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Abstract

NMR Studies of DNA Oligomers and Their Interactions
with Minor Groove Binding Ligands

by

Patricia A. Fagan

Doctor of Philosophy in Chemistry

University of California, Berkeley .

Professor David E. Wemmer, Chair

The cationic peptide ligands distamycin and netropsin bind noncovalently to the
minor groove of DNA. The binding site, orientation, stoichiometry, and qualitative affinity
of distamycin binding to several short DNA oligomers were investigated by NMR
spectroscopy. The oligomers studied contain A,T-rich or I,C-rich binding sites, where I =
2-desaminodeoxyguanosine. I*C base pairs are functional analogs of A*T base pairs in the
minor groove. The different behaviors exhibited by distamycin and netropsin binding to
various DNA sequences suggests that these ligands are sensitive probes of DNA structure.
For sites of five or more base pairs, distamycin can form 1:1 or 2:1 ligand:DNA
complexes. Cooperativity in distamycin binding is low in sites such as AAAAA which
have narrow minor grooves, and is higher in sites with wider minor grooves such as
ATATAT. The distamycin binding and base pair opening lifetimes of I,C-containing DNA
oligomers suggest that the I,C minor groove is structurally different from the A,T minor
groove.

Molecules which direct chemistry to a specific DNA sequence could be.used as
antiviral c_ompounds, diagnostic probes, or molecular biology tools. I studied two ligands

in which reactive groups were tethered to a distamycin to increase the sequence specificity
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of the reactive agent. The DNA cleaving agent netropsin-diazene binds at the predicted
DNA site, but the presence of the diazene reduces the affinity and the orientational
preference of the ligand compared to distamycin. A tethered ligand contéining a23-
bis(hydroxymethyl) pyrrole crosslinked to a DNA duplex exhibits many similarities to
mitomycin C:DNA complexes. The tether unexpectedly bridges one base pair. These
results are important considerations in ligand design, since sometimes ligand binding
behavior cannot be predicted from the behavior of the parent molecule.

The pairing geometry of cytosine with the highly mutagenic base analog 2-
aminopurine has been debated for years. With the use.of NMR spectroscopy and
selectively 15N-labeled DNA, the AP*C mispair was found to form a wobble geometry.

The structure and stability of this base mispair depend upon the local base sequence.
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Chapter 1

Introduction

1.1 Summary

DNA carries the genetic information for the cell. Transmission of this information
to the rest of the cell is critical for its proper functioning. The process of information
transfer requires the recognition of DNA sequence and structure by various parts of the
cellular machinery. Double-stranded DNA must maintain a regular structure which can be
recognized by general cellular apparatus such as polymerases and histones. Interestingly,
double-stranded DNA must also somehow be recognized at very specific sequences by
proteins such as restriction enzymes, transcriptional activators and repressors in order to
properly regulate gene expression. At the same time, repair enzymes must be able to
distinguish properly base paired, normal DNA from improperly base paired or chemically
modified DNA. How can DNA be recognized simultaneously and cfficiently in so many
different ways?

The main objective of this work is to use the small molecule distamycin A and its
analogs to gain insight inté DNA recognition. Distamycin consists of a positively charged
end group and three pyrrole rings linked by peptide bonds. Chapter 2 focuses on the
binding behavior (stoichiometry, directionality and qualitative binding affinity) of
distamycin A binding to the minor groove of DNA. The insights revealed can assist us in
understanding the sqbtleties of sequence-dependent DNA structure, and may extend to
other ligand-DNA and protein-DNA interactions. Additionally, these insights can be used
in drug development. My studies of distamycin binding behavior, élong with those of J.
G. Pelton and B. H. Geierstanger, have led to the design of ligands which can deliver

chemistry to a particular DNA sequence. The binding of these designed ligands is



described in Chapters 3 and 4. Such a system has great potential in the development of
anticancer and antiviral compounds.

Chapter 5 describes the structural characterization of a DNA mispair containing a
highly mutagenic base analog, 2-aminopurine. The pairing geometry of this mispair has
been the subject of some controversy for many years. The use of selectively isotopically
labeled DNA made it possible to unambiguously determine the geometry of this mispair,
and to resolve previously conflicting conclusions by other researchers. This result will
contribute to the overall understanding of polymerase fidelity and repair processes in
mutagenesis, and has implications for researchers who use 2-aminopurine as a fluorescent

probe in various biochemical studies.

1.2 DNA Strﬁcture

1.2.1 B-form DNA. The DNA conformation most commonly found in biological
systems is termed "B-form". B-form DNA is a right-handed double helix with the two
strands stabilized as a double helix by hydrogen bonding between bases on opposite
strands and by base stacking interactions (Figure 1-1). The two standard Watson-Crick
base pairs are shown in Figure 1-2.

B-form DNA is generally characterized by 2'-endo sugar pucker, 10.4 base pairs
(bp) per helical turn, 3.4 A rise per bp, with the glycosidic bonds in anti conformation
(Saenger, 1983). B-form DNA has two grooves: a wide, shallow major groove and a
deep, narrow minor groove (Figure 1-1). X-ray crystallography studies have
demonstrated, however, that this general characterization does not fully describe DNA
structure. Subtle, local structural features occur as a function of the exact DNA sequence
(Dickerson & Drew, 1981).

DNA structure can be quantified by a set of local translational and rotational helical
parameters including base pair tilt, slide and propeller twist (see Dickerson, 1989 for a

complete description). Another helical parameter discussed extensively in Chapter 2 is

2



minor
groove

11

major
groove
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Figure 1-2. The two standard Watson-Crick base pairs, where A = adenine, T =

thymine, G = guanine and C = cytosine. The numbering scheme for the atoms is shown.
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minor groove width. The average minor grbove width expected in B-form DNA from fiber
diffraction is 5.7 A (phosphate-phosphate distance =11.5 A minus two phosphate group
radii of 2.9 A each) (Yoon et al., 1988). The minor groove width is determined by a.
phosphate-phosphate vector which connects a phosphorus atom on one strand and the
phosphorus of the third nucleotide to the 3' side of its base pairing partner on the oppdsite
strand (Figure 1-1). |

1.2.2 Non-Standard DNA Structures. Although the standard B-form DNA duplex
composed of Watson-Crick A*T and GeC base pairs is by far the most prevalent in
biological systems, the rare occurrence of nonstandard DNA structures merits study.
Nonstandard DNA structures may arise accidentally, for example through damage to the
DNA by UV light or chemical mutagens, or through replication errors (Voet & Voet,
1990). "Normally occurring” nonstandard DNA conformations can also be found in many
~ biological systems. For example, quadruplex DNA is found at the ends of chromosomes
in telomeres (Smith et al., 1995). Triple-stranded DNA is proposed to provide a
mechanism for recombination of homologous DNA strands (Kohwi & Panchenko, 1993).
Modified bases also play important biological roles. For example, prokaryotic cells contain
methyltransferases which methylate cytosines and adenines to protect the DNA from
degradation, and in eukaryotic cells methylation of cytosines -is believed to regulate
transcription (Voet & Voet, 1990). The GeU wobble base pair is a classic case of a mispair
found normally in the acceptor stem of some yeast tRNA molecules (Voet & Voet, 1990).
Certain sequences of Watson-Crick based paired double helical DNA have been shown to
have unusual structural properties, and will be discussed in the next section. The study of
these unusual DNA structures is important in order to understand how cells distinguish
between "normal” structures or base modifications and those which are unwanted and are
in need of repair. |

1.2.3 A-Tract DNA. Because most of the work described in the following

chapters focuses on ligand binding to A,T-rich B-form DNA, its distinct properties are
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described. The first indication that so-called "A-tracts" adopt a distinct structure was in
studies by Englund and coworkers (Marini et al., 1982), in which it was observed that
kinetoplast DNA migrated anomalously during polyacrylamide gel electrophoresis. Since
that tirﬁe, experiments including gel electrophoresis, DNA cyclization kinetics, DNase I
cleavage, and hydroxyradical cleavage have shown that regions of DNA take on a curved
structure (for a review, see Hagerman, 1990b). The sequence requirement for the "A-tract”
structure is a run of four to eight consecutive AeT base pairs, either consecutive adenines as
in the sequence AAAA:TTTT, or containing one 5'-AT-3' step as in the sequence
(AATT),, with the tract flanked by G*C pairs on either side. 5'-TA-3' steps have been
found to disrupt the bend, resulting in normal electrophoretic migration (Hagerman, 1986).

Several DNA oligomers ranging from ten to twelve base pairs in length and
containing central A, T-rich sequences, flanked by G,C-rich ends, have been characterized
- structurally by X-ray crystallography (for a review see Dickerson, 1990 and Dickerson,
1992). These structures have shown that A-tracts have a characteristically narrow minor
groove (3-4 A wide), with high propeller twist and negative base pair tilt. NMR studies
also suggest that the minor groove is narrow in A-tract DNA (Kintanar et al., 1987,
Katahira et al., 1988; Katahira et al., 1990). In several cases, it is believed that bifurcated
hydrogen bonds between adenine N6 amino protons and thymine O3 carbonyl oxygens in
the major groove may stabilize the narrow minor groove observed in A-tracts (Nelson et
al., 1987; Yoon et al., 1988). This type of bifurcated hydrogen bond is only possible in
sequences of consecutive adenines, as in 5'-AA-3'. Alternating sequences such as 5'-
ATAT-3' cannot form such putative hydrogen bonds, consistent with their somewhat wider
minor grooves as seen in crystal structures (Yuan et al., 1992). .Based on hydfoxyradical
footprinting (Burkhoff & Tullius, 1987) and NMR data (Nadeau & Crothers, 1989;
Katahira et al., 1990), the minor groove is believed to be compressed gradually from 5' to

3'in the A-tract.



X-ray crystal structures of DNA oligomers have also shown the presence of a spine
of hydration in the narrow minor grooves of A-tracts (e.g. Dickerson, 1990; Edwards et
al., 1992), and NMR data Has shown the presence of water molecules with relatively long
residence times in the minor groove of the oligomer [d(CGCGAATTCGCG)}, (Kubinec &
Wemmer, 1992; Liepinsh et al., 1992). A model has been proposed by Chuprina and
coworkers which suggests that this spine of hydration actually stabilizes the narrow minor
groove in A-tracts through hydrogen bonding and van der Waals contacts (Chuprina, 1985;
Chuprina, 1987; Teplukhin et al., 1992).

~ In general, DNA shows sequence-specific variance in modification by chemical
probes, suggesting that functional groups are not equally available for modification (Drew
& Travers, 1984; McCarthy et al., 1990; Price & Tullius, 1992; Nightingale & Fox, 1993;
Price & Tullius, 1993). Consistent with crystal data, nuclease and chemical digestion of
several A,T-rich DNA dodecamers suggests that the sequences AATT and AAATTT have
narrow minor grooves, while sequences containing 5'-TA-3' steps or alternating ATAT-
type sequences have somewhat wider minor grooves, although still narrow relative to
standard B-form DNA (Fox, 1992).

Additional evidence which distinguishes A-tract DNA from standard B-form DNA
comes from NMR measurements of individual base pair opening rates in DNA oligomers
containing A,T-rich regions (Guéron et al., 1990a; Guéron et al., 1990b). For oligomers
containing "A-tracts” the opening lifetimes of the A-T base pairs are anomalously long. In
sequences containing 5'-TA-3' steps, the A-T base pairs exhibit significantly shorter
opening lifetimes, following closely the pattern observed for narrow minor groove width.
Taken together, this database of information strongly suggests that A-tract DNA has unique

structural characteristics.



1.3 Binding of Ligands to DNA
1.3.1 Minor Groove Binding Ligands. Small molecules which have been found to

bind DNA noncovalently can be divided into two main classes: intercalators and minor
groove binders. Intercalators insert between stacked bases in the double helix, and
generally recognize very short sequences of DNA (two base pairs). Minor groove binders,
however, bind longer sites on the DNA, and have the potential to be utilized as probes of
DNA structure and models for protein-DNA interactions. The following discussion and the
major part of this dissertation will focus on minor groove binders.

