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Abstracts

Chapter I: Affinity-Cleaving Studies Examining the Orientation and
Specificity of the DNA-Binding Domain from y3 Resolvase

The DNA binding domain of gd resolvase, residues 141-183, is thought
to bind DNA by the helix-turn-helix motif based on sequence similarities
with other known DNA binding proteins. Incorporation of the DNA
cleaving moiety, EDTAe*Fe at the amino and carboxy termini of yd (141-183),
allows the positions of these residue relative to the DNA bases at three
resolvase binding sites, each consisting of inverted copies of an imperfectly
conserved nine base pair consensus sequence, to be mapped by high-
resolution gel electrophoresis. Cleavage data for EDTA-y5(141-183) reveal
that the NH? terminus of the DNA binding domain of y3 resolvase is
bound proximal to the minor groove of DNA near the center of the
resolvase binding sites. Cleavage by EDTA eFe attached to a lysine side chain
at (Asnl83-Lys183) at the COOH terminus of Y8 (141-183) reveals that the
putative recognition helix is in the adjacent major groove on the same face
of the helix, oriented towards the center of the inverted repeats. Subsequent
studies utilized affinity cleavage to analyze the effects of changes in amino
acid composition of the recognition helix on the binding characteristics of
vd (141-183). In a systematic helix-switch experiment, the DNA contact
residues of the putative recognition helix were exchanged for the DNA
contact residues from another putative helix-turn-helix protein, Hin
recombinase. Substitution of the amino acid in the putative recognition
helix of yd resolvase resulted in five proteins that showed no DNA binding

specificity, six proteins that showed no significant alterations in DNA
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binding specificity, and four proteins that showed altered DNA binding

specificity.

Chapter II: Design of a Sequence-Specific DNA-Cleavage Metalloprotein
Ni(IT) GGH-y5 (141-183)

A forty-six residue chymeric protein that combines the cuperic binding
domain of serum albumin, GGH, with the DNA binding domain of y&
resolvase (residues 141-183), was synthesized. This protein, in the presence
of Ni(II) and monoperoxyphthalic acid, cleaves DNA sequence specifically at
one nucleotide adjacent to each of the six yd resolvase binding sites
contained within res. Cleavage occurs at the center of each of the dimeric
binding sites, indicating that the position of the Ni(II) GGH is proximal to
the minor groove. The characteristics of the DNA products created by
Ni(GGH-Yd 141-183) cleavage of DNA indicates that cleavage is produced by
some time of non-diffusible oxidizing species. ESR studies indicate that
cleavage is not mediated by Ni(III)*GGH. Mechanistic studies indicate that
DNA cleavage likely results from abstraction of the hydrogen atom at the
C4' position of the deoxyribose backbone by some high valent, nickel-oxo

species. Protocols for the synthesis of deuterated thymidines are included.
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Chapter I:
Affinity Cleaving Studies Examining the Orientation and Specificity of the

DNA Binding Domain from yd Resolvase

Introduction

DNA-binding proteins interact with DNA to perform a wide range of functions
necessary to living organisms. These interactions could be divided into three
categories: structural, synthetic, and regulatory. Proteins and DNA interact
structurally on two levels, locally and globally. Examples where DNA
structure is affected on a local level, through protein interactions, include
modification at specific sites, as in the case of site-specific DNA methylases, or
cleavage at specific DNA sequences, as in the case of endonucleases. Examples
where DNA structure is affected on a global level by protein interactions
include packing by nucleosome proteins to form chromatin, or changes in the
superhelical characteristics of DNA mediated by topoisomerases. Cases where
proteins interact with DNA to serve synthetic functions include the actions of
DNA polymerases that mediate replication, or RNA polymerases that mediate
transcription. The interactions of enzymes responsible for the repair of
damaged DNA, either by the excision of lesions like thymine dimers or
correction of base pair mismatches, would also fall into this category. The
category of regulatory interactions between proteins and DNA involves a series
of interactions that can affect gene expression. In some cases, these interactions
can be as simple as the binding of a protein, for example, in the case where the

protein may bind adjacent to a promoter and block transcription, or a different
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protein could bind adjacent to the same promoter and enhance or potentiate
transcription. Other cases are more complicated in which a gene can be
removed from the physical proximity of its promoter as in the case of site-
specific recombinases. The one thing all these different types of interactions
have in common is a requirement for an association, or binding, to take place
between the protein and DNA. Within a cell, DNA contains all the information
needed for the cell to grow, divide, respond to its environment, and to
differentiate. The management of this huge data base, as well as the conversion
of its information into useful cellular functions, is mediated by the interaction
of proteins with DNA. Transcription, replication, restriction, and genomic
regulation are but a few of the cellular activities that are under the control of
DNA binding proteins. The studies described herein will focus on the sub
problem of regulation and investigate the nature of the DNA-protein
interactions responsible for the sequence-specific binding of a regulatory
protein. For regulation to occur, the regulatory sequences associated with a
specific gene must be identifiable in the presence of thousands or hundreds of
thousands of other genes (Schleif, 1988). The question remains: How do

proteins recognize the specific sequences of DNA?

Principles of Sequence-Specific Recognition of Double Helical DNA. B-DNA, which
exists under physicological conditions, is probably the dominant form of DNA
in vivo (Ollis and White, 1987). The important helical parameters that define B-
DNA are the presence of approximately 10.3 to 10.6 base pairs per turn, with a
rise per base pair of approximately 3.4A and an overall diameter of 22A for the
duplex (Saenger, 1984). This form of DNA contains two distinct grooves

positioned on opposite sides of the helix, a large major groove with a 11.7A
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width and 8.5A depth and a smaller minor groove with a 5.7A width and a
7.5A depth.

Structural, biochemical, and molecular genetic studies have identified two
sources of sequence specificity in the interactions between proteins and B-DNA
(Steitz, 1990). The first of these is direct hydrogen bonding and van der Waals
interaction between the protein side chains and the exposed edges of base
pairs, in the major, and to a lesser extent, the minor groove of B-DNA. The
second form of interaction is based on the sequence- dependent bendability, or
deformability, of the DNA duplex, which provides selectivity through the
ability of certain nucleic acid sequences to adopt a particular structure that is
required for protein binding at a lower free energy cost relative to other DNA

sequences.

Role of the Major Groove of B-Form DNA in Sequence-Specific Protein Recognition.
The floors of both the major and minor grooves of B-form DNA have specific
patterns of hydrogen bond donors and acceptors, in addition to sites for
potential van der Waals interactions. Seeman, et al (1976) have examined these
patterns and have observed that the pattern of hydrogen-bond donors and
acceptors, in combination with the location of potential van der Waals contacts
is unique for all four possible base pair combinations in the major groove
(Figure 1). Therefore, in the major groove it is possible to distinguish between
TA, AT, GC, and CG base pairs. Additionally, Seeman, et al (1976) observed
that there were fewer features presented by the base pairs in the minor groove
that allow for discrimination between the different base pairs (Figure 1). In the
minor groove the hydrogen-bond acceptors (N3 on guanine and adenine and

O2 on cytoseine and thymine) occur at almost identical positions regardless of



4

the base pairing. Only the exocyclic amino group of guanine, N2, exists to
differentiate AT from GC . The end result is that direct minor groove

recognition can distinguish only a binary code of GC or CG versus AT or TA.

Major Groove

¢ & X ® X & O

Minor Groove

Figure 1 The hydrogen bond donors and acceptors presented by Watson Crick
base pairs to the major and minor groove (adapted from Lewis, et al., 1985). *
represents hydrogen bond donors and ¢ represents hydrogen bond acceptors.
@ represents a methyl group capable of providing van der Waals interactions.
The varied pattern presented by the base pairs to the major groove
demonstrates that it is possible to distinguish among AT, TA, CG, and GC base
pairs. The pattern of hydrogen bond donors and acceptors in the minor groove
demonstrate that it is possible to distinguish only between AT and GC

containing base pairs.
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The ability of the two different grooves of B-DNA to provide sites for hydrogen
bonding and van der Waals interactions is not the only consideration in
examining potential determinations for DNA-binding specificity. The minor
groove is not only limited by potential hydrogen bonding patterns, but it is also
limited sterically. The minor groove of B-form DNA is too deep and too
narrow to allow direct contact by amino acid side chains alone (Steitz, 1990).
The situation for the major groove is quite different, however. As pointed out
by Zubay and Doty (1959), the major groove of B-form DNA can readily
accommodate a protein a-helix. In their model, hydrogen bonding contacts
could occur between the amino acid side chains on one face of the a-helix and

the DN A base pairs in the floor of the major groove.

The predictions and observations of Seeman, et al (1976) and Zubay and Doty
(1959) have been borne out by the high-resolution crystal structures of several
DNA-protein complexes (Aggarwal, et al.,, 1988; Jordan and Pabo, 1988;
Wolberger, et al., 1988; McClarin, et al., 1986; Kissinger, et al., 1990). These high
resolution crystal structures have shown extensive hydrogen bonding and
shape complementarity between the major groove of DNA and the surfaces of
the sequence-specific DNA-binding proteins. Generally, the structural
complementarity between a protein and a specific DNA sequence occurs in an
idiosyncratic manner, and there does not appear to be a defined code for
nucleic acid sequence recognition by a given type of protein (Pabo and Sauer,
1984; Matthews, 1988). In the initial model proposed by Seeman, et al (1976)
there was a series of preferential interactions that were thought to occur
between specific amino acid side chains and specific base pair combinations. It
does not appear that this model is entirely correct, although there does appear

