a
long time, however, no great advances in the understanding of the P-
450 system were made due to the high instability of the cytochrome
upon solubilization and the difficulty of separating the integral proteins
from one another without denaturation because they are bound to the
microsomal membranes (2). This problem was solved when Gunsalus
and coworkers successfully purified and crystallized soluble
cytochrome P-450 (3), especially P-450cam from Pseudomonas putida
(P. putida). Also, Unger et al. succeeded in cloning the gene for the P-
450cam (4), making it possible to do site-directed mutagenesis
experiments. Among the P-450s, P-450cam from P. putida is by far the
best-characterized bacterial system having its own perfect x-ray crystal
structure (Figure 1). The P-450cam reaction cycle serves as a
functional model for all the P-450s, and recent studies show that
there is a strong structural similarity between many P-450s and P-
450cam (5). Therefore, by studying P-450cam we can get valuable
information about the structure and function of other P-450s.

P. putida uses the relatively inert camphor as the sole source of
carbon and energy (10), and the P-450cam system carries out the first
step: D-camphor to 5-exo-hydroxycamphor. The P-450cam system

consists of three components, NADH-specific FAD-containing
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putidaredoxin reductase (Pd R), the iron-sulfur protein putidaredoxin
(Pd), and P-450cam.

There are two interesting areas of research for this system. The
first area is about the electron transfer between NADH, Pd R, Pd, and
P-450 heme iron. The second area lies in the chemical details about
the events occurring around the active site during oxidation. Even
though all the intermediate species in the P-450 reaction cycle are
not identified exactly, the generally accepted mechanism is as in

- Figure 2 (1).

1.2. Substrate-free and bound state of P-450cam

In the absence of substrate, the iron atom is in a low-spin state
having a water molecule or hydroxide ion as its sixth ligand trans to
the sulfur ligand, that is six-coordinated, and about five hydrogen-
bonded solvent molecules fill the substrate pocket (17). By binding
substrate, the iron atom changes into a high-spin state which is five-
coordinated (Figure 3) (6,7). There is also a reduction potential shift
from -300 to -173 mV (8). By considering the reduction potential of
Pd (-196 mV), this shift makes the reduction of substrate-bound P-
450cam favorable (9,10). By comparing the x-ray structures of
substrate-free and bound P-450cam, however, no significant differences
are found between the camphor-free and bound structures (17), while
substrate binding results in a large decrease in thermal motion of a
few segments which are associated with substrate binding and the

substrate-access channel.
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1.3. Stereochemistry of P-450cam

From the experiments of Gelb et al., it was found that there was
absolutely no stereoselectivity at the hydrogen-abstracting step, while
subsequent hydroxylation always occurs at the 5-exo position (13). The
latter can be explained by examination of the high-resolution (1.63 A)
x-ray crystal structure (14). The camphor molecule fits well in the
active site making a lot of contacts with its neighbors in the site. In
that orientation the closest point of camphor molecule to the oxygen
atom bounded to the heme iron atom is the 5-exo position. Figure 4
shows amino acids positioned near the active site with substrate
camphor and heme. The heme itself provides the largest interactions
with the substrate. Val 295 is also important, since it fits well with the
gem dimethyl groups, C-8 and C-9. In the absence of Val 295,
increased motion at the active site results in multiple products (15).
Tyr 96 is responsible for the high stereospecificity of P-450cam. This
was tested by using the site-directed mutant in which Tyr 96 has been
changed to a phenylalanine and the substrate analogous thiocamphor
and camphane (16). The results of these experiments suggest that the
carbonyl group of camphor plays an important role in the
stereochemistry of P-450cam. By using the mutant enzyme with
camphor, several hydroxylated products occurred in addition to the 5-
exo-hydroxy isomer. The same results were observed when

thiocamphor and camphane were used with the wild-type enzyme.
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Recently Poulos et al. (31) presented a crystal structure of the P-
450cam-CO with camphor (camphor-P-450cam-CO). They showed that
camphor in the P-450cam-CO complex moved away from the CO
molecule by about 0.8 A to allow more space for CO. The average
temperature factor for camphor atoms increases in the transition from
the ferric camphor-P-450cam binary complex to the ferrous camphor-
P-450cam-CO ternary complex, indicating that the camphor is not as
firmly held in place in the CO complex. If a similar situation occurs in
the camphor-P-450cam-O, complex, the increased motion of the
camphor can explain the complete lack of stereospecificity in the

abstraction of the C5 hydrogen atom of camphor.

1.4. Substrate-access channel

From the high-resolution x-ray structures of P-450cam, the active
site is placed deep inside of the enzyme and there is no apparent
substrate-access channel. However, the most plausible candidate
seems to be a small opening above the camphor molecule which
consists of three sharp reversals of the polypeptide chain (Figure 5).
From the camphor-free structure (17), this opening is smaller than
the camphor molecule, but there occurs a significant increase in
thermal motion which can allow the camphor to enter the active site.
This hypothesis is supported by the fact that substances much bigger
than camphor molecule can access the active site. A second possible
candidate lies near the heme propionate groups and is filled with

ordered water molecules. However, by considering the nonpolar
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property of camphor, this hydrophilic route could be used as an exit

channel for the product rather than the entrance route.