One of the best characterized minor groove binders is distamycin A (Figure 1-3).
The preference of distamycin A for A, T-rich DNA binding sites has been recognized for
many years (Dervan, 1986; Zimmer & Wihnert, 1986). NMR was the first structural
technique to show unambiguously that tﬁe closely related ligand netropsin bound in the
minor groove of B-form DNA (Patel, 1979; Patel, 1982). Both NMR and crystallographic
studies of complexes of the minor groove binders distamycin A (Klevit et al., 1986; Coll et
al., 1987; Pelton & Wemmer, 1989), netropsin (Kopka et al., 1985b; Kopka et al., 1985a;
Patel & Shapiro, 1986; Coll et al., 1989; Tabernero et al., 1993), Hoescht 33258 (Pjura et
al., 1987; Teng et al., 1988; Parkinson et al., 1990; Fede et al., 1993), berenil (Brown et
al., 1992; Hu et al., 1992) and SN-6999 (Chen et al., 1992; Gao et al., 1993) h#ve been
carried out (Figure 1-3). In all of these studies to date, the ligands are bound deep in the
minor groove of an A,T—fich region of DNA. Where the ligand is bound, the structure of
the minor groove closely matches the shape and width.of the ligand molecule. These
molecules bind with submicromolar affinity in the minor groove at sites containing at least
four successive A*T or TeA base pairs (Dervan, 1986; Klevit et al., 1986; Zimmer &
Wihnert, 1986; Breslauer et al., 1987; Coll et al., 1989; Wemmer et al., 1990). A more
detailed description of distamycin binding to different sites can be found in Chapter 2 and

in (Wemmer et al., 1994).
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Figure 1-3. Noncovalent DNA minor groove binding ligands related to distamycin A.
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The affinity of these minor groove binding ligands for DNA is derived from a
combination of several interactions. Hydrogen bonding occurs between ligand amide
protons and adenine N3 or thymine O2 along the floor of the minor groove. Favorable
electrostatic interactions occur between the positively charged ligand and the negatively
charged DNA, with the region of highest negative electrostatic potential in DNA located in
the minor groove of A, T-rich regions (Pullman & Pullman, 1981). Additionally, van der
Waals interactions occur between the flat aromatic pyrrole rings and the walls of the minor
groove (Zakrzewska et al., 1983; Marky & Breslauer, 1987; Dabrowiak et al., 1990). The
relative contributions of these various effects to binding affinity and specificity are not fully
understood. A related molecule, SN 18071, cannot form hydrogen bonds along the floor
of the minor groove, but still exhibits selectivity for A,T-rich sites (Pullman, 1989). A
positive charge on the ligand is not required for binding as evidenced by studies on
uncharged netropsin analogs which demonstrate lowered A,T specificity (Thurston &
Thompson, 1990). A recent study comparing the binding energies of several
benzimidazole derivatives suggested that van der Waals interactions make the largest
contribution to the binding energy of minor groove binding ligands (Czarny et al., 1995).
It appears that part of the specificity for A,T-rich regions arises from the presence of the
guanine 2-amino group in the minor groove of G-C base pairs, which sterically blocks the
ligand from binding deep in the groove.

In complexes of minor groove binding ligands with DNA, the relative contributions
of enthalpic and entropic effects to the overall binding energy differ according to the DNA
sequence. Enthalpic effects dominate in poly(dA):poly(dT) and entropic effects dominate
in poly[d(AT)]:poly[d(AT)] (Marky & Breslauer, 1987; Marky & Kupke, 1989), resulting
in nearly the same overall binding energy in either case. The positive entropic effect
associated with binding of hetropsin to poly(dA):poly(dT) is attributed to the release of
ordered water molecules which solvate the unbound ligand and DNA. However, solvation

effects on binding affinity are not well understood.
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In the Wemmer lab, distamycin has been selected as a starting point for developing
analogs which specifically bind target DNA sequences. Distamycin was chosen for ligand
design due to its unique capacity to bind DNA in an antiparallel, side-by-side 2:1
ligand:DNA mode, which was first characterized with the DNA oligomer
- d(CGCAAATTGGC): d(GCCAATTTGCG) by NMR methods (Pelton & Wemmer,
1989; Pelton & Wemmer, 1990b). There has been significant success in the development
of distamycin analogs in which one or more of the pyrrole rings are substituted with an
imidazole ring (lexitropsins) (Lown et al., 1986; Wade & Dervan, 1987; Wade et al., 1993;
Lown, 1994). Lexitropsins utilize the side-by-side 2:1 binding mode to target the minor
groove of mixed G,C- and A,T-containing sites, with the imidazole nitrogen targeting the
guanine 2-amino group (Mrksich et al., 1992; Geierstanger et al., 1994a; Geierstanger et
al., 1994b). The design of sequence-specific minor groove binding ligands requires
consideration of sequence-dependent groove width as a major determinant of binding
motif, as well as specific hydrogen bonds to the floor of the minor groove by
pyrrolecarboxamides and imidazolecarboxamides. Several lexitropsin:DNA complexes
have been characterized structurally, and have been found to bind in the predicted fashion
to their target DNA sites (e.g. Dwyer et al., 1992; Mrksich et al., 1992; Geierstanger et al.,
1994a). Advances made in the design of lexitropsins were based in part on the foundation
laid by studies on the 2:1 distamycin binding mode by J. G. Pelton ‘and B. H.
Geierstanger, and by the studies presented here in Chapter 2. Further development of this
new class of minor groove binding ligands is in progress since there are several features
which need to be examined, including the length of the targeted site, different types of
linkers, ahd the ability of ligands to distinguish AT from}TOA base pairs in the minor
groove.

1.3.2 Minor Groove Binding Proteins. Although the vast majority of protein-DNA
interactions characterized thus far have occurred in the major groove of DNA, more and

more examples of proteins which have important contacts in the minor groove are
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appearing in the scientific literature. Some of the best characterized examples are the
TATA-binding protein (TBP) (Kim et al., 1993a; Kim et al., 1993b), LEF-1 (for lymphoid
enhancer-binding factor) (Love et al., 1995), SRY (for sex-determining region Y) (Werner
et al., 1995), and purine repressor (PurR) (Schumacher et al., 1994). The wide range of
sequence specificity, or lack of it, exhibited by these and other minor groove-binding
proteins can be better understood in the context of our knowledge of small molecule minor
groove binders. In fact, it has been suggested that the binding of SRY is reminiscent of
lexitropsin binding (Travers, 1995), and it has been shown by NMR that the binding of a
short peptide taken from HMG-I (a member of the high mobility group class of proteins) to
the minor groove of DNA is strikingly similar to that of netropsin (Geierstanger et al.,

1994c¢).

1.4 _Nuclear Magnetic Resonance Spectroscopy (NMR)

Solution NMR spectroscopy is useful for studying biomolecular complexes for
several reasons. NMR can be used to determine the structure of a molecule in both the free
and the bound states. In obtaining the structure of the complex, the ligand binding site and
mode are identified, and the interactions between the ligand and DNA can be analyzed.
Comparative analysis can reveal structural changes induced by complex formation. In
these aspects, NMR is quite similar to X-ray crystallography7 with the exception that
crystallographers study mo}ecules in crystalline form.

NMR and X-ray crystallography do not produce entirely duplicate information,
however, since each technique has its own strengths and limitations. NMR is size-limited,
with X-ray crystallography better suited for large systems. Currently, complete NMR
structure determination is possible for molecules up to about 40 kDa. An advantage of
NMR is that biomolecules can be studied in solution which may better approximate
physiological conditions (although the high concentrations of NMR solutions may not be

the ideal model conditions). Crystal packing forces sometimes produce structural artifacts
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in crystallographic structures, particularly in flexible molecules. In cases where both
solution and X-ray structures of a biomolecule are available, comparison between the two
enables us to discern errors in methodology and inherent biases in the techniques.

Some systems are best studied in crystal form due to solubility problems, while
others are not readily crystallized. In fact, crystallographic studies have failed to produce
2:1 distamycin:DNA complexes (with one notable exception, see Chen et al., 1994), and
evidence suggests that 1:1 complexes are preferentially crystallized over 2:1 complexes
(Pelton, 1990). So, we rely primarily on NMR data to give us information about 2:1
ligand:DNA complexes with distamycin or lexitropsins.

NMR is particularly useful for characterizing slowly exchanging equilibrium
mixtures of species, since integration of NMR resonances yields the relative populations of
all species in solution. Additionally, NMR has a distinct advantage in that kinetic
information on several time scales can be obtained. For the case of ligand:DNA
complexes, it is possible to estimate’with reasonable accuracy the relative (not absolute)
equilibrium constants of a mixture of 1:1 and 2:1 ligand:DNA complexes, and to study the
exchange processes associated with ligand binding.

1.4.1 General Principles. The following discussion is taken largely from texts by

Harris (1986), Neuhaus & Williamson (1989) and Chandrakumar & Subramanian (1987).
Nuclear magnetic resonance spectroscopy is made possible because nuclei, like electrons,
have an intrinsic spin angular momentum (characterized by the symbol I). For a given
value of I, the nuclear spin quantum number mj runs in integral steps from —I to +I. The
focus of this introduction will be on the nuclei of several biologically relevant atoms
including 1H, 13C, and !5N, which have I = /5. For such nuclei, m; may take the values
+1/5 and -1/;.
The magnetic dipole moment [ of a nucleus is defined to be:

w= (Yh/2m) VI@+) (Equation 1-1)
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where y = the gyromagnetic ratio, a constant of proportionality between the spin and the
dipole moment, and h = Plank's constant. In the absence of an external magnetic field, the
energy of the nucleus is independent of my. If the nucleus is put into an external magnetic
field Bo (with its direction arbitrarily assigned to the +z-axis), the energy of this interaction
is given by:
E = -t « By = 17Boz = —(Yh/2m)mBg (Equation 1-2)
The two states characterized by my = 1/, are now nondegenerate, since the resulting
energies from Equation 1-2 are of opposite sign. The lower energy state corresponds to my
= +1/,, with the z component of the dipole moment aligned parallel to the Bg vector, and is
referred to as the o state. The higher energy state corresponds to my = -1/, with the z
component of the dipole moment antiparallel to the Bg vector, and is referred to as the 8
state. Therefore, for spin 1/ nuclei, the energy difference between the two states is given
by:
AE = (Yh/2m)Bg (Equation 1-3)
The frequency of this transition is given by:
v = AE/h = (y/2m)Bg (Equation 1-4)

Transitions between the o and P states can be stimulated by irradiation at this frequency,
termed the Larmor frequency. For typical magnetic field strengths and Y values, the
Larmor frequency falls into the radiofrequency (rf) range. |

The effective B field felt by any nucleus is a sum of the externally applied By field
and the much smaller contributions from the local chemical environment. The induced
motion of electrons by the external magnetic field slightly reduces the overall Bg field felt
by a nearby nucleus. The relative density of electrons near a nucleus determines the extent
of this effect. Therefore, the various nuclei in a molecule will resonate at slightly different
Larmor frequencies, resulting in dispersion of the spectrum. Because the spectrum is
dispersed, NMR becomes useful for chemists and structural biologiéts who wish to
uniquely assign resonances to particular nuclei in a molecule.
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Thé spins are in contact with the surroundings (the "lattice") which functions as a
thermal reservoir, so that at thermal equilibrium the two energy states o and B will be
populated according to the Boltzmann distribution:

_% :

%{i— e (Equation 1-5)
where Np = the population of the higher energy state, No = population of the lower energy .
state, AE = the energy difference between fhe two states, k = Boltzmann's constant and T=
temperature of the system. In NMR experiments at typical temperatures (300 K), the
population difference between the o and P states is very small (parts per million). If we
use a sample of sufficient concentration (typically millimolar), when the sample is placed
into a magnetic field B, even this small population difference generates a macroscopic net
magnetization M.

Note that the component of the dipole moment in the direction of Bg, mjz, is
smaller than the value of .. The magnetic dipole moment can bé represented classically by
a vector tilted away from the B vector at an angle determined by my. The By field exerts a
torque B x M on the dipole moment [ causing it to rotate, or precess, about Bg with a rate
vo = (Y/2m)Bg. This precession frequency is equal to the Larmor frequency.