to be some degree of preference for the types of interactions produced by
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certain amino acids. One of the interactions proposed by Seeman, et al (1976), a
bidentate interaction between the N7 and O6 of guanine and the guanidium
group of arginine, has been observed in the DNA cocrystals of EcoRI
(McClarin, et al., 1986) and Trp repressor (Otwinowski, et al., 1988). However,
other interactions with the side chain of arginine and DNA have also been
observed. In the cocrystal structure of EcoRI, the guanidium group of arginine
was found to interact with the N7's of two adjacent adenines (McClarin, et al.,
1986). Additionally, the cocrystal structure of the homeodomain protein,
engrailed, has shown that arginines can interact with the phosphodiester
backbone (Kissinger, et al., 1990). Examination of the interactions that the side
chain of glutamine makes with DNA shows that it also possesses the ability to
form several different types of hydrogen bonding patterns. This amino acid
side chain was originally proposed to interact with the hydrogen bond donors
and acceptors of a single adenine (Seeman, et al., 1976). In some cases, the
glutamine side chain does interact with the hydrogen bond donors and
acceptors of a single adenine (Aggarwal, et al., 1988; Jordan and Pabo, 1988). In
other cases the glutamine side chain interacts with the O6 and N7 of guanine
(Aggarwal, et al., 1988). This side has even been observed to form a van der
Waals interaction with a thymine methyl group (Kissinger, et al., 1990). An
interesting and unexpected bidentate interaction was observed for another
amino acid side in the cocrystal of EcoRI. In this structure a glutamic acid side
chain simultaneously interacted with the N6's of two adjacent adenines
(Frederick, et al., 1985). Seeman, et al (1976) originally pointed out that the
ability of amino acid side chains to form bidentate interactions with DNA

greatly enhanced their ability to provide sequence-specific recognition.
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The number and type of interactions that could be used to provide sequence-
specific recognition of DNA were tremendously expanded when it became
apparent that the amino acid side chains could mediate their interactions with
the DNA through solvent molecules, and could modify their interaction by
simultaneously interacting with other amino acid side chains or solvent
molecules and the DNA. In 1 repressor, glutamine 44 interacts simultaneously
with an adenosine and with glutamine 33, which in turn is also interacting with
the backbone of the phosphate (Jordan and Pabo, 1988). The crystal structure of
Trp repressor shows an interesting variation in which hydrogen-bond contacts
between the protein and the major groove are mediated through water
molecules (Otwinowski, et al., 1988). In the Trp repressor DNA complex, two
water molecules appear to make hydrogen bonds between the protein and
specific bases in the DNA operator. The crystal structure of 434 repressor
shows that a water molecule is used to orient the carboxamide side chain of
glutamine 33 so that it is directed towards the O4 of a thymine (Aggarwal, et
al., 1988). In addition to the hydrogen-bonding contacts involving more than a
single amino acid side chain, van der Waals contacts of this type have been
observed. The cocrystal of the homeodomain protein, engrailed, contains a van
der Waals interaction that involves the simultaneous interaction between the
side chain of isolusine 47, a portion of the a-carbon backbone, and the methyl

group of a thymine in the operator sequence.

Role of the Minor Groove of B-Form DNA in Sequence-Specific Protein Recognition.
Just as x-ray crystallographic studies have demonstrated some unexpected
findings in major groove recognition by proteins, they have also demonstrated
some unexpected findings in terms of minor groove recognition. The initial

model predicted that there would be few sequence-specific interactions
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between the amino acid side chains of proteins and the base pairs in the floor of
the minor groove (Seeman, et al., 1976). It appears, however, that sequence-
specific interactions can also occur in the minor groove. The crystal structure of
the homeodomain protein engrailed identified two arginines that contact DNA
bases in the floor minor groove (Kissinger, et al., 1990). The side chain of
arginine 5 in this protein reaches directly into the minor groove and hydrogen
bonds with the O2 of thymine. The side chain of arginine 3 is also positioned in
the major groove; however, its exact hydrogen-bonding pattern is uncertain. It
could potentially hydrogen-bond with the O2 of thymine and/or hydrogen
bond with a sugar oxygen from an adjacent adenosine base pair. Water-
mediated interactions between arginine guanidinium groups and AT sequences
in the minor groove have been observed for the 434 repressor (Aggarwal, et al.,
1988). It is interesting to note that the enzyme DNAse I, a protein that is
considered to bind DNA "nonspecifically," exhibits preferences for cleaving
DNA that are thought to arise from interactions in the minor groove (Suck, et

al., 1988).

The Role of B-Form DNA Conformation and Protein Binding. While the role of
hydrogen bonding and van der Waals interactions in sequence-specific
recognition of DNA was predicted, the extent to which the sequence-dependent
conformational variability of B-form DNA would be involved in nucleic acid
sequence recognition was not anticipated. This conformational variablity
appears to play an extremely important role in most, though perhaps not all,
protein DNA complexes (Steitz, et al., 1990). Significant distortion of DNA
structure has been observed in the crystal structures of DNA complexes with
EcoR I (Frederick, et al., 1985; McLaren, et al 1986), 434 repressor (Aggarwal, et
al., 1988), Trp repressor (Otwinowksi, et al., 1988), and DNAse I (Suck, et al.,
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1988). The changes in duplex DNA structure that havebeen observed in these
complexes include changes in twist (Aggarwal, et al., 1988), alterations of
groove width (Suck, et al., 1988), and kinking of the DNA (McClarin, et al.,
1986; Otwinowski, et al., 1988; Aggarwal, et al., 1988). These crystal structures
suggest that when a protein binds DNA in solution, the DNA is not always a
passive partner. The conformational flexibility that has been observed for B-
form DNA is dependent on the nucleic acid sequence in the region. Generally,
AT sequences have a narrower minor groove than GC sequences (Saenger,
1984), and AT sequences typically favor bending into the minor groove (Drew
and Travers, 1984). GC rich sequences, however, tend to favor the formation of

kinks that tend to narrow the major groove (Drew and Travers, 1984).

Examination of the types of contacts that form between proteins and DNA and
the types of conformational changes that DNA can undergo has demonstrated
that the process by which proteins recognize specific DNA sequences is not a
simple one. It involves more than the recognition of a simple code of
hydrogen-bond donors and acceptors found in the major groove of B-form
DNA. The amino acid side chains of DNA binding proteins can interact with
the base pairs at the floor of the minor and major grooves in a wide variety of
ways. The interactions can be mediated through water molecules, or even by
other amino acid side chains found on the protein. The result of this is that
there is no simple code for sequence-specific recognition, in which a given
amino acid will always recognize a specific DNA base pair. To complicate the
situation, it has become apparent that the conformational flexibility of DNA can
also play a role in the sequence-specific recognition of DNA by proteins. The

result of this is that the selective binding of a protein to a particular DNA
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sequence requires not only recognition by the protein of an ensemble of steric

and chemical features, but also the accommodation of the DNA to the protein.

Protein Structural Motifs Used in DNA Binding. Many DNA-binding proteins
contain small discrete domains, which they use to recognize DNA in a
sequence specific manner. In several cases, a specific type of domain, or motif,
is used by several different proteins to bind to DNA. Examples of some of the
structural motifs used by proteins to bind DNA in a sequence-specific manner
are the a-helical structure of EcoRI, the zinc finger, the leucine zipper, the B-
ribbon, and the helix-turn-helix. Each of these motifs possesses its own unique
mode of DNA recognition. The characteristics of these different motifs will be

discussed below.

EcoRI-DNA Co-crystal. The DNA sequence recognized by this restriction
endonuclease is centered on a diad axis of symmetry, which contains the
palindromic sequence 5'-GAATTC-3'. EcoRI binds to the palindromic sequence
as a dimer of two identical sub-units, and in the presence of magnesium,
catalyzes the cleavage of the palindromic sequence between the GA resulting in
a 5'-phosphate. In the absence of magnesium, the EcoRI endonuclease
apoprotein was co-crystallized with a DNA sequence containing its
palindromic recognition site (McClarin, et al., 1986; Frederick, et al., 1984). Itis
important to note that the DNA sequence used to form the cocrystal was
identical to the deodecamer originally crystallized by Dickerson and Drew
except for the addition of a thymidine overhang at the 5'-end (Dickerson and
Drew, 1981; Dickerson, 1983). Figure 2 contains a schematic representation of
the cocrystal structure of EcoRI bound to its palindromic binding site.

Comparison of the DNA structure in the EcoRI co-crystal with that of the
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Dickerson deodecamer (Dickerson and Drew, 1981) shows that there are two
distinct kinks, or distortions, in the DNA (Frederick, et al., 1984; McClarin, et al

1986). The first kink occurs at the center of the dyad axis of symmetry. The

Figure 2 A schematic representation of one subunit from the dimeric EcoRI
DNA co-crystal (McClarin, et al 1986). The sequence of the DNA oligomer is 5'-
TCTCGAATTCGCG-3'. The other subunit of the complex would be rotated
180° about the horizontal line through the center of the first subunit in the
plane of the page.

second kink is observed three base pairs from the dyad axis on both sides of the

diad. When the structure of the EcoRI protein itself is examined, it is found to
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contain a five-stranded B sheet surrounded on either side by a helices
(McClarin, et al., 1986). In the co-crystal, the amino ends of the o helices bind
to the center of the major groove of DNA. This positions the positive end of the
helix dipole in contact with the DNA. Three amino acids, two arginines, and
one glutamic acid emanate from these o-helices to form hydrogen bonds with

DNA bases on the floor of the major groove (McClarin, et al., 1986). Arginine
200 forms a hydrogen bond with the N7 and O6 of guanine. This pattern of
hydrogen bonding is consistent with the model originally suggested by
Seeman, et al (1976). Arginine 145 forms hydrogen bonds with the N7's of two
adjacent adenines, while glutamic acid 144 from the other subunit accepts
hydrogen bonds from the N6 amino groups located on the same two adenines.
It has been suggested that while this hydrogen-bonding pattern may account
for much of the sequence-selectivity of the enzyme, it may not be sufficient to
account for its low rate of cleavage at incorrect sequences (Steitz, 1990). It is
possible that the low rate of cleavage at incorrect sequences is not a result of the
binding specificity of this enzyme. This notion is supported by the binding
characteristics observed by another restriction endonuclease, EcoRV (Vermote,
et al., 1992; Vermote and Halford, 1992). EcoRV was found to bind many
different DNA sequences with equal affinity. However the enzyme was able to
cleave DNA at only one particular sequence, 5'-GATATC-3'. This indicates that
it is possible that the sequence-selectivity, in DNA cleavage, exhibited by
restriction endonucleases may not result soley from the protein's ability to
recognize and bind one specific sequence of DNA. The sequence-selectivity in
DNA cleavage may result from a combination of the protein's ability to
recognize a DNA sequence and the ability of that sequence to adopt a

conformation suitable for strand scission to occur.
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Zinc Finger DNA Binding Domains. The zinc finger motif was originally
identified as a 30-residue repeating sequence in the transcription factor IIIA (TF
IIIA) (Miller, et al., 1985). The motif was christened the "zinc finger" because it
was found that the coordination of a zinc ion to a set of invariant cysteines and
histidines, within each repeating unit, was vital to determining the protein's
tertiary structure (Diakun, et al., 1986; Evans and Hollenberg, 1988).
Subsequently, a second type, or subclass, of zinc finger proteins was identified
(Evans and Hollenberg, 1988; Beato, 1989). This class is exemplified by the
yeast GAL 4 transcriptional activator and mammalian steroid receptors. In this
class of zinc fingers, the zinc ion is coordinated with four invariant cysteine
residues. Mutagenesis experiments have shown that replacement of one pair of
cysteins, with a pair of histidines, completely abolishes the DN A-binding
activity of the GAL 4-like proteins (Evans and Hollenberg, 1988).