1.5. Pd-P450cam complex
During the oxygenation, Pd is essential for the product formation
in the second electron transfer, the rate-limiting step. In the absence

of Pd, the reduced P-450cam-O, is readily isolated, but gradually

degenerates without formation of product. However, in the presence
of either reduced or oxidized Pd, the reduced P-450cam-O, undergoes
oxygenation readily. With excess reduced Pd, the amount of product is
equal to the amount of reduced P-450cam available, while one-half the
total P-450cam available is reduced when we used oxidized Pd (18). In
both cases, a complex between Pd and P-450cam is required for the
product formation (19). Recent experiments (IR and resonance
Raman spectra, and 15N NMR measurements (30)) show that the
binding of Pd weakens the bond between C-O for the case of P-450cam-
CO (or C-N for the case of P-450cam-CN) by moving the thiolate ligand

toward the Fe, probably making it favorable to cleave the O-O bond in
the P-450cam-O, system (20).

1.6. Proposal and research work

Although a lot of information from x-ray structures of P-450cam is
now available, there are still many aspects of the system to be
investigated. Also, x-ray data cannot generally give dynamic

information even though they give valuable information about the static
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structure. Moreover, because of the complexity and instability of P-
450's, there are many restrictions in experiments which make it
difficult to get certain types of information from experiments. To
overcome these difficulties, we decided to do molecular dynamics
simulations by using Biograf. From the previous statements, however,
it becomes obvious that for the molecular dynamic simulation of
cytochrome P-450cam, the essential prerequisite is a high quality set of
force constants for the P-450cam system, particularly around the active
site. This high quality description is necessary for describing the
highly sensitive behaviors of P-450cam as a function of environmental
changes. For example, the description must take into account the
change of oxidation and spin state of Fe as well as the out of plane
movement of Fe observed as a function of the number and nature of
ligands. To obtain the best force constants we carried out ab initio
quantum chemical calculations up to the level of GVB (Generalized

Valence Bond) with an appropriately chosen model complex.

2. Calculations
2.1. Introduction

Our current studies focus on obtaining detailed information on
how bond distances, bond angles, and force constants depend upon
oxidation state, spin state, and ligands. The objectives here are to

obtain:
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(a) detailed geometries and energy information that can be used in
conjunction with current experimental data to elucidate mechanistic
issues in these systems; and

(b) force fields for the active site region that can be used in molecular
dynamics simulations of the full P-450 enzyme, including substrate
and reaction intermediates.

We use ab initio quantum chemical methods [Hartree Fock (HF),
Generalized valance bond (GVB])] in conjunction with a model for heme
of P-450cam to study how changes in geometry and spin state depend
on the nature of the axial ligands. In order to provide essential detail
on the role of the heme in the mechanisms of P-450, we developed a
computational model for the active site of P-450cam. We find that this
model leads to useful information about the role of

(i) the metal oxidation state (Fet3 or Fet2),

(ii) the spin state ( low spin, high spin, intermediate spin),

(iii) the porphyrin oxidation state (neutral or cation),

(iv) the axial ligand (Cl- used here to represent cystein), and

(v) the sixth ligand ( oxygen or H,O )

on the geometry and energetics of these systems.

2.2, Model and Calculations
2.2.1. Basis sets

The basis sets used for this calculation are as follows: the Fe and
Cl were described with ab initio core effective potentials to represent

the Ne core electrons (1s2s2p). The remaining seven electrons of Cl
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and 16 electrons of Fe were treated explicitly using a valance double
zeta basis for Fe and a triple zeta basis for CL.(21) All electrons of the
H, N, and O atoms were treated explicitly with a valence double zeta
basis set(22). In addition, d polarization functions were used for Cl and

O (ZdO = 085, Zacl = 0.6)

2.2.2. The model

Following Olafson and Goddard (OG)(23), we used four NH, groups
( along the +-x and +-y axes) to represent the porphyrin, as illustrated
in Figure 6a. The following constraints were used to ensure that this

model best represents a porphyrin system:

(1) The H-N-H angle was taken as 120° and the four NH, groups were
constrained to have D4h symmetry. The distance of Fe from the N
plane is denoted Ry, yp, Where Np denotes the midpoint of the four N
atoms.

(2) For five-coordinate systems, the Cl axial ligand was placed a

distance of R¢pyp from the midpoint of the nitrogen plane. In these
calculations we optimized both Rg.yp, and Rpe.np and carried out a
number of calculations with either Rey.pe, Rejnp OF Rpeyp fixed.

(3) For six-coordinate systems, the O or H,O sixth ligand was placed a
distance of Ry yp from the nitrogen plane. The H,O was oriented in
the xz plane. This leads to C,, symmetry for O ligand and C,,
symmetry for H,O. The geometry of H,O was kept fixed (Ryg = 0.958
A, Quoy = 104.5°). We optimized all three parameters, Reppe, Rpe-nps

and Ryp.o, independently.
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(4) All the calculations for the five- and six-coordinate systems were
carried out with a fixed porphyrin hole radius of 2.0044 A (based on
recent high resolution data (14)).