1.4.2 The Basic NMR Experiment. A sample in a Bg field is perturbed from
equilibrium by the application of a weak oscillating magnetic field, B, which is
perpendicular to Bg. In modern NMR éxperiments, this B field is a short rf pulse which
contains a range of frequencies including the transition frequencies of the nucleus of
interest. For simplicity, we will consider an isolated spin system and its respective Larmor
frequehcy. If we change our perspective by "jumping" into a coordinate frame which is
rotating at the Larmor frequency, the effects of the By field (the precession of the sample
magnetization Mg) and the oscillation of the B field are subtracted out. We can then
clearly see that the net magnetization Moz feels a new torque due to B which tips Mgz into

the xy-plane, generating a transverse component of magnetization (Mxy). The By field is
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then turned off and the system is allowed to freely evolve. A current is induced in the
receiver coil of the spectrometer, which is recorded as a free induction decay. The intensity
of the induqed signal is proportional to the difference in populations of the o and B energy
levels.

1.4.3 Spectral Density. The spectral density describes all of the fluctuating

magnetic fields generated by random thermal motions in a sample. These thermal motions
form a continuum of frequencies. The spectral density J(®) takes the form of a Lorentzian
function:

J(®) = 2Tc/(1 + 02Tc2) (Equation 1-6)
where @ = angular frequency and T¢ = correlation time (a measure of the overall tumbling
rate of the molecule). This function tells us the power of motions in the lattice available to
induce transitions in the system. The probability W of a particular transition is a function
of J(w). Spectral densities are plotted in Figure 1-4 for the three general cases of Tc.
Biological macromolecules, with correlation times on the order of‘ nanoseconds, fall into.
the slow tumbling or spin diffusion limit.

1.4.4 The Density Matrix. In NMR studies we consider our system to be an

ensemble of spins coupled to a thermal bath. We can represent the available information on

the state of the system by the density matrix p(t). p(t) contains all of the available statistical
information about an ensemble of spins, and takes the form of a matrix of ensemble

averaged coefficients. If we want to know the expectation value of a measurable property

A
Q, using the operator Q corresponding to that property (Chandrakumar & Subramanian,

1987):

R |
<Q> = ZZ ¢j*ci< WjlQI¥;> (Equation 1-7)
ji

For an ensemble of spins,

p(t) = Cj*Ci (Equation 1-8)
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Figure 1-4. Spectral densities plotted as a function of log(®w) for molecules with
correlation times in the (a) slow tumbling (spin diffusion), (b) intermediate, and (c) fast
tumbling (extreme narrowing) limits. All spectral density functions have the same

integrated area (these plots are not scaled relative to each other).
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and the ensemble averaged expectation value of Q is:
<QM> =Tr(p()Q) (Equation 1-9)

We wish to solve for p(t). The solution to the equation of motion for the density matrix is
given by:v

o(t) = e(=2mi%/h) o(0) e(+2misi/h) (Equation 1-10)
where #is the Hamiltonian and p(0) is the density matrix of the system at some initial time
point. In an NMR experiment we can manipulate the effective Hamiltonian operating on
the system at different times during the experiment. Different Hamiltonians can arise from
the application of rf pulses and from various types of coupling and relaxation processes.

1.4.5 T; and Ty Relaxation. An ensemble of spins which have been excited in

some way returns to thermal equilibrium through relaxation. There are several mechanisms
by which relaxation can occur. Before a sample is placed into an external magnetic field,
the o and B energy levels are degenerate, and the sample has no net magnetization. At the
moment the sample is placed into a B field, a net magnetization begins to develop as the
spins seek to align themselves parallel or antiparallel with the direction of the field.
Equilibrium is reached with a slight excess population of spins in the parallel direction, as
described by the Boltzmann distribution. This relaxation process occurs with first order
kinetics, where T is the first order time constant. T; relaxation is termed longitudinal or
spin-lattice relaxation because it occurs by random thermal motions in the lattice which
cause transfer of energy from the system to the lattice. T depends upon the correlation
time Tc, since Tc determines the spectral density, 1.e. the power of motions in the lattice
available to induce transitions at a given frequency.

In the general description of the NMR experiment given in the previous section,
magnetization was generated in the transverse or xy-plane. During free evolution of
transverse magnetization, transverse or spin-spin relaxation can occur. Consider the
mMacroscopic transverse magnetizatioﬁ (Myy) derived from an ensemble of isolated spins.

Dephasing of My occurs with a first order time constant T, so that the intensity of the
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NMR signal decays over time and eventually all of the components in the xy-plane cancel
each other. In other words, there is a range of Larmor frequencies, an uncertainty in AE.
After Fourier transformation of the free induction decay, T> manifests itself in the line
width of the resonance in the frequency domain spectrum.

1.4.6 Dipolar Relaxation. Dipole-dipole coupling arises from a fluctuating local
magnetic field generated at the site of one dipole (nucleus) due to the presence of another
dipole (nucleus) nearby. For a homonuclear spin pair the dipolar coupling Hamiltonian
takes the form: | “

Haa=3¥ _h2Y2_(1-3c0s20) Bligliz - L L) (Equation 1-11)

i<j 81t2rij3

where the labels i and j denote two spiﬁs which have I = 1/5, ¥ = gyromagnetic ratio, Ijj =
internuclear distance and 6 = the angle between the internuclear vector r and the By field.
Direct effects from dipolar coupling are not observed in the NMR spectrum because
isotropic tumbling in liquids averages the (1 — 3co0s20) term to zero. However, dipole-
dipolé coupling provides a relaxation mechanism which proves to be very useful in
structural NMR studies.

Dipolar relaxation occurs via dipolar coupling of two spins. Note that in Equation
1-11, dipolar coupling strength is inversely proportional to rij3. Dipolar coupling is strictly
a through-space interaction, and does not require that the nuclei be connected at all through
chemical bonds. | This feature of dipolar coupling is important for structural biologists who
use the rate of dipolar relaxation to measure interproton distances in biological molecules.
Dipolar relaxation will be discussed in more detail in the context of the nuclear Overhauser
effect (NOE).

1.4.7 Nuclear Overhauser Effect.

1.4.7.1 General Principles. An energy diagram of two identical spins (I

and S) both with I = 1/, which are dipolar coupled but not scalar coupled is shown in
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Figure 1-5. Energy level diagram of a two spin system where the two 'spins Iand S are
dipolar coupled, but not scalar coupled. The available states for this system are described
by the four basic product functions laa), laB), IBa> and IBB> where the spin states are
listed in the order [IS». The transition probabilities Wq, W1j, WS}, and W5 are shown.
. Wy (flip-flop) and W, (double flip) correspond to cross-relaxation pathways which give

rise to the NOE.
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Figure 1-5. The full expression of the Hamiltonian #g4 in terms of raising and lowering

operators is (Harris, 1986): |
Haq = _h2YrYs. [A+B+C+D+E+F]
I‘ij3
A = (1 -3c0s26) IS,
B = 1/4 (1 - 3c0s20) (1:S— + L_S4)
C = -3/, sinBcosh e1¢ (I,S+ + 1S,) (Equation 1-12)
D=-3/ sinBcos6 el (I,S_ + LS,)
E =-3/4 sin20 120 1, S+
F=3/45in20ei20 1_S_

Zero quantum terms (1+S— and 1_S4) correspond to a frequency l(oy — ws)l and
involve only a very small net gain or loss of energy, and are commonly referred to as flip-
flop transitions. Double quantum terms (I4+S+ and LS_) involve two spin flips in the same
direction, corresponding to a frequency (@] + ws) and resulting in a net gain or loss of
energy. Double quantum transitions are commonly called flip-flip transitions. In either of
these two cases, one spin flips in concert with another, a mechanism termed cross-
relaxation. Single quantum transitions (I4+Sz, I_SZ,VIZS.;., IzS_) involve one spin flip and
correspond to a frequency ®y or ws. From the expression above, it is clear that zero
quantum, single quantum and double quantum transitions are allowed under the dipolar
coupling Hamiltonian.

The NOE arises when the o and  populations of one spin I are altered due to
dipole-dipole relaxation by another spin S which is close in space. For the NOE to occur,
it requires nonequilibrium o and  populations for spin S. This situation is created by
applying a long, low power rf pulse to saturate the S resonance, thereby equalizing the o
and B populations for spin S. Referring to Figure 1-5, in this case the populations of the
lo> and laB) states are equalized, as are the |Boy and IBB) populations. Because the

system is no longer at thermal equilibrium, it undergoes dipolar relaxation to try to restore
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equilibrium populations. Relaxation occurs by the allowed transitions, with the probability
of a particular transition specified by W. Note that when spin S has been saturated, the
cross relaxation transitions W (zero quantum) and Wy (doﬁble quantum) alter the o and B
populations of both spins 1 and S, resulting in altered intensity for the I signal.

1.4.7.2 The Solomon Equation. The transition probabilities Wo, W1}, WS; and
W3, for the coupled two spin svystem are noted in Figure 1-5. The general definition for the
transition probability between two states i and j is (Neuhaus & Williamson, 1989):

Wi; = J(0) |(<il#e1lj> )l average (Equation 1-13)
where J() is the spectral density at the appropriate frequency ® for the transition and He]
is the Hamiltonian of the relaxation mechanism. The transition probability functions as a
first order rate constant in the rate equations describing the change of the population of each
state with time. For example, an equation can be constructed which describes how the
population of the low) state, Ngg, changes with time:

ANgo =— (Wl + WS + W2)Nga + WINgg + WS Ngpg + WoNpg + constant
& ‘ (Equation 1-14)
where the constant represents population changes due to other forms of relaxation. The

fractional change in the intensity of spin I when spin S is saturated is defined to be:

fi{S} = Iz =10 (Equation 1-15)
1,0

where Iz = intensity of the spin I resonance and I;0 = equilibrium intensity of the spin I
resonance. Using rate equations such as 1-14 for all four spin states, an equation
describing the rate of change of I; with time can be derived (Neuhaus & Williamson,
1989): |

Al; = (I - 10) (Wo + 2W1j + Wp) — (Sz — S20) (W2 — W)
dt . (Equation 1-16)
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This is the Solomon equation. Substituting into Equation 1-15 for the steady-state NOE
experiment, where dlz/dt = 0 and Sz = 0, the fractional change in the intensity of spin I is
given by:

fifS}= ¥ Wr - W = OIS (Equation 1-17)
M Wo+2Wh+Wy  prs

where G1s is termed the cross-relaxation rate constant, and pjs is termed the dipolar
longitudinal rate constant. Recall from the definition of the transition probability W that it
is proportional to the spectral density at the frequency which matches the appropriate
transition energy. For a rigid, isotropically tumbling molecule, the transition probabilities
are (Harris, 1986): |

Wo = (1/10) R2 J(0p - ©s)

W1 = (3/20) R2 J(wp) (Equation 1-18)

W2 = (3/5) R? J(ay + )
whére R is the dipolar interaction constant and is proportional to Iys—, making o1s and p1s
proportional to r7s=6. These transition probability expressions can be substituted into
Equation 1-17 to obtain the maximum theoretical NOE fi{S} = Mmax, assuming exclusively
dipolar relaxation. TMmpax is plotted as a function of ®T¢ in Figure 1-6. For large
biomolecules in the slow tumbling limit, J(w] - ®g) » J(©f + ®s) (Figure 1-4a), making
WO a more efficient relaxation pathway than W,. Therefore, according to Equation 1-17,
for slow tumbling molecules the NOE will be negative. In other words, upon saturation of
spin‘ S, the intensity of a nearby dipolar coupled spin I resonance will decrease.

1.4.7.3 Distance-Dependence of the NOE. Structural biologists are interested in

using the distance-depehdence of the NOE to obtain pairwise distances between protons in
a biomolecule. Although the above discussion is useful in understanding the NOE, note
that for the steady-state NOE in the absence of external relaxation there is no distance-

dependence (the ris~© terms in o1 and pis cancel) (Equation 1-17). So, instead of
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Figure 1-6. Dependence of the maximum homonuclear nuclear Overhauser effect on

oTc.
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measuring the absolute steady-sta'te NOE, a kinetic NOE experiment will be used from
which the NOE build up rate can be determined.