Recently, the DNA co-crystal of a TF IIIA-type protein, Zif268, has been solved
to 2.1 A resolution (Pavletich and Pabo, 1991). A schematic representation of
the structure is shown in Figure 3A. Crystallography confirmed the structure
originally predicted by 2D NMR measurements (Parraga, et al., 1988; Lee, et al.,
1989) in which each zinc finger consisted of two antiparellel B-sheets and an o
helix surrounding centrally bound zinc ion. In the co-crystal, the zinc finger

wraps around the DNA double helix, making contacts in the major groove
through the use of the amino terminal portions of the o helices. It appears that
each of the three zinc fingers in this protein act as independent units, each
recognizing a three base pair subset of the consensus recognition sequence.
Figure 3B shows a summary of the base pair contacts made by Zif286 with its
DNA-binding sequence. The five arganines that contact DNA in the major

groove form hydrogen bonds with the N7 and O6 of guanines in a manner that
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was consistent with the original predictions of Seeman, et al (1976). An
additional interaction occurs between histidine 49 and a guanine in the major
groove. Currently, no detailed, three-dimensional structures are available for

the GAL 4-type zinc fingers.

a) b)

Figure 3 a) A schematic representation of the Zif 268-DNA complex solved by
x-ray crystallography. The terminal residues of each o helix and B sheet and
the DNA base pair numbers are indicated, adapted from Pavletich and Pabo
(1991). b) A schematic summary of the base pair contact observed in the co-
crystal of the Zif 268 zinc finger domain, adapted from Kaptein (1991).

The Leucine Zipper Motif. This type of DNA-binding element was originally
identified by its dimerization motif, an a-helical segment referred to as the
leucine zipper (Landshultz, et al., 1988). The dimerization domain of these

peptides is a 30 amino acid segment comprising the carboxal terminal half of
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the protein, which forms an ampiphilic o helix containing a leucine at every
seventh residue. The amino terminal portion of these proteins contains a basic
region that is thought to be responsible for DNA binding. Members of this
class of proteins include the GCN4 transcriptional activator, and the jun and fos
ocoproteins (Landshultz, et al., 1988). These proteins are proposed to bind to
DNA, using a "scissor-grip" model in which the ampiphilic helices of two
monomers join to form the base of a Y-shaped dimeric molecule. The basic
amino terminal regions of the monomers form the bifurcating arms of the "Y,"
which are thought to bind to DNA by tracking in opposite directions along the
major groove (Vinson, et al., 1989). Currently, this structural motif has not been
characterized by crystallographic techniques. However, solution studies
employing footprinting (Vinson, et al., 1989) and affinity-cleaving (Oakley and
Dervan, 1990) have found the protein to bind to DNA in a manner consistent

with the scissor-grip model shown schematically in Figure 4.

The B-Ribbon Motif. Two types of procaryotic proteins that contact DNA
through a B-ribbon motif have been identifed (Phillips, 1991). The first type of
B-ribbon proteins includes the protein HU, the E. coli integration host factor,
IHF, and the B.sbutilis phage-transcription factor, TF I. HU forms the
condensed nucleo-protein structures observed in many procaryots. It binds to
DNA in a non-specific manner through interactions with the minor groove
(White, et al., 1989; Yang and Nash, 1989). Crystallography has shown the core
structure of a dimer of the protein HU to contain two a-helices, and two
projecting ribbons that originate from each monomer (Tanaka, et al., 1984). The
B-ribbons are formed by the carboxal terminal third of the polypeptide chain,
and are thought to be responsible for forming the protein-DNA contacts.

Structural information for the other two members of this group of B ribbon
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proteins, IHF and TF I, is limited. However, it is known that these two

proteins, unlike HU, bind to DNA in sequence-specific manners (Phillips, 1991).

A

Figure 4 A schematic representation of the Y-shaped model for the dimer of
the DNA-binding domain of GCN4 bound to its recognition sequence of DNA.
The views represent side and front views of the complex. The leucine zipper
dimerization domain is represented by a pair of cylinders projecting out of the
major groove of DNA. Adapted from Oakley and Dervan (1990).

The second type of B-ribbon protein includes the met j repressor from E. coli
and the arc and MMT repressors from salmonella phage P22. The structure of

met j has been determined by crystallography (Rafferty, et al., 1989). The
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protein is a dimer with a core comprised of four o-helices, two from each
subunit. In met j an adjacent carboxy terminal helix protrudes from each
monomer. An anti-parallel B-ribbon is formed from the end terminal segment
of each monomer and protrudes from the core. In a DNA complex of met j that
has been determined crystallographically, the B-ribbon lies in the major groove
of the DNA (Phillips, 1991). The structure of the Arc repressor has been

examined by

ssel

Cro CAP ol

Figure 5 A schematic representation of the DNA operator OR3 in the right-
handed B-form together with representations of the dimeric crystal structures
of Cro, the carboxy terminal domain of cap, and the amino terminal domain of
A-repressor (cI). The location of the carboxyl terminus of the proteins is
designated by the letter C; the location of the amino terminus of the proteins is
designated by the letter N. Letters in parentheses indicate that the termini are
disordered. The helix-turn-helix units of the proteins are 02-0.3 or ate-of. The
circled phosphates and guanines on the OR3 operator are sites where
ethylation or methylation inhibit cro binding. Adapted from Ohlendorf and
Matthews (1983).
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NMR (Breg, et al., 1990) and found to be consistent with the structure
determined from met j, except that there is an absence of the C-terminal o-

helices.

The Helix-Turn-Helix DNA-Binding Motif. The helix-turn-helix DNA-binding
motif is perhaps the best characterized of all the protein motifs known to bind
DNA. Originally, this structure was identified by comparisons of the crystal
structures of CAP and A-Cro (Steitz, et al., 1982). The existence of this motif
was subsequently confirmed by comparison with the crystal structure of
another DNA-binding protein, A-repressor (Pabo and Sauer, 1984; Ohlendorf
and Matthews, 1983). Figure 5 shows a schematic representation of these
proteins based on their x-ray crystal structures. Currently, the DNA co-crystals
of at least seven proteins that use this motif to bind to DNA have been solved
to high resolution (Harrison, 1991). Comparison of protein-sequence homology
has identified at least thirty more DNA-binding proteins that could potentially
recognize DNA, using the helix-turn-helix motif (Sauer, et al.,, 1990). A
sequence alignment of several of these proteins is shown in Figure 6. Initially,
this DN A-binding motif was thought to be used only by procaryots; however,
structural studies on the eukaryotic homeodomain proteins, antenapedia
(Antp) and engrailed, have demonstrated the existence of this motif in

eukaryots (Qian, et al., 1989; Kissinger, et al., 1990).

The helix-turn-helix motif is defined by several common structural features.
The core of this domain generally consists of twenty amino acids (Harrison,
1991). This region contains two o-helices linked by a three amino acid turn.
The o -helices lie across one another at approximately a 120° angle (Harrison,

1991). The relative position of these two helices is maintained by a series of
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hydrophobic residues that occur at invariant positions along the o-helices
(Figure 6) (Sauer et al., 1990). A comparison of the a-carbon backbones for a
series of these proteins shows that the backbones are superimposable on each
other with a root mean-square difference in positions of the atoms ranging
from 0.4 to 1.0A (Zhang, et al., 1987; Brennan and Matthews, 1989; Qian, et al.,
1989).

Proteins using the helix-turn-helix motif to bind DNA should share common
features in the sequence-specific recognition of DNA. Initially, sequence-
specific recognition of DNA by these proteins was thought to be achieved
solely by the second helix of the helix-turn-helix domain, which was termed the
recognition helix (Wharton, et al., 1984). In the initial model, this helix was
postulated to lie in the major groove of DNA and to form sequence-specific
hydrogen-bond contacts between the amino acid side chains, on one face of the
helix, and the bases in the floor of the major groove. The high-resolution
crystal structures of several protein-DNA complexes have shown that protein-
DNA contacts of this type do occur (Kissinger, et al., 1990; Aggarwal, et al.,
1988; Jordan and Pabo, 1988; Wolberger, et al., 1988). In the original model the
first helix of the helix-turn-helix domain was to anchor the recognition helix in
place by making a series of non-specific contacts with the phosphate backbone
of DNA. These types of interactions have also been observed in the co-crystals

of helix-turn-helix proteins.