(5) For ferrous Fe, we find the iron to have six electrons in d orbitals
(formal oxidation state Fe2t) leading to a formal charge of -2 for the
four NH, groups. Thus the orbitals of the NH, group are as sketched in
Figure 6b where eight electrons are involved in s lone pairs on the N
pointed at the Fe and six electrons are in N n orbitals perpendicular to
the plane system. This leads to two singly-occupied N © orbitals for
the model system (Figure 6a), whereas in the porphyrin these
unpaired electrons on the N rn orbital would be spin paired to the
carbon n orbitals to form bonds. In order to prevent the N orbitals
from spin-pairing with each other or with unpaired electrons on the
Fe, we describe these six electrons in terms of four self-consistent

orbitals using Fock operators derived from the energy expression

Enp = S2f<ilhli>+S (aydy; + byKj (@
where

This corresponds to averaging over all six triplet configurations of

Figure 6. The interaction of the N n electrons with all other electrons

is described using the energy expression

Enps = SSf fJ [4Jij - 2Kij]’ (c)
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where the sum j is over all the orbitals except the four N n orbitals.
This ensures the same type of interaction as if the full porphyrin were
present. The remaining energy expression is the normal one for the
various HF and GVB calculations.

(6) To mimic porphyrin oxidized systems we removed one electron
from the N & orbitals, leaving a total of five electrons distributed over
four orbitals. The coefficients (b) for the energy expression (a) were

thus modified to

=0.75, by =-0.5. (d)

fi = 5/8, ai' ij

j

2.2.3. Calculations
We focused on the three spin states with configurations in (e) and

(f) for the ferric and ferrous oxidation states of Fe:

Ferric Fe
S = sextet (S =5/2) = (xz)! (xy)! (y2)! (z2)! (x2-y2)!
Q = quartet (S = 3/2) = (x2z)! (xy)2 (y2)! (z2)1 (e)
D = doublet (S =1/2) = (x2)2 (xy)! (yz)2

Ferrous Fe
q = quintet (S =2) =&xz)! &Xy)! (yz)? (22)! (x2-y2)!
t = triplet (S=1) = xz! xy)2 (y2)2 (2! (f)
s =singlet (S=0 = (x2)2 (xy)? (yz)2

and as indicated in Figure 7. These states are lowest lying states for
most of the four-, five-, and six-coordinate systems considered herein.

When it is necessary to discuss higher states of these spins, we will
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denote the Q and D in (e) as Qxy and Dxy and the q and t in (f) as qyz
and txz. Other low lying states generally involve redistributing
electrons between Xy, xz and yz leading, for example, to Qyz, Dxz, gxy,

and txy.

2.3. Results
We carried out calculations for a number of molecular geometries

of the four-, five - and six-coordinate systems with ferric or ferrous Fe

and with H,O or oxygen atom at the sixth site (see Table 1,2,3 and 4).

2.3.1. Four - coordinate Systems

From the calculation of the four-coordinate system, we find Rp. g
= 2.15 A for the q state which is close to the value 2.19 A estimated by
Hoard (24). We find Rp..y = 2.05 A for the t state (Figure 8a), 2.03 A
for the S state, and 1.95 A for the Q state (Figure 8b). Thus removing
the electron from the (antibonding) dy2 .2 orbital decreases the size by
0.10 A (ferrous) or 0.08 A (ferric). Considering the same occupancy of
dy2_y2 for ferrous and ferric, we see that for high-spin states the size of
ferrous Fe is about 0.12 A larger than that of ferric Fe while for low
spin the difference is 0.10 A. This is due to the higher charge of Fet3,
which (i) leads to slightly smaller d orbitals and (ii) polarizes the N
lone-pair orbitals (Figure 6b) to mix in more Fe character. As a result,
the in-plane force constant for the oxidized state is about 60% higher
than that of the ferrous state. Independent of spin and oxidation state,

the optimal position of Fe is always in the plane (Figure 9). This is
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because the attraction between Fe and the porphyrin nitrogens is
larger than the antibonding interactions between the Fe dx2-y2 orbital
and the nitrogen lone pairs (In agreement with OG(23)). For ferrous

Fe, we find high-spin (q) to be the ground state for Rp. y > 1.84 A,

with the intermediate-spin (t) stable for smaller distances (see Figure
8a). For ferric Fe, the high-spin (S) is stable for Rg..y > 1.83 A. The
strong dependence of Fe size on spin and oxidation states allows the
axial ligands and level of oxidation to control the geometry and spin of

five- and six-coordinate systems, which is the focus in later sections.

2.3.2. Five - coordinate Systems
For five-coordinate system, we used Cl- to represent cystein sulfur
(P-450cam has a cysteine sulfur as a fifth ligand to heme Fe, and other

P-450's probably also have such a ligand.). We did calculations on five-

coordinate system under three different restrictions, (i) Rpe.c = 2.2 A
(Figure 10), (i) Ryp.c; = 2.63 A (Figure 11), and (iii) Rpe.yp = 0.43 A
(Figure 12) (we also fixed Ry.yp = 2.0044 A for all these cases.) For
the case of Rpe ¢ = 2.2 A, the ground state is high spin (q and S) with
Rpe-np Of 0.69 A and 0.44 A for ferrous and ferric Fe, respectively. This
is in good agreement with the X-ray data that finds 0.43 A for the
ferric state(14). We also find that Fe is 0.46 A out of the plane for t,
0.33 for Q, 0.39 for s , and 0.20 A for D. That is, the forces exerted by
the porphyrin to prevent out-of-plane motion of Fe are in the following

order:

D>Q>s>S~t>q (figure 10 and 11).
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Thus it is easiest to move Fe out of the plane in the q state and hardest

in the D state. These results are expected on the basis that occupation

of dy2 y2 leads to a large decrease of the out-of-plane force constant,

occupation of d,2 leads to a small decrease, and oxidation of Fe leads to

an increase. This variation in preference for the planarity plays a key
role on the spin equilibrium for the active site of substrate-free P-450.
We also find the large out-of-plane displacement of Fe is caused by the
nonbonded interactions between the axial ligand (Cl) and the
porphyrin nitrogens. This is in agreement with the original suggestion
by OG (23). However, we find that it is the coulombic repulsion
between the fifth ligand and porphyrin ring nitrogens that
dominates(26), as illustrated by Figure 13 [which shows Cl- and Cl

interacting with a charged (NH,), unit without Fe].

2.3.3. Six-coordinate Systems - H,O as Sixth Ligand
There is abundant evidence that the resting P-450 system has

water (29) in the sixth coordination site (probably six H,O molecules)

and that the spin state is low-spin (S=1/2) (6), as described in the
introduction. Using H,O in the six-coordinate system, we find two low
lying states ( Dxz and Dxy essentially degenerate). For Dxz (or Dxy) the
optimum position of Fe is 0.12 ( or 0.16 A) out of the plane (toward
C]) and the distance between Fe and oxygen of water is 2.26 A (or 2.26
A) (Figure 14). This is in excellent agreement with the high resolution
x-ray experiments (17) on the H,O ligand case which give Rre-Np =

0.30 A and Rre.o = 2.28 A. Since x-ray crystallography is more
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sensitive to the mean plane of the porphyrin rather than the N plane,
the actual Rpe_np may be closer to the theoretical value of 0.14 A than

0.30 A. For the high-spin state (S), the repulsion between the electron
in the Fe d,2 orbital (occupied in high-spin but not in low-spin) and
the lone pair orbitals of water leads to no bonding in the sixth
coordination site (Table 3). As expected from its larger size, we find
that high-spin ferric iron is displaced 0.35 A out of the plane (toward
Cl), while low-spin ferric iron is 0.12 A out of plane, as indicated in
Figure 14 (with R¢yy, fixed at 2.63 A). Even though with our model
the high spin state (S) is calculated to be more stable than the low-
spin state (D) which is not in agreement with experiment, we
calculate no net bonding to the water in the sixth coordinate site for
the high-spin state (S). But the interaction between Fe and water that
leads to a bond strength of 8 kcal for the low-spin state (D), which can
force H,O to remain bonded to the Fe ( by the protein and by
interactions within the water cluster (17)}. This might stabilize the
low-spin state. This can be tested after the force fields from these
calculations are incorporated into full molecular dynamics calculations

on the protein.

2.3.4. Six-coordinate Systems - Oxygen as Sixth Ligand

The putative reaction intermediate in P-450 catalyzed by
hydroxylase is an Fe-O species (formally either FelV O= or FeV O=).
Among several states (which have equal number of electron with

FelVO= or FeVO=), the ground state is best visualized as
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Cl"P= Feg3+0O-

where the Fe3t is in the S state. For the unoxidized porphyrin (P=) we
obtain Rp.. o = 1.84 A and Rpe-np = 0.10 A (Figure 15) while for the
oxidized porphyrin (P-) we obtain Rg. o = 1.81 A, and Rpe.np = 0.06 A
(Figure 16). Thus the oxygen pulls the Fe away from the Cl, shifting
the equilibrium position from -0.35 to +0.10 A for P= and from -0.30
to +0.06 A for P- systems, respectively. For P- this illustrates that
oxygen is a stronger ligand than Cl and explains why strong ligands
denature P-450 into P-420. By binding a strong ligand in the absence
of substrate, the Fe moves in the direction of the sixth strong ligand,
thereby weakening the bond between Fe and the fifth ligand and
allowing the fifth ligand to move more freely than before. Consequently
the fifth ligand might make a new bond with neighboring atoms.
Because the position of the soret band at about 420 nm for the
reduced cytochrome P-450-CO is typical of heme proteins lacking a
cysteinyl axial ligand (27), the formation of cytochrome P-420 is
thought to involve the displacement of thiolate ligand. Mercurials
(which are believed to attack sulfhydryl groups) convert P-450 to P-
420(3b), supporting the above views.

For the monooxidized porphyrin system, the ground state is S=2
and the bonding can be pictured as in (g) with spin pairing of the Op.
singly-occupied orbital of O- to the Fe d,2 singly-occupied orbital of the
S state (high-spin ferric). This state would be expected to be
unreactive for homolytic processes since the oxygen orbitals are

strongly spin-paired.
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(&)

There is abundant evidence that the oxygenation of P-450's leads
to a p-radical cation (28). To determine the possible roles of this
species, we calculated states with one electron extracted from the p
orbitals of the pseudoporphyrin. Oxidizing the porphyrin leads to a
dramatic change in the orbitals. The positive charge in the porphyrin
p system stabilizes the Fe d,, and dy, orbitals sufficiently to transfer
one of the electrons from O to Fe leading to the state (h). The result is
two three electron FeO p bonds much like in free O, molecule. The
Fe-O charge transfer reduces 1-3 coulombic repulsion (oxygen-
nitrogen), allowing the oxygen to move more easily into the plane
(Figure 16 and 17 and Table 4) from +1.90 to +1.80. This shortens
and strengthens the Fe-O bond for the oxidized porphyrin, leading to