In the transient NOE experiment, instead of keeping the o and 8 populations of
spin S equalized with a long saturating pulse, the populations are transiently inverted with a
very short high power 180° pulse, creating the initial conditions Iz = I;0 and Sz = -Sz0.
The pulse is turned off, and the system is then allowed to freely evolve under the dipolar
Hamiltonian (this experimental time delay is called the "mixing" time). Assuming we have
a rigid molecule whose tumbling can be described by a single correlation time, the initial

homonuclear NOE build up rate is:

dl = 2015570 (Equation 1-19)
dt =0

where 615 o I'1s—® from Equations 1-17 and 1-18. Clearly, the NOE build up rate is
distance-dependent. This equation holds true for short mixing times. During longer
mixing times, the assumption of an isolated spin pair no longer holds. Secondary effects
becoﬁie significant as magnetization is transferred through multiple spin pathways. This
effect is called spin diffusion, and is of particular concern for molecules in the slow
tumbling limit (also called the spin diffusion limit) because the rate of NOE build up is
relatively fast.

Initia]l NOE build up rates can be converted into internuclear distances with the use
of a "ruler” distance, a pair of spins A and B in the molecule which are separated by a fixed
distance. Knowledge of this "ruler” distance and measurement of the initial NOE build up
rate for the AB spin pair and an IS spin pair in the molecule allows the distance between

spins I and S to be calculated:

s = _ffA% rAB® (Equation 1-20)
I

The practical upper limit for measurement of interproton distances by the NOE is 5
A. For spin pairs farther apart, other relaxation mechanisms dominate. In real systems,

errors can arise because large biomolecules can be flexible, with different parts of the
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molecule characterized by different correlation times. Additionally other efficient relaxation
mechanisms, such as the presence of paramagnetic ions in the sample solution, can affect
NOE measurements. Limited signal-to-noise ratios will result in imprecise measurements
and loss of long distance information (4 to 5 A distances), which are at the limit of the
sensitivity of the experiment.

1.4.7.4 Two-Dimensional NOE Sp- ectroscopy (2D NOESY). The 2D NOESY
(Jeener et al., 1979) is an extension of the one-dimensional transient NOE experiment. The
homonuclear NOESY pulse sequence consists of:

90—t —90—TM—90—1y

where 90 = a 90° high power pulse, t] = a delay period during which the resonances are
frequency lébeled, Tm = NOE mixing time, and ty = acquisition of the free induction decay.
From section 1.4.2, we see that a 90°x pulse (where the subscript x denotes the phase of
the pulse) tips the equilibrium z-magnetization for all of the resonances in the molecule 90
degrees onto the y-axis. During t], the resonances fan out as they rotate at their respective
Larmor frequencies in the transverse plane. A second 90°x pulse rotates the transverse
magnetization into the xz-plane. During the mixing period Ty, the z-components of the
magnetization undergo dipolar relaxation which results in NOE build up. The final 90°
pulse converts the z-magnetization into observable transverse magnetization, which is
detected during tp. After a delay to allow the spins to equilibrate, the pulse seqﬁence is
repeated.

The addition of several free induction decays improves signal-to-noise by a factor
equal to the square root of the number of scans. While repeating the pulse sequencé,
cycling of the pulse and receiver phases allows for suppression of artifacts due to imperfect
instrumentation (Hoult & Richards, 1975) and also for quadrature detection (Drobny et al.,
1978; States et al., 1982; Marion & Wiithrich, 1983). Another important purpose of phase

cycling is to remove observable magnetization resulting from unwanted coherence transfer
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(Keeler, 1988). Together, the pulse sequence and the proper phase cycling define this
experiment to be a NOESY.

The second dimension arises from répeating this experiment, incrementing t each
time while holding Ty constant. For each t; increment a sepérate FID is detected in t3.
The raw data is Fourier transformed first in t) and then in t;, to generate a two dimensional
frequency domain spectrum (Figure 1-7). Two-dimensional NMR experiments have been
reviewed extensively in Kessler et al., 1988.

The utility of the NOESY experiment is that it provides pairwise distance
information. It is preferable to use longer mixing time NOESY experiment_s with higher
signal-to-noise ratios. This is important because longer mixing times allow proton pairs 4
to 5 A apart to build up enough NOE intensity‘to be observable. It is often these longer
distances which are crucial in calculating accurate three-dimensional structures. However,
with longer mixing times, spin diffusion becomes more prevalent. If a reasonable starting
structure can be obtained, it is possible to use algorithms which calculate pairwise distances
from NOE intensities while taking into consideration spin diffusion pathways available in
the starting structure (Borgias & James, 1989; Borgias & James, 1990).

1.4.7.5 NOESY Data Analysis. In a double-stranded DNA dodecamer, there are

approximately 250 hydrogen atoms (protons), which generate a very complex and highly
overlapped NMR spectrum (Figure 1-8). Before pairwise distances can be extracted from
NOESY data, the resonances in the 1H NMR spectrum must be assigned to specific
protons in the molecule. Clearly, it is important to know the exact sequence of the DNA
sample before beginning spectral assignment. Note that the different classes of protons fall
into characteristic chemical shift ranges. Indeed, even within these ranges base protons
exhibit characteristic shifts according to the type of base. For example, in standard B-form
- duplexes, thymine imino protons typically fall downfield of guanine imino protons. These
trends in chemical shifts are structure dependent and although they are not strictly followed,

they can be used as qualitative guides when approaching the assignment problem for DNA.
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Figure 1-7. A two-dimensional NOESY spectrum for the hypothetical molecule shown.
Protons a, b and c resonate at three distinct frequencies. The interproton distances are
indicated. The proton pair ab (and likewise for the ac pair) builds up more NOE cross peak
intensity than the bc pair because spins a and b are a short distance apart, while b and ¢ are

separated by a larger distance.
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Figure 1-8. A one-dimensional !H NMR spectrum of a DNA decamer dissolved in HyO
solution. The general chemical shift ranges for each type of DNA proton are noted, with
exchangeable protons listed in parentheses. The downfield region of the spectrum is
shown in (a), and the rest of the spectrum is shown in (b). Note that both the verticai and

horizontal scaling of (a) is different from (b).
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One can take advantage of the rapid exchange rate of nitrogen-bound protons in
DNA to simplify the lH NMR spectrum for assignment purposes. By dissolving a dried
DNA sample in D,O rather than H7O, the base amino and imino protons exchange with
deuterons and effectively disappear from the spectrum, since deuterons resonate at a very
different frequency. This technique also significantly reduces the resonance arising from
the solvent protons, simplifying the éolvent suppression problem.

Assignment of the NOESY spectrum is facilitated by recognizable NOE patterns
which are found in B-form DNA (Wiithrich, 1986; Hosur et al., 1988). In B-form DNA, a
deoxyribose H1' proton has a weak NOE cross peak to its own pyrimidine H6 or purine
HS8 base proton, and another to the (n+1) neighboring base proton, where sequence
numbering goes in the 5' to 3' direction. The deoxyribose H2' and H2" protons display a
similar pattern. With this information one can map a NOE connectivity pathway
independently along each DNA strand (Figure 1-9). Adenosine H2 resonances (which play
an important role in the studies described herein) can sometimes be assigned based on weak
NOE cross peaks to the H1' of its (n+1) neighbor and to the H1' of the (n+1) neighbor of
the base paired thymine. When the sample is dissolved in H>O solution, the presence of
slowly exchanging imino protons establish base pairing, except for the two terminal imino
protons which often undergo rapid exchange with solvent water. Imino-imino NOEs
provide sequential assignments for the imino protons.

1.4.8 Chemical Exchange. NMR spectroscopy 1s a particularly useful méthod
because we can obtain kinetic information in addition to structural information about the
system of interest. The NMR spectrum is affected by exchange processes which occur at
rates between 1 Hz (faster than T relaxation rates) and 106 Hz (slower than molecular
tumbling rates) (Neuhaus & Williamson, 1989). Exchange processes play an important
role in studies of DNA and ligand:DNA complexes. Examples of exchange processes
which occur in such a complex include solvent exchange (of nitrogen bound protons with

water), conformational changes (such as rotations of exocyclic amino groups on DNA
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Figure 1-9. 1H NOE connectivity pathway used in assigning DNA proton resonances.
The protons which make up the pathway are indicated by black circles: purine HS,
pyrimidine H6, and ribose H1', H2' and H2". NOE cross peaks are generally observed
between a ribose proton and its own base proton as well as the 3' neighboring base proton.

Other protons not on the pathway are denoted by white circles.
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bases about the N-C bond) and site-to-site exchange (such as the binding of a free ligand to
DNA or the reorientation of a ligand on the DNA). Proper interpretation of NMR data
requires that we have some understanding of the nature of any exchange processes which
may be occurring, their time scales and their effects on the NMR spectrum.

1.4.8.1 Time Scales. Time scales in NMR are defined by relaxation rates and
chemical shift differences. When considering exchange effects on NMR spectra, one must
compare the rate of the exchange process to these time scales to determine how the effects
will appear in the NMR spectrum, if at all. Generally, exchange processes with rates much
slower than the overall relaxation rate will have no effect on NMR spectra, since T
relaxation will tend to reequilibrate the system before exchange can occur. Therefore,
exchange processes must have rates intermediate to fast on the relaxation time scale (or Ty
time scale) to have an observable effect on the NMR spectrum (Sanders & Hunter, 1987).

The simplest case of exchange involves a two-state process:

kax

A X

kxa (Equation 1-21)

where kax and kxa are rate constants for the forward and backward reactions. The
relative populations of these two states are determined by the equilibrium constant for the
system, Keq = [X1/[A] = kax/kxa. The exchange lifetimes (here, the average time a
molecule spends in one state) are defined to be Tp = 1/kax and Tx = 1/kxa. The
assumption of simple two-state exchange is often made in analyzing NMR spectra.

The chemical shift time scale is defined by the difference between the chemical shift of
a proton in state A and that of the same proton in state X, los — wx| (Figure 1-10). Using
this time scale, the slow exchange regime is defined to be the case in which the inverse of
the exchange lifetime (we will consider state A) is significantly smaller than the chemical
shift difference, or lma — wxl (Ta) » 1. The one-dimensional NMR spectrum of a system
which is slowly exchanging between two states simply consists of a superposition of the

two independent 1D spectra. The intermediate exchange regime is defined to be the
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Figure 1-10. The effects of chemical exchange on the appearance of the NMR spectrum.
Shown are 1D NMR spectra of one proton which is exchanging between two forms A and
X, as in Equation 1-21. In this example the populations of the A and X forms are equal, so
that kax = kxa and Ta = Tx =T. The three spectra demonstrate the effects of slow (top),

intermediate (center), and fast exchange (bottom).
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case in which lwa — wx! (Ta) = 1. Where lwa — @xl| (Ta) = 1, the two resonances
coalesce into one broad peak with a flat top. The fast exchange regime is defined to be the
case in which lwa — wx| (Ta) « 1. The one-dimensional NMR spectrum of such a system
consists of a single resonance which is at the population weighted average chemical shift of
the two states A and X.

Note that in real systems, especially for large biomolecules, it is possible for
different resonances in the same molecule to be in different exchange regimes. For
example, consider the binding of a small molecule to DNA. A DNA proton within the
binding site might experience a large chemical shift change upon ligand binding, whereas a
proton distant from the binding site might undergo a small chemical shift change in the
bound state. Clearly, depending upon the exchange rate of the ligand between the free and
bound states, different e)ichange regimes might apply to the two different protons. Such
information can be useful in identifying the location of the binding site on the DNA duplex.

NMR signals decay exponentially with the decay rate characterized by a first order
time constant, resulting in a Lorentzian line shape. Under static conditions (no exchange),
the line width of a resonance at half height is:

Avip= _1__ (Equation 1-22)
- (nT2%)

* where T»* is the effective trans;/erse relaxation time constant due to intrinsic T, relaxation
as well as other factors, including magnetic field inhomogeneities. An exchange process
which is slow on the chemical shift time scale but is faster than transverse relaxation (kax
> 1/T2*) will result in additional line broadening of resonances corresponding to state A
(Harris, 1986):

Avip = 1 . (Equation 1-23)
(TTA)

where Ta = (1/kax) and is the lifetime of the A state.