As the structures of more co-crystals of helix-turn-helix proteins became
available, it became evident that the original model was not entirely correct and
that the amino acid composition of the recognition helix might not be the sole

determining factor in DNA-binding specificity of the protein (Pabo, et al., 1990).
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While the positions proposed for the two helices in the model were correct, it
underestimated the importance of the contacts with the DNA made by the first
helix of the motif. It considered these contacts to be non-specific and placed
little importance on their ability to influence sequence specificity of the protein.
Subsequently, the phosphate contacts, which are formed by the first helix and
turn of the helix-turn-helix domain, were found to determine the alignment of
the recognition helix with respect to the DNA major groove (Pabo, et al., 1990).
The exact nature of this alignment is thought to be a determining factor in the
type of hydrogen bonds that can occur between the recognition helix and the
floor of the major groove, and as a result of this influence, the specificity of the
DNA-binding protein (Pabo, et al., 1990; Harrison and Aggarwal, 1990). This
has led to the idea that a series of subfamilies of helix-turn-helix proteins may
exist. Members of the same subfamily would share common orientation of the
recognition helix relative to the DNA. An example of helix-turn-helix proteins
that share a common recognition pattern, and as a result would belong to the
same family, are 434 and A-repressors (Pabo, et al., 1990). In these proteins,
their relative positions with respect to the DNA are very similar, and so are the
patterns of hydrogen bond contacts that form between the recognition helices
and the DNA. This is exemplified by the DNA contacts formed by the
glutamine residue that is present at the amino terminus of the recognition helix
in both of these proteins. In the operator sequences for both of these proteins,
there is an adenine located towards the 5'-end. A virtually identical hydrogen-
bonding pattern was observed in the co-crystals of these proteins between this
similarly positioned adenine and the conserved glutamine located in the
recognition helix. An example of a different and unrelated family of helix-turn-
helix proteins would be the homeodomains. The positioning of the

homeodomain helix-turn-helix on DNA as observed in crystal structures and
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by NMR in solution (Otting, et al., 1990; Kissinger, et al., 1990) is quite different
from that found in the complexes of prokaryotic helix-turn-helix proteins such
as 434 and A-repressors (Brennan, 1991; Pabo, et al., 1990). In the homeodomain

proteins the entire motif is shifted and reoriented with respect to the DNA.

Another factor not initially considered in the binding model for helix-turn-helix
proteins, was the DNA conformation itself. In many of the protein-DNA co-
crystals of helix-turn-helix proteins, the DNA is highly distorted (Harrison and
Aggarwal, 1990; Brennan, 1991). This bending, or distortion, of the DNA at and
adjacent to the binding site has been suggested to play a role in determining the
binding specificity of these proteins (Harrison and Aggarwal, 1990; Brennan,

1991).

High-Resolution X-Ray Crystal Structures of Selected Helix-Turn-Helix Protein-DNA
Co-Crystals. A schematic representation of A-repressor bound to its DNA
operator site is shown in Figure 7a (Jordan and Pabo, 1988). An examination of
the general structural features of the protein-DNA complex shows that the
protein binds as a dimer with one helix from each subunit positioned in the
major groove. The overall complex is approximately symmetrical. The
position of the twofold axis of symmetry from the protein dimer corresponds
with the position of the twofold axis of symmetry from the DNA-binding site,
or operator. The operator was found to be a relatively straight segment of B-
form DNA with an average helical twist corresponding to 10.5 base pairs per
turn. This is extremely close to the average parameters predicted for B-form
DNA (Saenger, 1984). As observed in the crystal structure of the A-repressor
alone, (Pabo and Lewis, 1982) the protein in the co-crystal contained five o-

helices. Helices 2 and 3 form the helix-turn-helix unit. Helix 3, the recognition
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Figure 7 A schematic representation of the helix-turn-helix regions of proteins
bound to their operator sequences taken from protein DNA co-crystals. The
proteins represented are (a) A-repressor (Jordan and Pabo, 1988), (b) 434-
repressor (Aggarwal, et al., 1988), (c) TRP-repressor (Otwinowski, et al., 1988),
(d) CAP (Schultz, et al., 1991), and (e) the homeo domain protein engrailed
(Kissinger, et al., 1990). In these representations, the a-helices are represented
as cylinders.
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helix, was positioned in the major groove. The protein-protein contacts
responsible for the dimerization of the proteins were formed between the fifth
helix of each monomer. Specific hydrogen-bonding interactions were observed
between the major groove of DNA and the side chains of two amino acids
located near the

amino terminus of helix 3, the recogntion helix. Glutamine 44 was observed to
form a bidentate hydrogen bond between the N7 and N6 of an adenine. This
type of bidentate hydrogen-bonding pattern was predicted to be a determinant
of protein-DNA binding specificity (Seeman, et al.,, 1976). The interaction
between glutamine 44 and the adenine appears to be stabilized by a hydrogen
bond that occurs between glutamine 33, from helix 2, and glutamine 44. Serine
45, which is also located at the amino end of the recognition helix, formed a
hydrogen bond with the N7 of a guanine contained in the operator sequence.
Other sequence-specific hydrogen-bonding, involved asparagine 55, which is
found just past the carboxyl end of helix 3, and lysine 4, which is present in the
amino terminal segment of the protein. In this interaction asparagine 55 and
lysine 4 combined to recognize a guanine near the dimeric center of the
operator sequence. Asparagine 55 simultaneously formed a hydrogen bond
with the N7 of guanine and lysine 4, which in turn formed a hydrogen bond
with the O6 of the same guanine. Sequence-specific hydrophobic interactions
were observed to occur between the B-carbon of alanine 49 and the terminal
carbon of isoleucine 54 and the methyl groups of two different thymines in the
major groove. For each monomer a series of five hydrogen bond interactions
were observed with the phosphate sugar backbone. These interactions flanked
the 5'- and 3'- edges of the point in the major groove that was occupied by the
recognition helix. The amino terminal end of this protein was observed to track

along the major groove.
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Figure 7b contains a schematic representation of 434 repressor bound to its
operator sequence (Aggarwal, et al., 1988). 434 repressor, a protein containing
5 a-helices, binds as a dimer to its operator sequence with an approximate two-
fold axis asymmetry. The DNA in this complex is B-form; however, it is
distorted by bending, creating an arc of 65A in radius (Aggarwal, et al., 1988).
The width of the minor groove changes throughout the operator sequence. At
the edges of the operator sequence, it is approximately 14A. Towards the
middle of the operator sequence, near the axis of pseudosymmetry, the width
narrows to 8.4A. These are significant alterations in groove width when
compared with the normal 11.7A width of the minor groove of B-form DNA
(Saenger, 1984). Comparison of the structure of 434 repressor from the co-
crystal (Aggarwal, et al., 1988) with the crystal structure of the protein alone
(Mondragon, et al., 1989) shows that no large conformational changes occur in
the protein upon DNA binding. However, this comparison reveals that
significant adjustment in the positions of some amino acid side chains occurs
coincident with DNA binding. The protein-protein contacts in the dimer are
mediated by a series of hydrophobic interactions that occur between helices 4
and 5 of the monomers, in addition to a salt bridge in this region. Helices 2 and
3 form the helix-turn-helix unit, with helix 3 serving as the recognition helix.
Helix 3 lies in the floor of the major groove, with the amino termini of the
adjacent helices, helices 2 and 4, lying in close proximity to the sugar phosphate
backbone of the DNA. In this co-crystal, as in the one of A-repressor, the amino
end of the recognition helix makes specific contacts with DNA bases in the floor
of the major groove (Pabo and Lewis, 1988; Aggarwal, et al., 1988). Hydrogen-
bonding contacts between the recognition helix of 434 repressor and the major

groove of DNA are mediated by glutamines 28 and 29. Glutamine 28 forms a
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bidentate hyrodgen bond with an adenine located at the 5'-end of the
recognition sequence, and glutamine 29 hydrogen bonds to the guanine of the
adjacent GC base pair. A non-polar interaction is observed between the methyl
group of a thymine and a hydrophobic pocket formed by a portion of the side
chain from glutamine 29 and from threonine 27. Hydrogen bond contacts
between the protein and the DNA sugar phosphate backbone occur at the 5'-
edge of the recognition sequence with the amino acid side chains found at the
amino end of a-helix 2. Contacts between the protein and the sugar phosphate
backbone of the DNA are also observed between the amino acids in the loop
between o-helices 3 and 4, and the phosphate groups at the 3'-edge of the
recognition sequence. It is interesting to note that some of these contacts were
mediated by solvent molecules. An additional solvent-mediated protein-DNA
contact is observed between arginine 43, which is located in the loop between
helices 3 and 4, and the minor groove. In this contact arginine 43, through three
bridging water molecules, simultaneously contacts an AT base pair and two

sugar phosphates.

A schematic representation of the helix-turn-helix region of Trp repressor
bound to its operator sequence is shown in Figure 7c. Initially, this structure
was solved to 2.4A resolution (Otwinowski, et al., 1988) and later it was more
highly refined to 1.9A resolution (Luisi and Sigler, 1990). The protein binds to
its operator DNA as a dimer with a pseudo C2 axis of symmetry. The
structure-bound Trp repressor contained 6 a-helices (A-F). Helices D and E
form the helix-turn-helix unit of the protein. In the co-crystal, the amino end of
the recognition helix, helix E, and the loop between helices D and E point into
the major groove, with helix D positioned across the major groove. The

structure of the DNA operator is approximately B-form (Otwinowski, et al.,
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1988). While the DNA structure does not exhibit a large bend, as was observed
in the case of 434 repressor (Anderson, et al.,, 1987), it does show some
structural differences from normal, uncomplex B-form DNA (Otwinowski, et
al., 1988; Luisi and Sigler, 1990). In the structure of the protein-DNA complex,
the phosphates that are involved in protein-DNA contacts show marked
deviations in position relative to unbound DNA (Otwinowski, et al., 1988).
Some of these phosphates have moved by as much as 9.6A The adjustments in
the positions of these phosphates give the appearance of the DNA reaching and
grabbing the protein as if to hold it in place (Luisi and Sigler, 1990). When the
structure of complex Trp repressor is compared with that of uncomplex Trp
repressor, some interesting differences are observed (Otwinowski, et al., 1988).
The amino region of complex Trp repressor representing helices A through C
shows no significant conformational differences from the structure of unbound
repressor. However, the region of Trp repressor, which is involved in DNA
binding, containing helices D and E, the helix-turn-helix unit shows a major
reorganization upon binding to the DNA. When the protein-DNA co-crystal is
examined for sequence-specific contacts, only one direct contact is observed to
occur between the protein and the major groove. In this contact, arginine 69,
located near the amino terminus of helix D, forms a bidentate hydrogen bond
with a guanine at the 5'-end of the operator sequence. This interaction is
stabilized by a water molecule that bridges from the arginine to an adjacent
phosphate. While there are no other direct contacts between the protein and
the major groove of the operator sequence, there are three contacts mediated by
six water molecules (Luisi and Sigler, 1990). Two of the water-mediated
contacts involve the protein-amide backbone and the third involves the side
chain of lysine 72. Eleven hydrogen-bonding contacts were observed with the

sugar phosphate backbone (Otwinowski, et al., 1988; Luisi and Sigler, 1990).
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The Trp repressor operator complex provided new insights into the
determinants of protein-DNA recognition. In the co-crystal structures of A- and
434 repressor there were a significant number of sequence-specific interactions
formed between the protein and the DNA bases in the floor of the major
groove. Only one interaction of this type was observed in the Trp repressor
DNA complex. This raises the question of what factors determine the binding
specificity of Trp repressor? Luisi and Sigler, et al. (1990) have postulated that
the sequence-specific recognition of the Trp repressor operator by Trp repressor
is mediated by a combination of bridging water molecules, DNA
conformational plasticity, and protein conformational plasticity. They
postulated that the hydrogen-bonding interactions mediated by the water
molecules would play the largest single role in determining protein-binding
specificity, with the shape-selectivity of the protein and DNA for one another
providing the balance. They noted that the Trp repressor protein would be
unable to contact simultaneously the phosphates on each side of the major

groove unless the DNA was able to bend and conform to the protein.