Rpe.o = 1.86 A, and Rpe-np = -0.05 A, allowing radical character on the

oxygen [see (h)].
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(h)

This radical character on the oxygen in (h) leads to a much more
reactive oxygen while the ferrous iron has a smaller force constant for
the out-of-plane movement (than ferric) which allows the oxygen to
position itself appropriately for reactions with substrate (Figure 17).
For systems with two-center, three-electron bonds, it is important to
properly include the resonance of various states. We have to do GVB-CI
calculations for these states to include these resonance effects.
Without these resonance effects, the Fe+3-O- state (g) would be lower

than the Fet2=0 state (h) by 5.4 kcal/mol.

2.4. Summary

From calculations on model systems, we conclude:
(i) The size of Fe depends on its spin and oxidation state, changing by
as much as 0.2 A. This plays a key role in the process of oxygenation.
(ii) The out-of-plane movement of Fe is dominated by the coulombic
repulsion between the axial ligand and the porphyrin ring nitrogens.
(ii) Fe moves from the porphyrin toward the ligand with greater
ligand field strength of the ligand.
(iv) For unoxidized porphyrin (P=) the Fe-O bond is unreactive but

oxidation of the porphyrin n-system (P-), leads to an Fe-O bond that
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should be quite active for oxygenation. This indirect control of Fe-O
activity through modifying the porphyrin n systems provide the
protein with an indirect control mechanism.

(v) An appropriately designed model complex can provide a great deal
of useful information about the active site of a complex system,

providing insight that is difficult to extract from experiments.

3. Future research

We have already done the calculation on the model system of P-
450 active site to get good force constants for the molecular dynamics
simulation of the full protein and incorporated the force constant from
the potential curve of our calculation into Biograf. Therefore future
plans are the following:
(i) Do molecular dynamics simulation for the full protein. In this
process we are going to investigate the role of various residues,
especially in the active site.
(i) Do site-directed mutagenesis and predict the modification of the
substrate for the modified protein.
(iii) Find the substrate access channel and exit channel. This process
can also give some insight into the mechanism of the reaction.
(iv) We are going to design modified enzymes which are specific to the
new substrates, which can be used for other purposes.
(v) We will design non-biological catalysts that can do equally selective

catalysis.
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Table 1. Energetics and Force constants for Four-coordinate

Complexes.

Planar Krenp? Energve Out of PlaneP Knren®

Rrenpld)  (kcal/mol)/A2 kcal/mol K, 9 kcal/mol)/A2 (kcal/mol)/rad?
Ferrous
q(qyz) 2.150 271.107 0 121.909 61.779
ttxz) 2.054 296.659 42.333 228.933 116.093
s 2.058 298.551 75.786 231.250 116.907
Qxy 2.139 263.672 3.926 111.450 56.507
txy 2.062 300.805 58.228 246.387 124.942
tz2 2.053 194.745 64.398 _ _
Ferric
S 2.026 446.048 0 263.486 138.573
Q@w) 1.947 500.1183 29.750 368.336 186.785
D(Dyxy) 1.8956  497.082 85.845 449.898 228.191
Qyz 1.957 461.525 34.058 402.467 204.112
Q.2 1.953 478.169 35.034 _ _
Dy 1.947 503.518 96.981 415.469 210.942
D,2 1.964 460.178 129.713 _ _

4 For each Fe-N bond
b With porphyrin hole fixed at Rynp = 2.0044 A

CE=Eo+ 1/2 SksL KEnFen(6xL-8%L)2.where %L = = for two bonds and
éxa = n /2 for our bonds. The two linear bonds domnate.
dE=Eo + 1/2 K,R;2. where R, is the Rrenp distance.

€ Relative energy with each state at the optimum value of RreNp.
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Table 3. Energetics for six-coordinate ferric system with Cl as fifth
ligand and H20 as sixth ligand. Rei.np = 2.63 A; Ry.np = 2.0044 A

State  ROPtpenp? ROPtgeo Kreod Dreo E

A A (kcal/mol)/A2  (kcal/mol) (kcal/mol)
Dxy -0.130 2.284 ©67.847 8.526 -0.935
Dxz -0.156 2.260 56.290 0.820 0.000
S -0.354 (2.284)b ¢ -87.028

a Positive is toward O.

b Not bound.

€ H20 is not bound to the S state, the energy was calculated with the H20 at the same
location {with respect to the porphyrin) as for Dy (RNpo = 2.284 - 0.130 = 2.154 A);
leading to R pe0 = 2.154 + 0.354 = 2.505 A.

d At Rpenp = -0.15 A,
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Figure 1. X-ray crystal structure of P-450cam
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Figure 2. The reaction mechanism of cytochrome P-450cam

When there are no substrate bound in the active site Fe is in a low-spin
ferric state and a cluster of waters occupies the active site.

I. Substrate binding changes Fe into a high-spin ferric state.

II. Fe becomes high-spin ferrous state by one electron reduction.

I1I. Dioxygen binds to Fe.

IV. A second, one electron reduction.

V. HoO is generated consuming two protons.

The details of steps from VI to VII are unknown.