1.4.8.2 Measurement of Exchange Kinetics by NMR. Consider a system in slow
exchange on the chemical shift time scale (recall that to have an observable effect it still
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must be in intermediate to fast exchange on the Tj time scale). The NMR spectrum of a
particular proton in states A and X contains resonances at two distinct chemical shifts, va
‘and vx. During the t; period of the NOESY experiment, spins in state A are frequency
labeled at v4. If a proton undergoes chemical exchange from state A to state X during the
mixing time Ty, it will be detected during the t; period at a new Larmor frequency, vx.
Therefore, an off-diagonal peak is generated in the 2D spectrum, not due to cross
relaxation, but due to chemical exchange. |

In this exchange regime, the 2D NOESY can be used expressly for the purpose of
extracting rate constants from exchange cross peaks; analogous to the extraction of
distances from NOE cross peaks (reviewed in Perrin & Dwyer, 1990). This experirrient is
sometimes termed 2D exchange spectroscopy (EXSY), although in practice it is identical to
the 2D NOESY. At short mixing times (where little T} relaxaﬁon and cross relaxation have
occurred), the ratio of the intensities of an exchange peak and its diagonal peak will give the
fraction of protons which have undergone exchange from state A to state X during Ty.

The exchange lifetime Tp can be determined by:

Iax (exch) = Tm. (Equation 1-24)
Iaa (diag)  Ta

1.4.8.3 Exchange Effects in 2D NOESY. An exchanging system can create a very
- complex 2D NOESY spectrum. The equations that govern the rate of NOE build up are
affected by the rate of chemical exchange relative to T and T¢c (Neéuhaus & Williamson,
1989). Where the exchange rate falls in the chemical shift time scale is not relevant to the
rate of NOE build up. However, the appearance of the NOESY spectrum will be affected
by the rate of exchange on the chemical shift time scale, which determines the line widths
and number of resonances in the spectrum. .

First consider exchange processes which are fast relative to T1 and slow relative to

Tc. The homonuclear NOE build up rate equation is given for the general case of an

isotropically tumbling molecule exchanging among i states:
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Al | = 2 <o1s> Sz (Equation 1-25)
dt =0

with <o1s> =3 (Nicig) (Equation 1-26)
i

where {ojs) = time average of the cross correlation rate constant, Ni = fractional
population of state i, and olig = cross relaxation rate constant for the IS spin pair in state i.
The overall cross relaxation rate and hence the NOE build up rate is the population
weighted average over all the states. Extraction of distance information from this build up
rate will result in an averaged internuclear distance.

For systems in slow exchange on the chemical shift time scale, the 2D NOESY
spectrum will appear quite complex, due to the presence of resonances from to the different
exchanging forms. If the exchange is fast relative to Ty, the NOE cross peak intensities
build up according. to Equation 1-25 above. The only additional consideration is that an
extra set of cross peaks appears due to exchange-transferred NOE. These cross peaks arise
when the populations of spin Sp are perturbed, giving rise to a direct NOE which builds up
on a nearby spin I5. If I then undergoes exchange to Ip, a cross peak will appear in the
NOESY from Sp to Ig. These exchange-transferred NOE cross peaks must be
distinguished from direct NOE.

For systems in fast exchange on the chemical shift time scale, there are fewer
resonances in the speetrum. In fact, it may not be initially apparent that a fast exchange
process is occurring, since the number of resonances is the same as for a static system.
The complexity arises in the interpretation of the NOE cross peaks observed. For example,
consider a liga_nd which is sliding rapidly (on the chemical shift time scale) between two
sites on the DNA, so that the ligand protons resonate at the population weighted average
chemical shift of the two exchanging binding modes. Each ligand resonance builds up
NOE in both binding sites independently, resulting in cross peaks between the ligand and

sets of DNA protons which are inconsistent with one static structure. Quantitative
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interpretation of the intensity of these NOE cross peaks is less straightforward than for the
slow exchange case. Because the ligand and DNA resonances from both binding modes
resonate at the same éhemical shift, cross peaks in the NOESY will contain exchange
transferred NOE superimposed onto direct NOE contributions.

In biomolecules, which tumble relatively slowly due to their large size (T¢ is on the
order of nanoseconds), some exchange pfocesses occur at rates which are faster than‘the
overall tumbling rate of the molecule. Such processes include the rotation of methyl groups
and the motion of some protein side éhains. These motions occur in local regions of large
biomolecules which effectively shorten the correlation time of that region, leading to a
spread of T¢ values throughout the molecule (Neuhaus & Williamson, 1989). Because the
cross relaxation rate is a function of spectral density, the NOE build up rate will vary for
different regions of the molecule. In fact, this observation has led to the use of 15N-1H
heteronuclear NOE experiments as a method to probe for very fast motions in proteins
(Palmer, 1993). Because the amide nitrogen and amide proton are directly bonded and are
separated by a fixed distance, significant differences in NOE build up rates are therefore
attributed to altered local correlation times. Backbone amides are distributed evenly
throughout the prbtein, making it possible to map their locations on to the three-
dimensional structure, thereby revealing the portions of the molecule undergoing dynamics.
Clearly then, motions faster than the overall tﬁmbling rate will be a source of error in NOE-
derived interproton distances for large molecules.

One more circumstance should be considered with respect to exchange effects on
NOE measurements. Recall that from Equation 1-19, the cross relaxation rate of the NOE
is proportional to I15~9, where 175 is considered to be a constant. Suppose that the
molecule is not rigid, so that Ijs cannot be assumed to be a constant. Consider two
| protons I and S which are separated by a distance which varies through some range due to
internal molecular motions. Because the NOE build up rate falls off quickly with distance,

the shorter interproton distances will dominate the dipolar relaxation. The result is that the
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NOESY cross peak between the I and S resonances will be more intense than for the rigid
case where I7g is a fixed distance. Interpretation of this cross peak intensity under the rigid
molecule assumption will result in an interproton distance which is too short. Therefore, a

better interpretation of a NOE-derived distance is that it is the minimum allowed distance.

1.5 Molecular Modeling

Once pairwise interproton distances have been extracted from NOESY data, they
are used as input restraints for calculations which generate a family of three-dimensional
structures for the molecule. The most important aspects of these calculations will be
summarized here. The primary reference for the following discussion is the user guide for
the molecular modeling program Discover (1992).

1.5.1 Forcefield. The forcefield is an empirically derived analytical expression of

the potential energy surface of a system in terms of the nuclear coordinates. One
particularly useful forcefield is AMBER, which was developed specifically to deécribe
proteins and nucleic acids (Weiner et al., 1984; Weiner et al., 1986). The functional form
and descriptions of the terms in the AMBER energy expression are shown in Figure 1-11.
All of the atoms in a system which is modeled under the AMBER forcefield are assigned
atom types which specify element type, hybridization, and bonding environment. The
forcefield contains idealized equilibrium values for the parameters in the target function,
including bond lengths, bond angles and van der Waals radii. As the calculation changes
the global structure of the molecule, an energetic penalty is assigned to structures which
deviate from idealized equilibrium geometry. The severity of the energetic penalty is
determined by both the amount of deviation from equilibrium, and by an adjustable
parameter called a force constant. The ability of the forcefield to accurately describe the
energetics of the system of interest determines the quality bf the calculated results.

Because of the large number of atoms in a nucleic acid or a protein molecule (a

DNA dodecamer has approximately 750 atoms), the summation of all interactions in the
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Figure 1-11. The AMBER e¢nergy expression, or target function. The first three terms
characterize the energies needed to stretch bonds, bend bond angles, and twist dihedral
| angles away from their reference equilibrium values. The fourth and fifth terms describe
nonbonded interaction energies, van der Waals and electrostatic linteractions, which are a
function of internuclear distances. The sixth term is a small hydrogen bond term to account
for energies not included in the electrostatic terms. The parameters are b = current bond
length, bg = equilibrium bond length, 8 = current bond angle, ¢ = equilibrium bond
angle, ¢ = current dihedral angle, ¢¢ = equilibrium dihedral angle, € = depth of the
Lennard-Jones potential well, r* = equilibrium internuclgar distance, r = current

internuclear distance, q = point charge, € = permittivity constant.
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molecule becomes enormous, and calculations become unmanageable and very
computationally inefficient. Many of the pairwise electrostatic and van der Waals
intefactions are insignificant because these energies fall off quickly with distance. So, it is
customary to set a nonbond cutoff distance which excludes nonbonded atom pairs béyond
the cutoff distanpe from the calculation.

Additional structural restraints obtained experimentally are included as extra terms
in the potential function, such as distance restraints obtained from NOESY cross peak
intensities or dihedral angle restraints obtained from measured scalar couplings. Distance
restraints are input as raﬁges to allow for experimental error and uncertainty in the
measured distance. This term takes the form of a flat-bottomed well with parabolic sides in
the target function.

1.5.2 Energy Minimization. The goal of energy minimization is to find a
conformation in which the net force on every atom vanishes (alocal energy minimum). At
an energy minimum if any coordinate is changed, the result is that the energy of the target
function increases, and the force applied according to the force constant drives the
conformation back into the local energy well. The general procedure for energy
minimization consists of two main steps. An initial structure is input and its target function
is evaluated. The conformation is then altered slightly and the target function is
reevaluated. This process is iterated until the nearest local energy minimum is found.

There are several different algorithms which determine how the molecular
conformation is adjusted at each iteration. The most robust algorithm is the method of
steepest descents. This method relies on the direction of the energy gradient on the
pdtential energy surface to determine the path of the system on the potential energy surface,
and the associated conformational changes. Therefore, it works best when the
conformation is far from the energy minimum (i.e. at the beginning of the calculation) and
the gradients are large. As the structure approaches an energy minimum, this method

becomes less efficient because the energy gradient approaches zero, and this method
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continually overcorrects for poor choices of directions in earlier steps. At this point, the
éonjugate gradients algorithm becomes useful. This method is more computationally
intensive than steepest descents when the system is far from the energy minimum, but
because of that it works better when the system approaches the energy minimum.
Therefore, steepest descents brings the system roughly neér the local minimum, and
conjugate gradients fine-tunes the structure.

1.5.3 Molecular Dynamics. The goal of the calculation is to find the global energy
minimum for the mdlecule using NOE-derived distance restraints. However, the initial
input structure may not be close to the final, "true” strucfure, the global energy minimum.
If the data defines the system well enough, in theory it should be possible to start from any
starting structure and arrive at the global energy minimum. Minimization calculations only
find the nearest local minimum in the target potential function. It is necessary to search
conformational space more effectively by going over energetic barriers on the potential
energy surface. Energy minimization decreases the value of the targét function, when in
fact we want to be able to increase the energy of the system in order to climb over energetic
barriers. Molecular dynamics calculations add kinetic energy to the system so that
conformational space can be searched more effectively. The system is computationally
"heated” and then slowly "cooled" by a process called simulated annealing. Fast "cooling”
will force the system into a nearby local minimum, similar to an energy minimization,
whereas slow "cooling" allows the system to search out the lowest accessible energy
minimum. It is common to perform an energy minimization step after dynamics to bring

the family of conformations further into the energy minimum.
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1.6 Application of NMR and Molecular Modeling Technigues to DNA and

its Complexes

The following chapters describe applications of NMR spectroscopy and molecular
modeling to several ligand:DNA complexes and one DNA mispair containing a mutagenic
base analog. What useful information about these systems is obtained by such studies?

NMR studies are a rich source of structural information. In the studies described
here, the main body of structu_ral information comes frém analysis of NOESY data.
Through the use of NOE-derived interproton distances coupled with molecular modeling,
structural. features of ligand:DNA complexes are determined, including ligand binding
stoichiometry, binding site and orientation. Other features of NMR data provide less
quantitative, but still useful structural information. For example, chemical shifts of imino
and amino protons provide evidence for the presence or absence of hydrogen bonds.
Unusual chemical shifts, as well as unusual NOE patterns, can indicate non-standard DNA
conformation as seen in the mispair and some of the ligand complexes. Useful stfuctural
information is also extracted from analysis of exchange processes. For example, slowly
exchanging imino protons appearing in the downfield region of the NMR spectrum indicate
that the DNA duplex is stably base paired. Imino protons which are not protected in this
way exchange rapidly with solvent, and consequently are often broadened into the baseline.
Additionally, the identification of tautomeric forms of bases in the DNA mispair requires
the proper assignment of the resonances in the 1H NMR spectrum, which confirms the
chemical structure of the bases.