A schematic representation of CAP bound to its DNA operator sequence is
shown in Figure 7d (Schultz, et al., 1991). CAP binds to its DNA operator as a
dimer with a pseudo dyad axis of symmetry. There is a single molecule of
cyclic AMP found between each CAP monomer and the DNA operator
sequence. The overall structure of the DNA operator sequence shows a 90°
bend, which results from two 40° kinks between base pairs 5 and 6 on each side
of the dyad axis of symmetry. In the co-crystal, the amino terminal end of helix
D, the recognition helix of the helix-turn-helix unit, penetrates the major groove

with its axis parallel to the plane of the bases. In other helix-turn-helix proteins,
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the recognition helix is parallel with the plane of the groove. In this complex,
three amino acid side chains emanating from the recognition helix appear to
hydrogen-bond directly to three base pairs in the major groove. Arginine 180
forms a bidentate hydrogen bond with the N7 and O6 of a guanine at the center
of the recognition sequence. Arginine 185 hydrogen bonds to a guanine from a
GC base pair at the 3'-end of the recognition sequence. Glutamic acid 181 forms
a hydrogen bond with the N4 of the cysteine from the same GC base pair. As
with other helix-turn-helix proteins, a significant number of hydrogen bonding
interactions were observed between the phosphate backbone and the protein
on either side of the portion of the major groove occupied by the recognition
helix. In the case of CAP, sequence-specific DNA binding is thought to be a
result of a combination of hydrogen bond interactions between the protein and
the floor of the major groove and the sequence-dependent bendability or

deformability of the DNA duplex (Schultz, et al., 1991).

A schematic representation of the last protein-DNA complex to be discussed,
the homeodomain protein engrailed, is shown in Figure 7E (Kissinger, et al.,
1990). Unlike its prokaryotic brothers, the eukaryotic protein engrailed binds to
its DNA recognition sequence as a monomer. The protein contains three o-
helices and an amino terminal arm. Helices 2 and 3 form the helix-turn-helix
unit. Helix 3, the recognition helix, is positioned in the major groove, with
helices 1 and 2 lying across the major groove perpendicular to helix 3. The
DNA duplex in the co-crystal is a relatively straight segment of B-form DNA
with an average helical twist of 34.2° and approximately 10.53 base pairs per
turn. The only distortion appears to be a slight widening of the major groove in
the region where helix 3 binds (Kissinger, et al., 1990). Extensive sequence-

specific contacts occur between the floor of the major groove and the side
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chains of amino acids located near the amino end of helix 3. In the crystal
structure, a bidentate hydrogen bond is observed between asparagine 51 and
the N7 and N6 of an adenine located at the 3'-end of the binding site. A
hydrophobic interaction is observed to occur between isoleucine 47 and the
methyl group of the thymine in the adjacent AT base pair. Glutamine 50 also
forms a van der Waals contact with the methyl group of a thymine in the major
groove. As in the prokaryotic proteins, extensive hydrogen-bonding
interactions are observed between the protein and the sugar phosphate
backbone on either side of the portion of the major groove that is occupied by
the recognition helix. Unlike the prokaryotic proteins, the homeodomain
protein engrailed makes multiple sequence-specific contacts with DN A bases in
the adjacent minor groove. The amino terminal arm of the protein lies along
the minor groove. The side chains of two arginines, located in the amino
terminal arm, reach into the minor groove and form sequence-specific
hydrogen-bonding interactions with thymines. When the structure of
homeodomain is compared to the structure of the prokaryotic protein A-
repressor, the a-carbon backbones from the helix-turn-helix portions of these
proteins superimpose with a root mean square difference in atomic positions of
only 0.84A (Kissinger, et al., 1990). Although the structure of the helix-turn-
helix units in A-repressor and engrailed are very similar, examination of the
protein-DNA co-crystals reveals that they are used in very different ways to
recognize the DNA. If the A-repressor operator complex is used as a starting
point and the helix-turn-helix units of the proteins are superimposed, it appears
that the DNA in the homeodomain complex has been shifted towards the C-
terminal end of the second helix in the helix-turn-helix unit. This difference in
positioning shifts the register of amino acids in the recognition helix that are in

position to make critical contacts with DNA base pairs. While the helix-turn-
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helix motif is similar in engrailed and prokaryotic proteins, it appears to be

used in a different manner to recognize DNA.

Comparison of the DNA co-crystals from several helix-turn-helix proteins
reveals that there are several potential mechanisms used by this class of
proteins to recognize DNA. There is direct hydrogen bonding, as in the case of
A-repressor or engrailed, direct hydrogen bonding in combination with
alternations in DNA conformation, as in the case of 434 repressor and CAP, and
water-mediated hydrogen-bonding in combination with changes in structural
conformation of both the protein and DNA, as in the case of Trp repressor. It
has become apparent that even if the same mechanism of sequence-specific
recognition is used, for example, direct hydrogen-bonding in the case of A-
repressor and engrailed, variations in the relative positioning of the protein and
DNA can significantly alter the amino acid side chains that are positioned to
interact with the DNA. A more graphic example of differences in the relative
positioning of helix-turn-helix proteins and DNA is provided by lac repressor.
The orientation of the recognition helix of this protein is opposite with respect
to the recognition helices of A-repressor and the other helix-turn-helix proteins
that have been discussed (Boelens, et al., 1987; Lehming, et al., 1987; Shin, et al.,
1991). While a large body of structural information exists on binding of DNA
by helix-turn-helix proteins, our understanding is limited because a great
number of these proteins are uncharacterized. Since the determination of
crystal structures can be problematic for some proteins, and because multi-
dimensional NMR can require a large time investment, a need for techniques
that can rapidly provide information about protein-DNA complexes is obvious.

To meet this need, a series of solution-phase techniques that can rapidly
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provide information on the nature of protein-DNA complexes have been

developed.

Analysis of Protein and DNA Binding in Solution. Three solution techniques
frequently used to examine the nature of protein-DNA interactions are
chemical or enzymatic footprinting (Galas and Schmitz, 1978; Dervan, 1986;
Tullius, et al., 1987), interference experiments (Siebenlist and Gilbert, 1980), and
affinity cleavage (Dervan, 1991). The first two techniques are extremely useful
in describing the DNA binding site for a given protein. Footprinting maps the
region of DNA that is protected by a bound protein. If a chemical agent is
used, it can be mapped to nucleotide resolution. Interference experiments
using methylation and ethylation can identify specific bases, in the case of
methylation, and specific phosphates, in the case of ethylation, which are
involved in protein binding. However, neither of these techniques provides
information on the orientation of the protein with respect to the DNA. In order
to obtain information about the protein's orientation with respect to the DNA, a
technique called affinity-cleaving has been developed (Dervan, 1991). The
affinity-cleaving technique involves incorporation of the DN A-cleaving moiety,
EDTA eFe, at discrete amino acid residues within a protein (Sluka, et al., 1987).
The cleavage pattern generated following chemical activation, with a reducing
agent such as dithiothreitol (DTT), allows the position of the protein relative to
the DNA to be mapped to nucleotide resolution (Sluka, et al., 1987). EDTAe®Fe
localized at a specific DNA-binding site cleaves both DNA strands, typically
over a four to six base pair region, via a diffusible species (Figure 8) (Shultz, et
al., 1982; Taylor, et al., 1984; Dervan, 1986). The central point of the cleavage

pattern marks the portion of the DNA sequence that is proximal to the amino
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Figure 8 A schematic representation of the high-resolution assay used to
interpret affinity-cleavage patterns.

acid at which the EDTA has been covalently attached (Sluka, et al., 1987). Due
to the right-handed nature of double-helical DNA, the groove in which the
EDTA iron is located can also be identified by analysis of the cleavage patterns
(Dervan, 1991). An EDTAeFe located in the minor groove generates an
asymmetric cleavage pattern with the maximal cleavage loci shifted to the 3'
side on opposite strands (Figure 9) (Taylor, et al., 1984; Dervan, 1986). When
the EDTA is located in the major groove, the maximal cleavage loci are 5'
shifted; in addition cleavage of lower efficiency occurs on the distal strands of
the adjacent minor grooves (Moser and Dervan, 1987; Griffin and Dervan, 1989;
Oakley and Dervan, 1990). This results in a pair of 3' shifted asymmetric loci of
unequal intensity on opposite strands (Figure 9). This pair of patterns is
consistent with a diffusible species, generated by an EDTA iron located above
the major groove, that reacts in the major and minor grooves of DNA with
unequal rates, preferentially (although not necessarily exclusively) in the minor

groove. Tullius and Dombrowski (1985) obtained a cleavage pattern that was
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Figure 9 Cleavage patterns produced by a diffusible oxidant generated by
Fe(I)*EDTA located in the major and minor grooves of right-handed DNA.
Filled circles represent points of cleavage along the phosphodiester backbone.
The sizes of the circles represent the extent of cleavage. Beneath each helical
representation is the type of densitometric cleavage pattern observed when
EDTA is positioned in the respective groove.
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sinusoidal in intensity when DNA, bound to a precipitate of calcium
phosphate, was allowed to react with EDTA iron. This sinusoidal cleavage
pattern was a direct result of the differences in reactivity of the major and
minor grooves of DNA towards the oxidative species generated by the EDTA
iron. The studies described in this section detail the use of affinity cleavage to

elucidate the mechanism by which ¥3 resolvase binds to DNA.