VIII. Generation of a oxygenized product.
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Figure 3. A model for the active site of camphor bound P-450cam. Fe
is at high-spin ferric state and five-coordinated.
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| EU_244

Figure 4. A model for the active site showing all amino acids playing
important roles to keep the substrate in correct orientation.
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Figure 5. The most plausible substrate access channel of P-450cam

with van der Waals surface. The substrate camphor is shown through
the channel.
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(a) H

Fe

(b)

Figure 6. (a) The (NH,)4 model for porphyrin and (b) A schematic
representation of the nonbonding orbitals.
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Figure 7. Electronic configurations for various ferrous (a) and ferric (b)
states. The states labeled Q, T, Q and D are used without subscript in
other sections of this report.
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+1).



(a)

Energy(Kcal/mole)

(b)

Encrgy(Kcal/mole)

114

80. T T T T T
L Fe(lll) NonPlanar =
60. 7
40. 5(5=0) A
L us=1)y, ~ .
g v
20. g — -
i e T s |
0. ——+==""" .
! 1 3 1 3
8.8 8.2 8.4 8.6
RFch (A)
88. T T T T !
 Fe(D) Nonplanar +
D<s=1/2>\
62 + QS=3/1*" A
=
49 = R 7
el 7
- .."',1»’ yd ]
28, + g -;"'/*{sw:sm ]
At
- TR 7
o _.,,-*”"} il
1 1 L 1 e
8.0 8.2 8.4 8.6
RFch (A)

Figure 9. Energetics for nonplanar four-coordinate complexes (hole
radius fixed at Ry,.y = 2.0044 A). (a) Ferrous (Q,, = 0 ); (b) ferric (@q

+1).
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Figure 10. Energetics for five-coordinate complexes (Cl axial ligand)
with Ryp.n = 2.0044 A, Rpe.c) = 2.2 A. (a) Ferrous (Qo = -1 ); (b) ferric

(Qior = 0).
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Figure 11. Energetics for five-coordinate complexes (Cl axial ligand)
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ferric (Qo¢ = 0).
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Figure 12. Energetics for five-coordinate complexes (Cl axial ligand)
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Figure 14. Energetics for ferric six-coordinate complexes w.}'th Cl and
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2.0044 A. (a) Dxz (S =1/2) state. Each curve is for fixed Rnp.re (positive
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ABSTRACT We present @ general strategv for designing
proteins to recognize DNA sequences and illustrate this with an
exampie based on the *‘Y-shaped scissors grip’’ mode! for
leucine-zipper gene-regulatory proteins. The designed protein
is formed from two copies. in tandem. of the basic (DNA
binding) region of v-Jun. These copies are coupled through a
tripeptide to vield 8 *‘dimer’’ expected to recognize the se-
quence TCATCGATGA (the v-Jun~v-Jun homodimer recog-
nizes ATGACTCAT). We synthesized the protein and oligo
nucleotides containing the proposed binding sites and used
gel-relardation assays and DNase I footprinting to establish
that the dimer binds specifically 10 the DNA sequence TCATC-
GATGA but does not bind to the wild-type DNA-sequences. nor
to oligonucieotides in which the recognition half-site is modified
by single-base changes. These results also provide strong
support for the Y-shaped scissors grip model for binding of
leucine-zipper proteins.

We propose a general strategy for designing proteins to
recognize specific DNA-binding sites: this strategy is to
select segments of proteins. each of which recognizes par-
tucular DNA segments and 1o stitch these segments together
viz a shori peptide with a cysuine crosshink in a way com-
patible with each peptide being able 10 bind 10 its own DNA
segment. This technigue creates a protein that recognizes the
composite sie.

As a starting point we consider the gene-reguiatory leucine-
zipper proteins. They are characterized by two structural
motifs (1-3): (i) the leucine zipper. which is responsibie for
dimenization, and {ii) the basic region for DNA binding (4-7).
The basic regions of unbound leucine-zipper dimers are
unfolded but fold into the a-helix conformation upon binding
10 the specific site (§-10). The most plausible model for the
conformation of leucine-zipper protein is the *'Y-shaped
scissors gnp’ model (1. 2}. in which the basic region of each
monomer interacts with DNA on either side of the dyad axis
of the binding site. Thus. for veast transcniptional activator
GCN4 cach arm recognizes the half-site AGTA (11, 12).

DESIGN

Our design strategy assumes this Y-shaped scissors gnp
model (Fig. 1a). We design proteins by crosslinking (stitching
together) vanious binding arms so as to be consisient with the
onentauon of the recognition helix in each half-site. Here we
build upon the results of Kim and coworkers (5. 6). who
showed that the leucine zipper of GCN4 can be replaced with
hnkers (Gly-Gly-Cvs) at the C terminus of the DNA binding
segment. which upon oxidation dimenze and bind to the same
site (ATGACTCAT) as GCN4. As a modei svstem 1o explore
the design of additiona! DNA-binding proteins, we have
chosen the v-Jun ieucine-zipper dimer (Fig. 1a). which also

The publication costs of this aruicle were defraved in part by page charge
paymen:. This articie must therefore be hereby marked “"odvertisemen!™
in accordance with 15 U.S.C. §1734 solely to indicate thus fact.