NMR studies also provide thermodynamic information with respect to ligand
binding. Observation of exchange behavior during a titration of a DNA sample with a
ligand can give qualitative information regarding ligand binding affinities. The binding
constants for the complexes studied are quite high (Ky = 104 to 108 M-1). The binding
constant is related to the on- and off-rates by Ky = kon/koff, and the on-rate of the ligand

has been found to be very fast. Therefore, the off-rate is much slower and its effects are

42



apparent in the NMR spectrum. The ligand:DNA complexes characterized in the following
chapters exhibit off-rates spanning the range from slow to fast exchange on the NMR
chemical shift time scale. The ligand off-rate can be used as a qualitative measure of ligand
binding affinity. The absolute binding affinity has been measured for a few
distamycin:DNA complexes, and their NMR exchange behavior is known. Qualitative
comparisons are made between the NMR exchange behavior of various other complexes
and these complexes of known affinity. Additionally, analysis of a slowly exchanging
mixture of complexes can reveal more quantitative information. A sample containing an
equilibrium of two different ligand:DNA complexes in solution generates a NMR spectrum
cons'isting of two sets of resonances (if the equilibrium is in slow exchange on the chemical
shift time scale). The integrated areé of resonances corresponding to the two complexes
reflects their relative populations, revealing their relative binding affinities. In the case of
1:1 and 2:1 distamycin:DNA complexes in slow exchange, the relative binding affinities of
the first and second distamycin molecules are determined.

Lastly, NMR studies on DNA and its complexes can reveal kinetic information
about the system. Measurement of T relaxation times in the presence of a proton exchange
catalyst reveals the opening lifetimes of individual base pairs in a free DNA duplex. In
Chapter 2, the base pair opening rates of a duplex are correlated with its distamycin binding
properties.

NMR studies provide critical informatién on the structural, kinetic and
thermodynamic properties of DNA and ligand:DNA complexes. Through these kinds of
studies, conclusions can be drawn regarding the structural requirements for sequence
specific recognition of DNA. This understanding can then be applied to the rational design

of ligands which bind DNA in a predictable fashion.
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Chapter 2

The Binding Modes of Distamycin A and Netropsin to A,T- and I,C-rich
DNA Oligomersl

2.1 Summary

One- and two-dimensional NMR experiments have been used to characterize the
binding site, orientation, stoichiometry, and qualitative affinity of distamycin binding to
several short DNA oligomers. The binding sites studied contain A*T and/or IC base pairs,
where I = 2-desaminodeoxyguanosine. I*C base pairs are functional analogs of AT base
pairs in the minor groove, although the described distamycin binding and base pair opening
lifetime measurements suggest that the groove is structurally different from the narrow
minor groove observed in A,T-rich oligomers crystallographically. Sites which are
classified as A-tracts, such as AAAA and AATT, have narrow minor grooves while
alternating sites, such as TATA, and I,C-containing sites have wider minor grooves.
Distamycin binds tightly in a 1:1 ligand:DNA mode to sites with narrow minor grooves,
and weakly in the 1:1 mode to sites with wide minor grooves. For sites of five or more
AT or I»C base pairs, distamycin can also form a 2:1 ligand:DNA complex with the two
ligands bound antiparallel and side-by-side. In sites with wide minor grooves, although
the first ligand binds weakly, the second ligand binds with higher affinity to form the 2:1
complex. The cumulative effects of changes in sequence and substitution of I*C base pairs
for AT base pairs are examined. A comparison between distamycin and netropsin binding
to an asymmetric sequence reveals that whereas distamycin binds directionally, netropsin

has no orientational preference in binding.

1 Reprinted in part with permission from Fagan, P. & Wemmer, D.E. (1992) J. Am. Chem. Soc. 114,
1080-1081. Copyright 1992 American Chemical Society.
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2.2  Introduction

The desire for the development of small molecules which bind to specific DNA
sequences has fueled interest in distamycin A (Figure 2-1). The minimal binding site for
distamycin is four base pairs, as seen in NMR studies of the distamycin:
[d(CGCGAATTCGCG)]z complex (Klevit et al., 1986). Distamycin binds in a 1:1
- ligand:DNA mode to the minor groove of the AATT site in slow exchange on the NMR
time scale, with a binding constant measured by calorimetry to be 2.7 x 108 M-1 (Marky,
1986). Binding studies with the oligomer [d(GGTATACC)], show that distamycin binds
weakly to the TATA site with a binding constant of 2 x 10° M-1, obtained by quantitative
analysis of footprinting data (Fish et al., 1988). Distamycin has been observed by NMR to
bind in intermediate exchange with the TATA site (J. G. Pelton, unpublished results), also
indicating a lowered affinity for this site relative to AATT. The distinctly different binding
behavior in these two cases suggested that there are subtle differences in the structure of
A,T-containing DNA sequences which the ligand recognizes. This hypothesis forms the
basis for the studies described in the first pért of this chapter, which examine distamycin
and netropsin binding to various four base pair sites.

Further motivation for the work described in this chapter comes from NMR studies
by J. G. Pelton on two DNA oligomers containing five and six base pair binding sites,
d(CGCAAATTGGC): d(GCCAATTTGCG) (Pelton & Wemmer, 1989) and
[d(CGCAAATTTGCG)]2 (Pelton & Wemmer, 1990a). These sites bind a single
distamycin at low ligand ratios, analogous to complexes characterized crystallographically.
In several of the DNAs studied crystallographically, the groove is found to be equvally
narrow without the drug present (reviewed in Dickerson, 1990 and Yanagi et al., 1991).
However, at higher amounts of added ligand, new complexes form with two distamycin
molecules bound side-by-side in the same region of the minor groove. This indicates a
significant degree of adaptability in the minor groove width, since an increase in groove

width of about 3.5 A is required to accommodate the second ligand.
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Figure 2-1. Distamycin A and netropsin. Numbering schemes are shown.
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Analysis of the NMR daté shows that the second ligand binds less tightly than the
first for the AAATT site, and somewhat more tightly than the first for the AAATTT site.

This binding equilibrium is described by the following set of equations:

K] K2
(free DNA) + 2 ligand === (1:1 complex) + ligand <= (2:1 complex)

(Equation 2-1)

Cooperativity in this system is defined as the ratio of the binding affinities K»/K;. The
cooperativity of distamycin binding varies with the DNA sequence. AAATT binds
distamycin anticooperatively (K2/Kj < 1), while AAATTT binds distamycin cooperatively
(K2/Kj > 1). What factors determine the extent of cooperativity of distamycin binding with
these two binding sites? To explore this question, I have performed experiments on related
A,T-rich sites and on analogous sites containing IC base pairs, which mimic A*T pairs in
the minor groove. '

The work contained within this chapter examines the recognition of sequence
specific variations in DNA structure by distamycin. This chapter examines the binding of
distamycin with various A,T-rich DNA sequences, and attempts to correlate DNA

sequential and structural features with the observed mode of distamycin binding.

2.3 Materials and Methods

2.3.1 NMR Sample Preparation. The DNA oligomers used were made on an
automated DNA synthesizer by standard methods. After HPLC purification using a
reversed phase C18 column, samples were desalted by dialysis using a 1000 kDa molecular
weight cutoff membrane, or by a Waters Sep-Pak C18 column. Concentrations were
determined by UV absorbance at 260 nm at room temperature prior to annealing of single
strands, or at 80 °C after annealing. Oligomer extinction coefficiénts were calculated using

standard methods (Warshaw & Cantor, 1970). After annealing, in some cases the duplex
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sample was run over a hydroxylapatite ion exchange column (Bio-Rad, DNA grade Bio-
Gel HTP) to remove any excess single-stranded DNA.

All DNA oligomers were studied in duplex form, ranging from 10-mers to 12-mers
in length. Each nucleotide was numbered, starting from the 5'-end to the 3'-end of the first
strand, and then continuing the numbering séquence from the 5'-end to the 3'end of the
second strand. For example, a 10-mer duplex d(CGCAAAAGGC):d(GCCTTTTGCQG) 1s
numbered in the following way:

5-C1 Gy C3 As As Ag Ay Gg Gg Cypp -3 (strand 1)

3- G0 Ci9 Gig T17 Ti6 Tis Apa Ci3 Ci2 Gy -5 (strand 2)
DNA duplexes which are symmetric, such as [d(CGCGAATTCGCG)],, were numbered
from 1 through 24 if the ligand complex is nonsymmetric (as is the case for a 1:1
ligand:DNA complex). If the ligand complex is symmetric (as is the case of some 2:1
ligand DNA complexes), then the DNA retains its symmetry and the two strands of DNA
are indistinguishable. In such cases, both DNA strands are numbered from 1 through 12:

5-Cy G2 C3 Gg As Ag T7 Tg Co Gjio Ci1 Gpo -3 (strand 1)

3-G12C11 GioCo Tg T7 Ag As Gy C3 Gy Cp -5 (strand 2)
DNA duplexes are referred to throughout the text as "free" or "uncomplexed" DNA when

no ligand is present.

Distamycin A and netropsin were purchased from Sigma or Serva and used without
further purification. Stock solutions of ligand were typically made by dissolving 1-2 mg
ligand into 100 uL D0. Ligand concentrations were determined by UV absorbance using
extinction coefficients €304 = 34,000 M-lcm-! for distamycin, and €396 = 20,200 M-lcm-1
for netropsin (Liquier et al., 1989). Due to its instability in aqueous solution, fresh
distamycin solutions were prepared for each titration.

NMR samples were prepared by dissolving the dried DNA duplex into 99.9% D20
(Cambridge Isotopes) or a 90% H0/10% D20 mixture to a final volume of 0.5 mL, with
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10 mM phosphate buffer (pH 7) and 0.1 mM EDTA. DNA duplex concentrations ranged
| from 1.0 to 4.0 mM.

2.3.2 NMR Experiments. NMR data were acquired on a 500 MHz General
Electric GN or Omega spectrometer or a 600 MHz Bruker AMX spectrometer. For each
study, the sequence of experiments generally consisted of a one-dimensional NMR titration
followed by two-dimensional NOESY spectra (Jeener et al., 1979) acquired in D0
solution and/or _in HO solution. In several cases a 2D NOESY was acquired for the
ﬁncomplexed DNA as well. 1D experiments typically consisted of 4096 to 8192 complex
points, with 128 to 512 scans. 2D NOESY experiments typically consisted of 1024
complex points in tp, 64 scans per block and 512 points in t; with a mixing time of 150 to
250 ms. For samples in D50, a spectral width of 6024 Hz (at 600 MHz) was used and
suppression of the water resonance was achieved by applying a presaturation pulse during
the approximately 2 sec recycle delay. For samples in HO solution, a spectral width of
13514 Hz (at 600 MHz) was typically used. NOESY spectra of samples in HoO solution
were acquired by replacing the last 90° pulse by a 1-1 jump and return sequence to
suppress the solvent signal (Sklenar et al., 1987). Quadrature detection was achieved in t}
using TPPI (Drobny et al., 1978; Marion & Wiithrich, 1983).

2.3.3 NMR Data Processing» and Analysis. The data were processed with FTNMR
(Hare Research) on a Vax 4000-300 computer or FELIX (Biosym Technologies) on a
Silicon Graphics IRIS/4D workstation. Free induction decays were apodized with a
skewed sinebell squared function which was phase shiftéd by 60 to 90 degrees. For
spectra acquired in HyO solution, the intense solvent resonance was removed using a
convolution method. After Fourier transformation, the baseline was flattened using a cubic
spline or polynomial correction method.

NOESY spectra of the ligand:DNA complexes in D70 and/or HZ(S enabled
assignment of the DNA and ligand resonances (Hare et al., 1983; Wiithrich, 1986; Pelton

& Wemmer, 1988; Pelton & Wemmer, 1989; Dwyer et al., 1992). Typically, the DNA
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base protons and sugar H1', H2', H2", and H3' protons were assigned, extending to the
H4' in some cases. The ligand pyrrole H3 proton and formyl proton resonances were
assigned, with the methylene protons on the propylamidinium "tail" assigned as a group.
If NOESY experiments were acquired for a complex in H,O solution, then the ligand amide
proton resonances were also assigned. |

2.3.4 Distance Restraints. Intermolecular distance restraints for the 1:1 distamycin
complex with d(CGCAAAAGGC): d(GCCTTTTGCG) and the 2:1 distamycin complex
with d(CGCHICCGGC): d(GCCIICCCGCG) were generated from the volume integrals of
the cross peaks in the DO NOESY spectra acquired at a mixing time of 200 msec as
described previously (Dwyer et al., l9f92; Mrksich et al., 1992). The cross peak volumes
were classified semi-quantitatively into three categories: strong (1.8 to 2.8 A), medium
(1.8 t0 3.5 A) or weak (1.8 to 5.0 A) relative to the volume integrals of the cytosine H5-H6
cross peak volumes. A pseudoatom was generated for the four methylene protons
C(18)Ha, C(18)Hb,= C(19)Ha, and C(19)Hb on the ligand molecule. Distance restraints
from DNA protons to the pseudoatom were given a range of (1.8 to 7.0 A). Ten
intermolecular ligand-DNA restraints were used in modeling the AAAA complex, and 16
ligand-DNA restraints were used in modeling the IIICC complex.