Previous Studies of the Interactions Between yd Resolvase and DNA. ¥d resolvase is a
183 amino acid protein encoded by the transposable element, gamma delta, a
member of the TN3 family of bacterial transpons (Grindley and Reed, 1983).
Resolvase is both a site-specific recombinatorial protein and a repressor. Y3
resolvase interacts with 120 bp site named res, which lies within the region
between the divergently transcribed TNP A and TNP R genes of the ¥d
transposon. Resolvase protects all three of the dimeric binding sites within res
from nuclease digestion (Grindley, et al., 1982; Kitts, et al., 1983). Each binding
site consists of a pair of inverted repeats of nine base pairs (Figure 10). The
consensus sequence for these binding sites is TGTCYNNTA (where Y is
pyrimidine and N is any base) (Grindley, et al., 1982). The binding sites are
separated by a variable spacer of 7, 10 or 16 base pairs. Site I, which has a 10-bp
spacer, contains the recombination, or crossover point. yd resolvase has been
shown to induce a structural change corresponding to a bend in the DNA at
site I (Hatfull, et al., 1987; Salvo and Grindley, 1988).

All three dimeric binding sites contained in res are required for recombination
(Grindley, et al., 1982; Kitts, et al., 1983; Wells and Grindley, 1984). When two
identically oriented copies of the res site are present on a superhelical plasmid,

yd resolvase in the presence of magnesium will recombine these sites to




36

Site Sequence
IL TGTGCGATA
IR CGTCCGAAA
IIL TGTCTATTA
IIR TGTCTGTTA
ITIIL TGTCCGATA
ITIR TGTATCCTA
Consensus TGTCYNNTA

Figure 10 The DNA sequences contained within res that are recognized and
bound by Y8 resolvase and y5(141-183). In all cases, the DNA sequences are
written in the 5' to 3' direction. The consensus sequence was derived from
comparison of the sequences that are recognized by the proteins. In the
consensus sequence Y = a pyrimidine and N = any base.

produce two caternated circular pieces of DNA (Reed and Grindley, 1981;
Reed, 1981). Recombination proceeds via a staggered mechanism in which
DNA cleavage occurs at site I (Reed and Grindley, 1981). During
recombination the DNA between sites I and II is bent, or looped out, due to
interactions between the different resolvase dimers within the complex (Salvo
and Grindley, 1988). The unique structure obtained by this complex was
termed a "resolvasome". In the absence of magnesium, the DNA is cut but not
religated and an intermediate can be isolated in which the resolvase protein is
covalently linked to the 5' phosphate of the DNA via serine 10 (Reed and
Grindley, 1981; Reed and Moser, 1984; Hatfull and Grindley, 1986).

The interactions between the 183 amino acid protein yd resolvase and DNA

have been examined by methylation and ethylation interference studies (Figure
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11) (Falvey and Grindley, 1987). Major groove methylations within the 9 bp
recognition sequence, as well as ethylation of phosphates within and adjacent
to this region were found to inhibit resolvase binding. Minor groove
methylations of adenine at and adjacent to the 3'-end of the recognition
sequence also inhibited resolvase binding. Resolution was inhibited by
methylation of adenine at the center of site I, suggesting that minor groove

contacts near the crossover may be required for this activity.

Figure 11 A consensus of inhibitory modifications displayed relative to the 9
base pair consensus sequence. R = purine, Y = pyrimidine, N or n = any base.
(n is used for positions outside the 9 bp-conserved segment.) Arrows indicate
inhibitory ethylated phosphates, asterisks indicate major groove inhibitions
(i.e., methylations where a guanine occurs in this position), and open circles
indicate minor groove inhibitions (i.e., inhibitory methylations where an
adenine occurs at this position). Adapted from Falvey and Grindley (1987).

¥d resolvase can be cleaved by chymotrypsin into two fragments, one 140
amino acids long and one 43 amino acids long (Abdel-Meguid, et al., 1984).
The 140 residue amino-terminal domain does not bind DNA, but does contain
residues known to be important for catalysis (Newman and Grindley, 1984)
and to be responsible for protein-protein interactions (Abdel-Meguid, et al.,
1984). Recently, the crystal structure of the catalytic domain of yd resolvase has
been solved at 2.7 A resolution (Figure 12) (Sanderson, et al., 1990). The
resolvase catalytic domain is an af structure consisting of a central B sheet

made up of one antiparallel and four parallel B strands surrounded by four o
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helices. The serine at position 10, which becomes covalently linked to the DNA
during the recombinational event, is located in a loop between B strand 1 and o
helix a. It was surprising to find this active site serine present on the surface of
the protein. Enzyme-catalytic residues are usually positioned in an enzyme-
active site pocket and not on the surface of the protein. A mutational study has
identified four resolvase residues, within this 140 amino acid domain, that are
responsible for the protein-protein interactions required for recombination
(Hughes, et al., 1990). Mutations at residues 2, 32, 54, and 56 produce a
phenotype that is characterized by an inability to catalyze recombination, and
that shows a loss of cooperative binding to the res DNA sequence. The side
chains from these four residues are clustered on the surface of the protein that

mediates the interactions between resolvase dimers in the crystal structure.

Figure 12 A schematic representation of the 140 residue amino terminal
domain resulting from chymotrypsin cleavage of yd resolvase. Adapted from
Sanderson, et al. (1990).
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The 43 amino acid carboxyl terminal domain, y3 (141-183), binds specifically to
each half site contained within res. However, unlike the native resolvase,
which binds to all the sites with equal affinity, Y5 (141-183) binds each of the six
half sites with different affinities (Abdel-Meguid, et al., 1984). Ethylation
interference experiments reveal that the phosphate contacts made by the
carboxyl terminal, DNA-binding domain are similar to the intact resolvase,
with the exception of a single phosphate at 3' edge of each contact region
(Rimphanitchayakit, et al., 1989). Phosphate contacts extend across adjacent

major and minor grooves on one face of the DNA helix. The DNA is contacted

over a 12 base pair sequence that includes the 9 base pair inverted repeat.

5 TGTCCGATT ATN-3

Figure 13 The optimum DNA-binding sequence for y5 (141-183) determined
from mutagenesis experiments. Portions of the sequence that are contacted in
the major and minor groove of the protein are indicated. Nucleotide
substitution at positions that are labeled critical can result in a 100-fold increase
kD of the protein. Adapted from Rimphanitchayakit and Grindley (1990). N =

any base.

Saturation mutagenesis of the DNA site bound by y3 (141-183) has defined the
sequence requirements for binding of yd resolvase to its recognition site
(Rimphanitchayakit and Grindley, 1990). Saturation mutagenesis provided 31
of the possible 36 single base mutations within the twelve base pair minimum
binding sequence. Binding assays in vitro with yd (141-183) show that
substitutions at eight of the twelve positions strongly inhibit complex

formation, increasing the dissociation constant by 100 times or more. The
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critical positions fall into two groups: positions 1-6 towards the 5'-end of the
binding site and positions 9-10 towards the 3'-end of the binding site (Figure
13). These positions correspond to regions where the DNA domain spans the
major and minor grooves of its respective binding site (Falvey and Grindley,
1987; Rimphanitchayakit, 1989). Base substitutions at the intervening positions,
7 and 8, have modest effects on binding, less than a 20-fold increase in Kp.
Substitutions at positions 11 and 12 corresponding to the 3'-end of the DNA
sequence have no effect on binding. The results of this study have identified an
optimal sequence for Y resolvase binding, 5'-TGTCCGAT(A/T)ATN-3' (where

N equals any base) (Rimphanitchayakit, 1990).

Y0 (141-183) contains a high degree of sequence similarity with the helix-turn-
helix regions of several DNA binding proteins (Pabo and Sauer, 1984). Given
sequence similarities with other DNA binding proteins, it has been proposed
that resolvase uses the helix-turn-helix motif in the major groove for sequence-
specific DNA-binding (Abdel-Meguid, et al., 1984). The proposed orientation
of the DNA binding protein yd (141-183) is one in which the carboxyl end of the
protein lies in the major groove, and the amino terminus is oriented toward the
center of each dimeric binding site (Abdel-Meguid, et al., 1984;
Rimphanitchayakit, et al., 1989).

The Orientation of 7,5 (141-183) Determined by Affinity Cleaving.