B4

binds to the site ATGACTCAT as 2 homodimer with itself or
as a heterodimer with Fos (4, 13-16). another member of this
DNA-binding protein family. We will reverse the sequence
refationship of the a-helix 10 the target nucleotide of the
binding arms by adding the Glv-Gly-Cys iinker to the N
terminus trather than to the C terminus). As illustraied in Fig.
1b the designed protein then recognizes the DNA sequence
TCATXATGA. where X represents 0-2 addinonal bases 1o
accommodate the joop region of this dimer.

Several critenia were used in selecting v-Jun as the starting
point: (i) To prevent nonspecific disulfide-bond formation,
the proiein must not contain cysteine in its basic region. (if)
Because we want 10 reverse the e-helix reiative to the warget
DNA seguence, the protein should have no residues (espe-
cially proline and probably glvcine) that would interrupt
a-helices. (iif) Because we want 1o ensure that the protein can
form the e-helix when joined with the linker. the composition
of amino acids in its basic region should strongly favor
a-helices [by the Chou-Fasman cnterion (17)]. We consid-
ered 14 leucine-zipper proteins and found that v-jun best
satisfies the above criteria.

We took as our standard protein the 3] residues at the N
terminus of v-Jun joined with the linker (Gly-Gly-Cvs) (Fig.
2a). The subsequent protein (v-Jun~NN) is designed to bind
specificallviothe site TCATXATGA. where X might contain
(-2 base pairs (bp). As indicated in Fig. 25, we considered
four cases for X: (i) X ¢ (no base pairs). denoied as
NNS—@: (if) X = C (which is equivaient to X = G). denoted
as NNS-C/G: (iii) X = CG. denoted as NNS-CG:and (iv) X
= GC. denoted as NNS-GC. We exciuded using adenine or
thymine on the assumption that the methyl group of thymine
(which sits in the major groove) might interfere with binding
of the protein.

TESTS OF THE DESIGN

We carmied oul gel-retardation assavs using four DNA se-
quences: (a} the sequence TCATCGATCA (case iii above),
NNS-CG: (8) the binding sequence for v-Jun. ATGACT-
CAT; (y) the complementary double-base-pair substitution
(C*— A?and G* — TY) of a: TAATCGATTA: and (8) the
complementary double-base-pair substiution (A — C* and
T* — G* of o: TCCTCGAGGA.

The results (Fig. 3) indicate that v-Jun=NN binds 1o the
DN A sequence a as @ homodimer with a Ag of <1 nM a1 4°C.
On the other hand. v-Jun~NN does not bind significantly to
the wild-type site 8 or 10 the mutant sites vy and 8.

To establish the specific binding site for v-Jun-NN_ we used
deoxvribonuciease (DNase) | footprinting. These results (Fig.
4) show that v-Jun-NN protects the exact binding site pre-
dicted for the designed protein. Thus. we conclude that each
arm of DNA-bound v-Jun-NN retains the same structure as in
native v-Jun. The DNase | footpnnting results (Fig. 4} also
indicate that NN5-CG has the strongest binding affinity for

$To whom repnint requests should be addressed.
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F1G. 1. (0} The Y-shaped scissors grip mode! for the v-Jun~v-Jun homodimer bound to the ATGACTCAT site. {b) The designed protein
v-Jun-NN. After removing the leucine-zipper region (blue and light-blue} of each monomes, the upper arm (green) and its DNA-binding site
tpink. ATGA) were shifted just beiow the lower arm (orange). in 6 the shified upper arm and DNA fragment retain their onginal green and pink
colors. respectively. Different linkers (Giv-Giv~-Cvs, purpie) were added at the N 1ermini of both arms. and a disulfide bond was made. v-Jun-N
was dimenzed by oxidized dithiothreitol and purified by HPLC. Protein concentration was determined by the method of Bradford with the Bio-Rad
protesn assay kit. Thus. the designed protein is expected 10 bind to TCATXATGA (where cvan joins Lo pink in b) and does not bind 1o ATGACTCAT
{where pink joins to cvan in a). where X (filling bases) fit the loop introduced between the peptide monomers to make the dimer.

v-Jun—-NN. The decrease in binding for shorier X may resuh
from the strain required at the loop region of the dimer 10 place
the binding segments along the binding region. Paniculariy
interesting is the difference in specifichy observed between
NNS-GC and NNS-CG (Fig. 4. compare lanes 9 and 12 for top
strands and lanes 21 and 24 for botiom sirands). These results
indicate that X plays more than the role of spacer.

DISCUSSION

These results support the idea that the N-terminal region of
v-Jun contributes to the binding to DNA through specific
interaction with the DNA (because in v-Jun-NN this region
is forced 10 contact the DNA). This result supporis the
angulated bend conformation (1). Qur resuits help differen-

4 Prowein
wviun-br - s QERIKAERKR MRNRIAASK> RKIKLEKIAL
vlun-N: CGC s QERIKABRKR MRNRIAASKS RRARKLERIAR

b DNa
NNS-¢ ¢ .. TCATATGA

NNS-C/G . TCATICGIATGA

NNS-CG TCATCGATGA

NNS-GC o cevvvvennnns [ TCATCCATCA
I3 TCATCGATGA
£ ATGACTCAT
Y TAATCCATIA
é 1CETCCAGCA