2.3.5 Molecular Modeling. Models of the 1:1 distamycin complex with

d(CGCAAAAGGC):d(GCCTTTTGCG) and of the 2:1 distamycin complex with
d(CGCIICCGGC):d(GCCIICCCGCG) were built based on the NMR-derived distance
restraints. Starting models of the two DNA duplexes were constructed using the
Biopolymer module of Inéight II (Biosym) from standard B-form DNA. Distamycin was
assembled using the sketcher module of Insight II (Biosym) and assigned AMBER type
potentials. The partial charges on the atoms were obtained by a MOPAC calculation on the
ligand. The ligand model was manually docked into the minor groove using Insight IL.
Energy minimizations were performed using the Discover module of Insight II

(employing the AMBER forcefield). Force constants of 200 (kcal/mole)/A2 and 50
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(kcal/mole)/A2 were used for the experimentally derived Watson-Crick hydrogen bond
restraints and ligand-DNA NOE restraints, respectively. The cutoff distance for non-
bonded interaétions was set at 18 A with a switching distance of 2 A (thereby scaling all
terms in the potential function smoothly to zero between 16 and 18 A). A distance-
dependent dielectric of the form € = R was used to account for solvent effects.

The model refinements were performed in two steps. First, the coordinates of the
DNA atoms were fixed. The energy of the complex was initially minimized using 100
steps of a steepest descents algorithm and 3000 steps of conjugate gradient minimization.
The minimized starting model was then subjected to 9 psec of restrained molecular
4 dynamics (rmd) at 300 K, followed by 3 psec of rmd at 200 K, 3 psec of rmd at 150 K,
and finally 5 psec of rmd at 100 K. The model was then energy-minimized by conjugate
gradient minimization to a final rms derivative of <0.05 (kcal/mole)/A2.

Second, the fix on the DNA atoms was released. The final model from the first
step was then treated to the same preliminary energy minimization, dynamics, and final
energy minimization protocols as shown above, with the exception that the complex
undérwent 9 psec of rmd at 200 K followed by 3 psec of rmd at 175 K, 3 psec of rmd at
150 K, 3 psec of rmd at 125 K, and finally 5 psec of rmd at 100 K.

2.3.6 Base Pair Opening Lifetime Measurements. The opening kinetics for the IC
base pairs in the oligomer [d.(CGCGIICCCGCG)]z were measured using the methodology
developed by Guéron and coworkers (for a complete description see Leroy et al., 1988). A
sample of ~1.5 pmoles HPLC ‘purified and desalted dodecamer was used. The NMR
sample was ~3 mM duplex, 100 mM NaCl, 0.2 uM EDTA in 90% H>0/10% D3O in a total
volume of 500 pl. The pH of the sample was adjusted to 8.8.

NH3 was used as the imino proton exchange catalyst in these experiments. An
NH3/NH4* buffer soluﬁon was made by mixing 1 ml saturated NH4Cl solution (30% w/v)
with 60 ul concentrated aqueous ammonia solution (28.5% w/v), and the pH was adjusted

to 8.8 using 0.1 M HCI. Using the pKa of ammonia (9.2), the concentration of NH3 in the
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buffer was calculated to be 1.7 M. This buffer solution was titrated into the NMR sample
and T; measurements of the inosine imino protons were taken after each buffer addition.
T, measurements were done at concentrations of 0, 20, 25, 40, 50, 75, 100, 200, and 500
mM NH; in the NMR sample.

T1 measurements were acquired on a 500 MHz GE Omega NMR spectrometer,
using an inversion-recovery pulse sequence in which selective inversion of the imino
protons is accomplished by a DANTE pulse train (Morris & Freeman, 1978), and the read
pulse is a standard 1(x)3(.x)3(x)1(-x) sequence (Hore, 1983). Thirteen t; points were
sampled after each addition of NH3/NH4+ buffer, and each exponential decay was fit using
the 1sqfit routine on the NMR spectrometer. The T data were converted into exchange
lifetimes Tex using the equation (Leroy et al., 1988):

1 =_1 - 1 (Equation 2-2)
Tex Tl(cat) T; (no cat)

where T1(no car) is the measured T lifetime of an imino proton with no added catalyst and
T1(car) is the measured T lifetime at some point during the ammonia titration. The
exchange lifetimes Tox were plotted against inverse NH3 concentration. The opening
lifetime of each base pair is determined by extrapolating the exchange lifetime Tey to infinite
NH3 concentration.

2.3.7 Job's Plots. The binding stoichiometry of distamycin to the symmetric DNA

oligomer [d(CGCTTTAAAGCG)], was determined by UV-Vis absorption spectra taken
using Job's method of continuous variations (Job, 1928). Absorption spectra were
recorded with a Hewlett-Packard model 845213: diode array UV-Vis Spectrophotometer.
All measuréments were taken at ambient temperature. A 1 cm path length cell was used.
The following three stock solutions were made in 8 mL volumes: a blank solution
of 0.1 M Tris HCI (pH 7.0) and 0.2 M NaCl, and DNA and distamycin stock solutions
which contained 40 uM duplex and 40 pM distamycin, respectively, and were also 0.1 M
in Tris HCI (pH 7.0) and 0.2 M in NaCl. The blank solution was used to blank the
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spectrophotometer at the beginning of the experiment. The DNA and distamycin stock
solutions were mixed in various ratios to yield test solutions, with the total volume of each
test solution equaling 1 mL so that for each, [DNA duplex] + [distamycin] = 40 uM.
Thirteen ratios were used ranging from 100% DNA solution to 100% distamycin solution.
Absorbance was monitored at 260, 302, 310, 314, and 320 nm.

The change in absorbance at a given wavelength of the ligand and the DNA due to

complex formation was calculated according to the following equation:

AA = Amixture) - [Xdist * A(100% dist solution)] - [XDNA * A(100% DNA solution)]

(Equation 2-3)

where A(mixture) = measured absorbance of one of the mixtures of ligand and DNA at a
given wavelength, A(100% dist solution) = measured absorbance of the 40 uM distamycin
solution at the same given wavelength, A(100% DNA solution) = measured absorbance of the
40 uM DNA duplex solution at the same given wavelength, Xg4ist = mole fraction of
distamycin in the mixture, and Xpna = mole fraction of DNA duplex in the mixture. AA
was plotted against the [distamycin]/[DNA duplex] ratio. The largest AA value at a given
wavelength occurs at the ratio where all of the ligand and DNA is complexed, yielding the
stoichiometry of the complex.

The experiment was repeated at 20 uM concentration.

2.4 Distamycin and Netropsin Binding to Four Base Pair Sites

2.4.1 Distamycin Binding to AAAA:TTTT. The binding site AATT, which has
been extensively studied by NMR and crystallography in complex with distamycin, is
symmetric. Consequently, I performed an NMR study to examine the orientational
preference of distamy.cin binding to the asymmetric A,T-rich sequence AAAA:TTTT. A 2D
NOESY was acquired of a sample of the decamer d(CGCAAAAGGC): d(GCCTTTTGCG)

dissolved in HO solution. The base aromatic proton resonances and sugar H1', H2' and
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Table 2-1. Chemical shift assignments of the d(CGCAAAAGGC):d(GCCTTTTGCG)

duplex, free and in the 1:1 distamycin:DNA complex.al'

H6/HS8 H1' H2/CH3

Free Comp Ad Free Comp Ad Free Comp Ad

Strand 1

C 762 756 -006 573 574 +0.01

G, 793 796 +0.03 586 5.83 -0.03

Cs 731 720 -0.11 542 561 +0.19

Aq 8.19 836 +0.17 574 5.12 -0.62 7.17 7.47 +0.30
As 8.08 805 -003 575 528 -047 7.00 7.69 +0.69
A6 799 7.86 -0.13 581 550 -031 7.03 7.67 +0.64
A7 787 773 -0.14 589 532 -057 7.43 7.63 +0.20
Gs 739 7.42 +0.03 552 540 -0.12

Go 7.56 7.62 +0.06 592 5.93 +0.01

Cio 736 736 000  6.15 6.19 +0.04

Strand 2

G 795 795 000 597 599 +0.02

Ci2 751 7.54 +0.03  6.08 6.13 +0.05

Cis 759 7.66 +0.07  6.00 6.02 +0.02

T4 7.49 7.59 +0.10 6.09 590 -0.19 1.64 1.75 +0.11
Tis 749 755 +0.06 6.14 6.13 -001 1.66 1.69 +0.03
Tig 748 728 -020 6.10 549 -0.61 1.67 1.61 -0.06
Ti7 730 7.04 -026 581 508 -073 1.69 1.65 -0.04
Gis 790 778 -0.12 579 557 -0.22

G1o 733 727 006 575 570 -0.05

Ca0 7.92 794 +002 612 6.17 +0.05

4 Chemical shifts are given in ppm (+ 0.01 ppm). The residual HOD resonance is
referenced to 4.85 ppm (20 °C) for the free DNA and for the complexed DNA.
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H2" resonances were assigned by standard methods (see Table 2-1). Distamycin was then
titrated into the sample, with a 1D TH NMR spectrum acquired after each addition as shown
in Figure 2-2. The ligand binds in slow exchange on the NMR time scale with no evidence
of line broadening, indicating high affinity binding as observed for AATT. This result is
consistent with a.recent report in which the order of discrimination of distamycin for six
different four A,T base pair sites was catalogued. Distamycin was found to bind the sites
in order of decreasing affinity: AAAA=AATT > TAAT=ATTA > TTAA=TATA > ATAT,
with the order varying slightly depénding upon the flanking sequence (Abu-Daya et al.,
1995). Additionally, only one dominant form of complex appears in the NMR titration of
AAAA, as indicated by the appearance of only one set of complex resonances (Figure 2-
2a).
2D NOESY spectra of the 1:1 complex of distamycin A with AAAA were acquired
(Figure 2-3) to identify intermolecular contacts between the ligand and the DNA. Contacts
were observed from the ligand pyrrole H3 and formyl resonances to adenosine H2 and
sugar H1' resonances (Figure 2-4). These contacts establish that the ligand is bound with
the 'formyl end of the drug in contact with the adenosine at the 5' end of the A-tract, and
with the tripyrrole unit lying along the minor gréove of the A-tract. With the sequence
AAAT:ATTT, the predominant binding mode seems to be the same (Rajagopal, 1988). An
NMR-restrained model of the distamycin:AAAA complex is shown in Figure 2-5. The
pattern of NOEs between the ligand and the sugars changes along the length of the ligand,
and is somewhat different from that seen in AATT, suggesting that the ligand is positioned
differently relative to the DNA. This could arise from a difference in the shape of the two
DNA sites, which is not unexpected since AATT is symmetric while AAAA is not.
At the lower right of Figure 2-3 a box highlights several weak cross peaks which have
been determined by 2D ROESY (rotating Overhauser effect spectroscopy) experiments to
arise from chemical exchange during the mixing time of the NOESY. These peaks align

with the resonances from the ligand pyrrole H3 resonances of the major form
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Figure 2-2. The downfield region of 1D !H NMR spectra acquired during the titration of
d(CGCAAAAGGC):d(GCCTTTTGCG) with distamycin (in D20, 20 °C, 6024 Hz spectral
width, 600 MHz, sample conditions 6.0 mM duplex DNA, 10 mM POy, pH 7.0). The
approximate distamycin:DNA stoichiometry is indicated for each spectrum. Open circles
denote an adenosine H8 proton in the uncomplexed DNA, and filled circles denote an
adenosine HS proton in the 1:1 distamycin:DNA complex. Asterisks denote ligand pyrrole
H3 protons in the complex. (a) titration to 1:1 ligand:DNA stoichiometry, (b) titration to

2:1 ligand:DNA stoichiometry.
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Figure 2-3. Expansion of the base aron{atic and sugar H1' proton region of a 2D
NOESY spectrum of the 1:1 complex of distamycin with d(CGCAAAAGGC):
d(GCCTT_TTGCG) (in D70, 20 °C, 200 ms mixing time, 600 MHz). Sequential aromatic
to H1' proton connectivities of the A-rich and the T-rich strands are denoted by solid and
broken lines, respectively. Intermolecular ligand-DNA cross peaks are indicated. Labels
above or below a cross peak denote the assignment along the D1 axis, and labels to the left

| or right of a cross peak denote the assignment along the D2 axis.
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Figure 2-4. Summary of intermolecular ligand-DNA contacts observed in the 2D
NOESY spectrum in DO -of the 1:1 complex of distamycin with d(CGCAAAAGGC):
d(GCCTTTTGCG).
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Figure 2-5. An example of a 1:1 distamycin:DNA complex. A molecular model of the
1:1 distamycin:DNA complex with d(CGCAAAAGGC): d(GCCTTTTGCG) obtained by
energy minimization using semiquantitative distance restraints derived from NOESY data.