Synthesis. Four 43 amino acid proteins based on the DNA-binding domain of y3
resolvase (residues 141-183) were synthesized by a combination of automatic or
manual, solid-phase techniques using tBoc-protected amino acids (Kent, 1988;

Sarin, et al., 1981; Tam, et al., 1979; Merrifield, 1969). One of the proteins was Y3
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(141-183) with no modifications; it was a synthetic protein corresponding to the
natural fragment produced by chymotrypsin cleavage of native yd resolvase
(Abdel-Meguid, et al., 1984). Two of the peptides contained one EDTA
molecule located at a discrete position within Y3 (141-183) (Figure 14A). The
first of these, EDTA-Yyd (141-183), had EDTA derivatized to the amino terminus
of the protein (Figure 14B). The EDTA was attached to the amino terminus of
the protected resin-bound peptide using tribenyzl EDTA-y-aminobuteric acid
(BEG) as described by Sluka, et al (1987; 1990). The second peptide containing
one EDTA molecule, yd (141-183)-EDTA, had the EDTA molecule derivatized
near the carboxy terminus (Figure 14C). To provide a site of attachment for the
EDTA near the carboxy terminus, the sequence of yd (141-183) was altered. At
position 183, the asparagine, which is found in the native molecule, was
replaced by a lysine, whose e-amino group provided the point of attachment
for the EDTA molecule. Attachment of the EDTA molecule near the carboxy
terminus of the protein was accomplished by an orthoganol synthetic scheme
that combined the use of tBoc and Fmoc protection (Figure 15) (Mack, et al.,
1990; Sluka, et al., 1990). The N-e-Fmoc-protecting group on the lysine on
position 183 was removed selectively from the side chain using piperidine and
DMF. The tricyclohexal ester of EDTA was then attached to the side chain via
an HOBt ester. The remaining portion of yd (141-183)-EDTA was then
synthesized using standard tBoc chemistry. The fourth yd resolvase derivative
that was synthesized, EDTA-yd (141-183)-EDTA, contained two EDTA's
attached at discrete positions within the peptide. The first EDTA was attached
adjacent to the carboxy terminus on the e-amino group of lysine 183, and the
second EDTA molecule was attached to the amino terminus of the protein at

position 141. The overall synthetic yield for these peptides is found in Table 1.
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Figure 14 a) The 43 amino acid DNA-binding domain of Y8 resolvase.
Underlined regions are possible a-helices assigned according to a secondary
structure predicting algorithm (Garnier, et al., 1978). In this structure helices 2
and 3 would form the helix-turn-helix unit of the protein, with helix 3
representing the recognition helix. b) The analog with EDTA attached to the
amino terminus, EDTA-y5(141-183). ¢) The analog with EDTA attached near
the carboxy terminus containing the point mutation Asn18 to Lys183, y5(141-
183)-EDTA.
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Following synthesis the proteins were deprotected and cleaved from the resin
using HF treatment (prior to HF treatment the histidine-protecting,
dinitrophenyl, was removed by thiolysis, and terminal t-Boc groups were
removed with trifluoroacetic acid). The proteins were purified on a Cg reverse
phase HPLC column using a 0-60% acetonitrile gradient. Sequences of the
proteins were confirmed, using amino acid analysis and Edman degradation.
Footprinting and affinity-cleaving patterns obtained with these four peptides

were used to evaluate the orientation and binding characteristics of Yo

resolvase.

Table 1. Overall Yields for the Synthetic Peptides Based on the DNA-
Binding Domain Obtained by Chymotrypsin Digestion of y3 Resolvase

Peptide Position of Number of Overall
EDTA Residues Yield
Attachment Coupled

v5(141-183) none 42 74.5%

EDTA-y5(141-183) NH2-terminus 43 73.3%

v0(141-183)-EDTA COOH-terminus 43 80.2%

EDTA-y3(141-183)-EDTA NH2,COOH-termini 45 78.2%

Footprinting. Footprinting studies of the synthetic protein Y5 (141-183)
demonstrated that at 2.0 uM concentrations the 43-mer binds to all six half sites
contained within the res binding sites (Figures 16 and 17). At each half site the
vd (141-183) protects a twelve base pair region of DNA centered on the 9 base
pair consensus sequence (Figures 16 and 17). These observations are consistent

with DN Ase footprinting studies (Abdel-Meguid, et al., 1984) and ethylation



45

Figure 16 An autoradiogram of a high-resolution denaturing polyacrylamide
gel containing 32P-end labeled fragments from PRWS80. Bars on the left
indicate the positions of the three binding sites, I, II, III (each consisting of a
pair of imperfectly conserved, inverted repeats or half-sites) for gd resolvase
with res. Odd and even numbered lanes 1-12 contain 5'- and 3'-labeled DNA,
respectively. Lanes 1 and 2 contain intact DNA, lanes 3 and 4, EDTA-yS (141-
183) at 0.5 uM concentration; lanes 5 and 6, EDTA-yd (141-183) at 2.0 uM
concentration; and lanes 7 and 8, EDTA-y3 (141-183) at 10.0 uM concentration.
Lanes 9 and 10 are MPE footprinting lanes containing yd (141-183) at 2.0 uM
concentration. Lanes 11 and 12 are MPEe*Fe control lanes. Lanes 13 and 16 are
5' and 3' chemical sequencing G reactions, respectively (Maxam and Gilbert,
1980); lanes 14 and 15 contain 5' and 3' chemical sequencing A reactions,
respectively (Iverson and Dervan, 1987).
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Figure 17 Histograms of footprinting and affinity-cleavage data from the gel
contained in Figure 16. The sequence, left to right, corresponds to the DNA
sequence for site I to site III (top to bottom of the gel). I, II, and III are indicated
by brackets. Boxes represent the 9 base pair binding sites assigned for yd
resolvase (Grindley, et al., 1982). a) bars represent the extent of protection from
MPE cleavage in the presence of Y0 (141-183) (2.0 uM). b) Arrows represent the
extent of cleavage by FeeEDTA-yd (141-183) at 0.5 uM. C) 2.0 uM and D) 10.0
uM.
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interference studies (Rimphanitchayakit, et al., 1989) using y5 (141-183) derived
from a chymotrypsin digest of native resolvase. This indicates that the
synthetically derived Y5 (141-183), and its related EDTA containing analogs,

should provide useful information about the orientation and binding

characteristics of the DNA-binding domain of y3 resolvase.

Position of the Amino Terminus. Affinity-cleaving studies with FeeEDTA-yd (141-
183) yield a 3' shifted cleavage pattern adjacent to the 3'-end of the each half site
contained within the res DNA sequence (Figures 16 and 17). These cleavage
patterns are located at the center of each dimeric binding site for y8 resolvase.
The 3' shift of the cleavage pattern indicates that the FesEDTA group attached
to the amino terminus of Y5 (141-183) is located proximal to the minor groove of
DNA near the center of the dimeric binding site (Figure 18). This is in
agreement with the ethylation interference studies conducted by
Rimphanitchayakit, et al (1989). Ethylation of the 3' most phosphates contained
within the 9 base pair consensus sequence, as well as two additional
phosphates that are positioned across the minor groove, inhibited binding of
the 43 amino acid carboxy terminal domain of yd resolvase. Given this
information and comparing it with other helix-turn-helix proteins,
Rimphanitchayakit, et al., (1989) proposed a model that positioned the amino
terminus of yd (141-183) in the minor groove adjacent to the 3'-end of the 9 base
pair consensus sequence for binding. The affinity-cleaving studies with
FeeEDTA-v5 (141-183) support this model by establishing the position of the
amino terminus of the protein as proximal to the minor groove at the 3'-end of

the 9 base pair consensus sequence.
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Figure 18 A model for yd (141-183) binding to site I of res. The location of the
EDTA ¢Fe moiety attached to the amino terminus of yd (141-183) was assigned
from the affinity-cleavage patterns contained in Figure 17. Filled circles
represent the positions of cleavage along the phosphodiester backbone. The
sizes of the circles represent the extent of cleavage at the indicated base

position.
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The cleavage of res by FesEDTA-y5 (141-183) at different concentrations (in the
range of 0.5 to 10 uM) shows that the six half sites have different affinities for
the DNA-binding domain (Figures 16 and 17). At 0.5 uM protein concentration,
sites II-L and III-L are cleaved. At a fourfold higher concentration (2.0 uM),

cleavage at sites I-L, I-R, II-R, and III-R appear with unequal intensity (Figures
16 and 17). If the amount of cleavage is proportional to the extent of
occupancy, the data suggest that the relative affinities of the DNA-binding
domain of Y8 is II-L, III-L > III-R, II-R > I-L, I-R. This is somewhat different
with the relative binding affinities assigned from footprinting studies of the
DNA-binding domain obtained by the chymotrypsin digest. Abdel-Meguid, et
al (1984) assigned the relative orders of affinity as II-L, III-L, > I-R, > [II-R, I-L >
II-R. The difference in relative affinities is probably a result of the method by

which the binding affinities were obtained.

Position of the Carboxy Terminus. The specific cleavage patterns produced by vd
(141-183)-EDTA *Fe are shifted to the 3' side and indicate that the EDTA eFe,
attached near the carboxy terminus of the putative recognition helix, is
positioned within the y3-binding site above the major groove adjacent to the 5'
end of the 9 base pair recognition sequence (Figures 19 and 20). In the case of
the right half of site I, the cleavage pattern is centrally located about the
sequence 5'-TGTGC-3' (Figure 21). An examination of the structural data
available for prokaryotic regulatory proteins that bind DNA, using the helix-
turn-helix motif, identifies two possible orientations for the putative
recognition helix of yd (141-183) (Figure 21). High-resolution, x-ray crystal
structures of the A repressor and 434 repressor protein-DNA complexes show
that the carboxy termini of the recognition helices in these proteins are pointing