F1c. 2. Sequences of protein and oligonucieotides used in ge!
retardation and footpnnting. v-Jun-br contains the basic region of
v-Jun, and Giy-Glv-Cvs is added 1o make v-Jun-N. Single-letter
amuno acid code is used. The proiein corresponding Lo the residues
from 218 10 346 of v-Jun was chemically svnthesized at the Biopoh -
mer Svnthesis Center at the California Insutute of Technology. The
aulomated stepwise solid-phase svntheses were done on an Apphed
Biosysiems mode! 430A pepiide svnthesizer with an optimized
svnthelc protocol of the M-r-butoaycarbonyl (1-Boc) chemistry. The
pepiide was purified by reverse-phase HPLC ona Vydac Cjxcolumn.
A linear gradient of 0-50% aqueous /acetonitrile /0.1%7 tnfluoroacetic
acid was run over 120 min. Mass spectroscopy data are as follows:
calculated. 4039.3; experimemal, 4041 8.

uate the respective roles of the basic region and of the
leucine-zipper region in recognition and binding. The basic
region of v-Jun s sufficient for specific binding. Although the
ieucine-zipper region is not directiy involved in DNA bind-
ing, our results indicate that its position relative to the basic
region plays an imporiant roie in determining which target
sequence of DNA the protein recognizes.

Summanzing, we have designed a protein (stitched to-
gether from segments derived from the natural protein) 10
recognize a specific DNA-binding sie. and we have estab-
lished specific binding of the designed protein to this site,
Note that use of the Gly-Giv-Cys linker is not essential in the
design. We could jusi as well replace the cvsteine and make
a continuous =70-amino acid protein that should recognize 2
predictable site (14). In additon. this strategy is not hmited
to two arms. We could have stitched 1ogether three, four, or
more arms with appropriate linkers to design proteins that
would recognize DNA sequences with 15, 20, or 25 bp. Such
svstems with EDTA-Fe (18) or other nucleases wouid pre-
sumably cut very specific sites. allowing the genome to be cut
into much longer segments. The design is not himited 10 v-Jun.
Any protein or other molecule thal recognizes a specific

1 2 3 4 5 6 7 8
e . Gand el kel e e vt

F1G.3. Gel-retardation assay for binding of v-Jun-NN to vanous
DNA sepments. The dimer selectively binds to the predicted site
NNS-LG. Even-numbered lanes. no protein; odd-numbered lanes.,
v-Jun-NN. Lanes: 1 and 2. probe DNA o (NNS-CG}: 3 and 4, probe
DNA B twild-type site]: § and 6, probe DNA v. 7 and 8. probe DNA
& (Fig. 2b}. The binding solution contains bovine serum albumin at
50 ug/mi, 105 tvol/vol) gtycerol, 20 mM TrissHCI (pH 7.5). 4 mM
KCL. 2 mM MgCl:. and 1.56 nM v-jun-NN in 10-ul reaction volume,
After 5000 cpm of each §-Y:P-labeied probe DNA (25- and 26-mer)
was added. the solutions were stored at 4°C for 1 hr and loaded
directly on an 8%z nondenatuning poivacrviamide gel in Tris/EDTA
buffer at 4°C. As determined by tiration of the gel shift, v-Jun—NN
binds to the predicted sequence NNS-CG with a K¢ of ~0.3 nM a1
4C.
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FiG. 4. DNase ] fooprinting assay of v-Jun-NN with DNA conaining the predicted binding sites NNSs. This result shows that the protein
protects the target-binding site with the best protection for NNS—CG. Lanes: 1-12. labeled at the §° end of 1op strand: 13-24, Jabeled al the §°
end of botiom strand: }-3 and 13-15, NNS—¢: 4-6 and 16-18, NNS-C/G. 7-9 and 9-21. NNS-GC: 10-12 and 22-24. NNS-CG. The first lane
for each probe DNA (lanes 1. 4. 7. 10, 13, 16. 19, and 22, contains G+ A marker: the middle lane for each probe DNA (lanes 2. §. 8. 11, 14,
17,20. and 23) contains no protein: and the last lane for each probe DN A (lanes 3.6.9.12.15. 18, 21, and 24) contains v-Jun-NN. The footpnnting
assay solution (ir 50 uli contains bovine serum albumin at 30 ug/ml. 5% tvol/vol) giveerol. 20 mM Tns'HCI (pH 7.5). a mM KCL 2 mM MgCls,
1 mM CaCl;. 20.000 cpm of each 5'-32P-labeled probe DNA (60- 10 62-mer). and SO nM v-Jun~NN. This solution was stored a1 4°C for 1 hr. Afier
5 wl of DNase 1 diluted in 1 x fooiprinting assay buffer was added. tne solutions were stored 1 min more at 4°C. The DNase | digestion was
slopped by adding 100 u} of DNase | stop solution containing 15 mM EDTA (pH 8.01. 100 mM NaCl. sonicated salmon sperm DNA at 28 ug/mi.
and veast tRNA &1 28 ug/ml. This mixture was phenol/chloroform-extracied. ethanol-precipitated. and washed with 705 (vol/vol) ethano!, The
paliet was resuspended in 5 ul of formamide loading bufTer. denatured at 90°C for 4 min. and analyzed on 105% polvacrvlamide sequenting ge!
(50% urea).
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