toward the center of the dimeric binding sites (Jordan and Pabo, 1988;
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Figure 19 An autoradiogram of a high-resolution denaturing polyacrylamide
gel containing 32P-end labeled fragments from PRW80. Bars on the left-hand
side of the gel mark the location of the three dimeric-binding sites contained
within res. Odd numbered lanes contain 5'-end labeled DNA and even
numbered lanes contain 3'-end labeled DNA. Lanes 1 and 2 contain intact
DNA,; lanes 3 and 4 contain 10 uM Fe*EDTA-y5(141-183); lanes 5 and 6 contain
10 uM y&(141-183)-EDTA *Fe; lanes 7 and 8 contain 10 uM FeeEDTA-yd (141-
183)-EDTA *Fe; lanes 9 and 10 are A-specific cleavage lanes.
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represents sites I, I, and III (top to bottom of the gel). Arrow heights indicate the extent of cleavage at the
indicated bases. A) Cleavage by Y0 (141-183)-EDTA*Fe; B) Cleavage by FeeEDTA-y5 (141-183)-EDTA *Fe.
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Aggarwal, et al., 1988). The second possible orientation is obtained from NMR
studies of the lac repressor headpiece bound to its operator DNA (Boelenes, et
al., 1987). The studies show that the putative recognition helix from lac
repressor is oriented with the carboxy terminus in the opposite direction,
pointing away from the center of the dimeric-binding site. When the position
of the EDTA eFe attached to the € amino group of lysine 183 is considered for
each possible orientation, relative to the cleavage data, a better fit is obtained
with the orientation shown in Figure 21A. This orientation is similar to the
orientation of the recognition helix of A and 434 repressors obtained from
crystal structures (Aggarwal, et al., 1988; Jordan and Pabo, 1988). This
orientation is also similar to that assigned for the 52 residue DNA-binding
domain of Hin recombinase (Mack, et al., 1990). It is opposite to the orientation
assigned to the lac repressor headpiece recognition helix by affinity-cleaving
techniques (Shin, et al., 1991). The fact that the cleavage pattern is seen
predominantly on one, but not on both, minor grooves adjacent to the major
groove location of the helix-turn-helix motif suggests that the EDTA ¢Fe moiety
(and hence the putative reocgnition helix of yd (141-183)) is not positioned
symmetrically in the major groove. These data would be consistent with the
carboxyl end of the recognition helix projecting outward from the floor of the
major groove and tilting away from the center of the inverted repeat-binding
site. Clearly, refinement of these models must await more definitive x-ray
crystallographic and NMR analysis of the protein-DNA complex.In controls, Y5
(141-183) equipped with EDTA at both the amino and carboxyl termini,
FeeEDTA-Yy3 (141-183)-EDTA eFe produces a cleavage pattern consistent with
the combination of patterns from FeeEDTA-yd (141-183) and Y3 (141-183)-
EDTA Fe (Figures 19 and 20). The fact that the cleavage patterns obtained for
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Figure 21 A schematic representation of the two models of yd (141-183)-
EDTAeFe bound to the right half of site I. Sites of DNA cleavage along the
helix are marked by dots, the sizes of the dots correspond to the magnitude of
cleavage at that position. a) The orientation of the putative recognition helix
based on 434 and A-repressor DNA co-crystals. b) The orientation of the
putative recognition helix based on lac repressor NMR studies. Model A seems
to provide the best fit with the experimental cleavage data.

the EDTA eFe derivatized analogs of ¥ (141-183) remain unchanged whether or
not EDTAeFe is present or absent at other positions in the molecule suggests
that the structure of yd (141-183) is not significantly perturbed by the

attachment of EDTA *Fe at position 141 or position 183.
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Conclusions. MPEeFe(Il) footprinting studies have shown that the synthetic
protein, ¥ (141-183), protects a twelve base pair region of DNA centered on the
¥d recognition sequence. Affinity-cleavage studies with EDTA on the amino
terminus have located the amino terminus of yd (141-183) in the minor groove
at the center of each dimeric binding site. Cleavage studies with EDTA
attached at the caboxy terminus of Y3 (141-183) reveal that the putative
recognition helix is in the adjacent major groove, oriented (N to C) toward the
center of each binding site. The binding model for y5 (141-183), which is similar
to that proposed for Hin (139-190) (Sluka, et al., 1987, 1990; Mack, et al., 1990),
places the helix-turn-helix motif of the protein in the major groove with
residues at the amino terminus extending across the DNA phosphodiester
backbone and making specific contacts on the same face of the helix to the
adjacent minor groove. This model for ¥ (141-183) binding is consistent with
methylation and ethylation interference studies, using the native resolvase
(Falvey and Grindley, 1987) and ethylation interference studies using yd (141-
183) obtained from a chymotrypsin digest (Rimphanitchayakit, et al., 1989). v
and Hin DNA-binding domains may be examples of modular DNA and
protein interactions with two adjacent DNA sites, major and minor grooves,

bound on the same face of the helix by two separate parts of the protein.

The Effects of Amino Acid Substitution on DNA-Binding Specificity.

Experiments performed by Wharton, et al (1984) and Wharton and Ptashne
(1985) have shown that by changing the amino acid composition of the
recognition helix from a protein that binds DNA using the helix-turn-helix
motif can alter its DNA binding specificity. The study performed by Wharton,

et al (1984) involved the proteins 434 repressor and 434 cro. Through the use of
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sequence homologies, the putative recognition helices in each of these proteins
were identified and aligned. Comparison of the putative recognition helices
from 434 cro and 434 repressor showed that they differed in only 5 amino acids.
A "helix switch" was performed by substituting the recognition helix of 434
repressor with the recognition helix of 434 cro. The resulting hybrid protein
was named repressor’. Repressor” possesed the same sequence-specific DNA
contacts and binding characteristics as the 434 cro protein (Wharton, et al.,
1984). Exchanging the recognition helices had succeeded in changing the

DN A-binding characteristics of the protein.

In a second experiment, Wharton and Ptashne (1985) were able to alter the
binding specificity of 434 repressor by replacing only the amino acids on the
solvent-exposed surface of the recognition helix. By aligning and
superimposing the sequences of 434 and P22 repressors with the helix-turn-
helix unit observed in the x-ray crystal structure of A-repressor, the residues on
the solvent-exposed, or DNA contact, surface of the recognition helices were
identified. The sequence of 434 repressor was then mutated to incorporate
these residues from P22 repressor. The resulting hybrid molecule possessed
the DN A-binding specificity of P22 repressor. In order to determine which
portion of the recognition helix was responsible for determining DN A-binding
specificity, the recognition helix was divided into three segments. The first
segment, the amino terminal end of the recognition helix contained three
"contact residues," the second segment, the center of the recognition helix
contained one "contact residue," and the third segment, the carboxyl end of the
recognition helix contained one "contact residue." Amino acid substitution
within the carboxy segment of the recognition helix was found to have no effect

on the DNA-binding specificity of the hybrid protein. Simultaneous
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substitution of the three "contact residues" in the amino segment of the
recognition helix produced a protein that showed no binding specificity
towards either 434 or P22 binding sites. Substitution of only the contact residue
in the central segment of the recognition helix also produced a protein that
showed no binding specificity towards either 434 repressor or P22 repressor
binding sites. Only simultaneous substitution of all the "contact residues”
located in the amino and center segments created a protein that exhibited
sequence-specific DNA binding. Since the amino segment of the recognition
helix contained three "contact residues" that were always substituted
simultaneously, it was impossible to determine if all three of these residues are
involved in DNA binding. A systematic study that would examine all possible
single and multiple amino acid exchanges between the contact surfaces of two
helix-turn-helix proteins might provide further insight into the molecular basis

of protein-DNA recognition by helix-turn-helix proteins.

"Helix Switch" studies using yd (141-183) and Hin(139-190). ¥d resolvase and Hin
recombinase are both thought to bind to DNA, using the helix-turn-helix motif
(Abdel-Meguid, et al., 1984; Sluka, et al., 1987). Hin recombinase and Yo
resolvase show a 35% homology of amino acid composition (Simon, et al.,
1980). Both proteins contain two functional domains, an amino-terminal,
catalytic domain and a carboxy terminal DNA-binding domain (Abdel Meguid,
et al., 1984; Sluka, et al., 1987). The carboxy terminal DN A-binding domains, Y3
(141-183) and Hin (139-190), are synthetically accessible, using solid-phase tBoc
peptide synthesis (Sluka, et al., 1987; Graham and Dervan, 1990). Affinity-
cleaving studies have demonstrated that the amino and carboxy termini of
these proteins share similar orientations with respect to their DNA-binding

sites (Sluka, et al., 1987, 1990; Mack, et al., 1990; Graham and Dervan, 1990).
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The model for DNA-binding by both of these includes a helix-turn-helix motif
in the major groove with residues at the amino terminus extending across the
DNA phosphodiester backbone and making specific contacts on the same face
of the helix to the adjacent minor groove (Sluka, et al., 1987, 1990; Mack, et al.,
1990; Graham and Dervan, 1990; Glasgow, et al., 1989; Bruist, et al., 1987;
Rimphanitchayakit, et al.,, 1989; Falvey and Grindley, 1987).While the
orientation of the proteins relative to their DNA-binding sites is similar and
while they possess a high degree of amino acid sequence homology, their
DNA-binding sites are significantly different in the 5' region (Figure 22).
Methylation interference studies have demonstrated that the major groove in
this region is involved in protein binding (Falvey and Grindley, 1987;
Rimphanitchayakit, et al., 1989; Glasgow, et al., 1989; Bruist, et al., 1987). The
models for DNA binding by ¥ resolvase and Hin recombinase position the
recognition helices of the proteins in the major groove in this region of the
recognition sequence. This indicates that the recognition helix from Y5
resolvase is designed to bind to the sequence 5'-TGTCC-3', while the
recognition helix from Hin recombinase is designed to bind 5'-TTCTY-3'.
Consequently, it is not surprising that these two peptides show little cross
reactivity towards each other's binding sites (Figure 23 and 24). The
combination of synthetic accessibility, similar DNA binding orientations, and
low cross reactivity for DNA binding sites make 5 (141-183) and Hin(139-190)
excellent candidates for a systematic helix-switch experiment. Experimental
Design. A sequence alignment of the helix-turn-helix region from A-cro,
Hin(139-190), and 5 (141-183) is shown in Figure 25. Sequence alignment was
made based on the residues that are thought to control the packing (and
therefore the three-dimensional structure) of the helix-turn-helix unit, and not

on the residues that contact the DNA. This type of sequence alignment makes
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a) DNA sequences recognized by Hin recombinase.

Site Sequence

HixLR TTATCAAAAA
HixLL TTCTTGAAAA
HixLR TTCTTCCTTA
HixRL TTCTCCTTTA
Consensus TTCTYNNAAA

b) DNA Sequences Recognized by y3 resolvase

S8ite Seguence
IR TGTGCGATA
IL CGTCCGAAA
IIR TGTCTATTA
IIL TGTCTGTTA
IIIR TGTCCGATA
IIIL TGTATCCTA
Consensus TGTCYNNTA

Figure 22 The recogniton sequences of the half sites bound by Hin(139-190) a)
and Y3 (141-183) b). In all cases the DNA sequences are written in the 5' to 3'
direction. The consensus sequences are derived from comparison of the
sequences from the individual half sites. N = any base. Y = pyrimidine.
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