For clarity, hydrogen atoms are omitted for the DNA but not for the ligand molecule.
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of complex along on axis, and correspond to very weak peaks in the 1D spectrum along the
other axis. These weak peaks probably arise from binding of the drug in the opposite
orientation with a reduced affinity, not more than about 5% of the major form based on
their relative intensities in the 1D spectrum. The equjlibrium between the two complexes
formed is shown in Figure 2-6. This orientational preference may be due to electrostatic
effects which orient the charged end of the ligand, or in part due to van der Waals
interactions since there is evidence that in A-tracts the minor groove (in uncomplexed DNA)
is compressed frofn 5' to 3' along the A-rich strand (Burkhoff & Tullius, 1987; Nadeau &
Crothers, 1989; Katahira et al., 1990).

Titrations were perfdrmed which went to higher drug:DNA stoichiometries (Figure
2-2b). However, as in the case of AATT, no evidence was seen for 2:1 complex formation
with this DNA sequence. The observed shifting of the DNA and ligand resonances is
probably due to nonspecific binding which is in fast exchange on the NMR time scale.
Because no 2:1 complex was seen to form with the related site TATA, it is likely that four
A,T base pair sites are too short to accommodate a side-by-side 2:1 complex of the type

observed for the five base pair site AAATT:AATTT.

2.4.2 Netropsin Binding to AAAA:TTTT. To comparé the binding properties of
netropsin (see Figure 2-1 for numbering scheme) with those of distamycin on an
asymmetric DNA sequence, A. R. Leheny titrated netropsin into a sample of the same DNA
sequence as above, d(CGCAAAAGGC): d(GCCTTTTGCG). The NMR titration is
shown in Figure 2-7. Similar to distamycin, netropsin binds to this sequence in a 1:1
stoichiometry and in slow exchange on the NMR time scale. However, with increasing
concentrations of added netropsin, the disappearance of the free DNA resonances is
concurrent with the appearance of two sets of complexed DNA resonances with
approximately equal intensities. Refer to Figure 2-7, where there are four thymine imino

resonances in the uncomplexed DNA (13.8 to 14.3 ppm) and eight in the complexed DNA
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CGCAAAAGGC
—O-O0-O0—
GCGTTTTCCG

[

CGCAAAAGGLC

H—O-O-O—
GCGTTTTCCG

Figure 2-6. Schematic representation of the flip-flop exchange undergone by distamycin

 in complex with d(CGCAAAAGGC):d(GCCTTTTGCG).
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15.0 14.0 13.0
ppm

Figure 2-7. The imino proton region of 1D 1TH NMR spectra acquired during the titration
of d(CGCAAAAGéC):d(GCCTTTTGCG) with netropsin (in H»0, 10 °C, 13514 Hz
spectral width, 600 MHz, sample conditions 2.0 mM duplex DNA, 10 mM POy, pH 7).
The approximate hetropsin:DNA stoichiometry is indicated for each spectrum. Open circles
denote a thymine H3 proton in the uncomplexed DNA, and filled circles denote a thymine
H3 proton in one of the 1:1 netropsin:DNA complexes. Note that there is a small amount

of uncomplexed DNA at 1:1 stoichiometry.
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Figure 2-8. Two-dimensional NOESY spectrum of a mixture of two 1:1

netropsin:AAAA complexes (in HyO solution, 10 °C, Ty = 200 ms, 13514 Hz spectral
width, 600 MHz, sample conditions 2.0 mM duplex DNA, 10 mM POy, pH 7). The two
complexes present are denoted by the labels A and B, where A is the slightly favored form.
Resonance assignments are labeled above the diagonal. Exchange cross peaks are labeled
below the diagonal. (a) Downfield imino-imino proton region. Extra weak cross peaks are

due to the presence of a small amount of uncomplexed DNA. (b) Amide-aromatic proton

region.
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(13.8 to 15.1 ppm), indicating that netropsin forms two different 1:1 complexes with the
AAAA site.

Based on 2D NOESY spectra of this mixture of complexes in D2O and HyO (Figure
2-8) taken at two different temperatures, I was able to determine the nature of the two
complexes present. The spectra are quite complicated due to the presence of two sets of
complexed DNA resonances, two sets of complexed ligand resonances, a set of exchange
cross peaks, and many weaker cross peaks due to exchange-transferred NOE. The two
sets of adenine H2 resonances were assigned, with the DNA H8, H6 and H1' protons only
partially assigned with the help of comparison to the 1:1 distamycin:AAAA complex. Both
sets of complexed ligand amide, pyrrole H3, and amidinium proton resonances were
assigned. The ligand NH-4 and guanidinium protons were not assigned. Intermolecular
contacts are observed between ligand amide proton and pyrrole H3 resonances and DNA
sugar H1' and adenosipe H2 resonances (Table 2-2).

Two distinct 1:1 ligand:DNA complexes were identified (denotéd A and B) which
are related by a flip-flop rearrangement of the ligand on the DNA (as in Figure 2-6). Other
possible complexes, such as two complexes related by a sliding motion, were considered
but not found. The sets of resonances from the two complexes have approximately equal
intensities and linewidths, indicating the two complexes are of nearly equal affinity.
However, based on integration of the thymine imino resonances in the two different
complexes, complex A is very slightly favored over complex B by a factor between 1.0 and
1.5. In complex A netropsin binds in the orientation analogous to the major form of
distamycin complexed with AAAA, with the guanidinium group at the 5' end of the A-tract
and the amidinium group at the 3’ end of the A-tract. The chemical shifts of the DNA
protons are fairly similar in the two complexes. However, the chemical shifts of the ligand
protons, particularly the amide protons, vary more between the two complexes (Figure 2-

8). The differences in NH-1 (+0.85 ppm), NH-2 (-0.53 ppm), and NH-3 (-1.18 ppm)
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Table 2-2. Ligand-DNA intermolecular contacts for two observed netropsin complexes
with d(CGCAAAAGGC): d(GCCTTTTGCG).2

Complex A Complex B
netropsin DNA _ netropsin DNA
NH-1 A4 H2 NH-1 A7H2
NH-1 As H2 NH-1 Ag H2
H3-1 As H2 : H3-1 Ag H2
'NH-2 As H2 NH-2 Ag H2
NH-2 Ag H2 NH-2 " AsH2
H3-2 Ag H2 H3-2 As H2
NH-3 Ag H2 NH-3 As H2
NH-3 A7 H2

a Observed in a NOESY spectrum acquired in HO solution at 10 °C, with Ty = 200 ms.
Several contacts from ligand amide and pyrrole H3 protons to DNA H1' protons are not
listed here due to difficulty in assigning the two sets of H1' resonances. See Table 2-1 for
DNA numbering scheme. ’
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chemical shifts indicate that netropsin may be positioned differently relative to the DNA
from complex A to B, yielding essentially the same binding affinity in either case.

Therefore, it appears that netropsin exhibits almost no orientational preference with
the AAAA site in contrast to distamycin, perhaps because of the presence of a second
positive charge on netropsin. The result that netropsin does not distinguish well between
the two binding orientations seems reasonable since netropsin is pseudosymmetric. Work
is under way by M. Ban in the Wemmer lab to synthesize analogs of distamycin which
have modified ends to further explore the contributions of the end groups to the
orientational preference and affinity of distamycin binding. This work will have important
consequences in understanding the determinants of ligand sequence selectivity. The
question of orientational selectivity in ligand binding will be addressed further in Chapter 3,
which describes gtudies of a modified netropsin binding to the AAAA site. This modified
netropsin has only one positive charge like distamycin and displays some orientational
binding preference (more than netropsin), although less than the 20-fold preference
displayed by distamycin.

2.4.3 Distamycin Binding to IICC. I continued work Begun by J. G. Pelton in
examining the binding of distamycin to [d(CGCGIICCCGCG)],, where I represents
deoxyinosine (2-desaminodeoxyguanosine). This oligomer is a minor groove analog of
[d(CGCGAATTCGCG)]),. An I*C base pair (Figure 2-9) has minor groove functional
groups which are completely equivalent to an AT pair, although the major groove
functional groups and stacking interactions are more equivalent to G*C pairs. Since the
functional groups available for minor groove recognition are equivalent in AT and I*C base
pairs, any difference in distamycin binding should arise from structural rather than
functional differences. In particular, if the groove width is similar to that typical of G,C-
rich regions (6-7 A), rather than the narrow value seen in A,T-rich regions (3-4 A),

changes in drug affinity may be expected. The electrostatic potential of I*C pairs is
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groove

Figure 2-9. Adenineethymine, guanineecytosine, and inosinescytosine base pairs, where

inosine = 2-desamino-guanine.
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8.0 7.0 5.0
ppm

Figure 2-10. The downfield region of 1D 'H NMR spectfa acquired during the titration
of [d(CGCGIICCCGCG)], with distamycin (in D70, 5000 Hz spectral width, 500 MHz,
sample conditions 0.8 mM duplex DNA, 10 mM POg4, pH 7.0). The approximate
distamycin:DNA stoichiometry is indicated for each spectrum. All spectra were acquired at
35 °C except for the first titration point (0.0:1.0), which was taken at 25 °C. The small set
of sharp resonances which appear most notably downfield at approximately 8.2 and 8.3

ppm are due to hairpin which is present at higher temperatures.
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~ probably much closer to that of G-C than AT, which could contribute to differences in
binding affinity.

1D NMR titrations of IICC show that distamycin binds to this site weakly and in
intermediate exchange (Figure 2-10), similar to the behavior observed with TATA. This
suggests that the free DNA has an intrinsically wider minor groove than AATT, in which a
single ligand molecule would make contact with only one side, lowering its binding
affinity. It also indicates that there is a substantial energetic cost to reducing the groove
width in order to reestablish contact on both sides of the ligand. Although the groove may
be wide enough to accommodate two ligands side-by-side, the absence of 2:1 complex
formation strongly suggests that a four base pair site is too short to accommodate a 2:1
compléx.

2.4.4 Base Pair ODéning Kinetics for IICC. The results of the distamycin binding

experiment to the oligomer [d(CGCGIICCCGCG)], suggest that the structure of the IICC
site is different than AATT. A-tracts in DNA (for a description of A-tracts, see Chapter 1),
among their many distinct characteristics, have anomalously long base pair opening
lifetimes (Guéron et al., 1990b). AT and I*C pair opening lifetimes have been compared
in the oligomers d(CGCAAAAAAGCG):d(CGCTTTTTTGCG) versus
d(CGCIIIIIGCG): d(CGCCCCCCCGCG). The I+C pairs exhibit 10-fold to 50-fold
shorter opening lifetimes when compared to their corresponding AeT pairs, with the largest
difference in lifetimes observed when comparing base pairs in the center of the tract. In
comparing the oligomers d(CGCAAAAAGCG): d(CGCTTTTTGCG) versus
d(CGCAAITAAGCG): d(CGCTTCTTGCG) (Guéron et al., 1990b),' Guéron and
coworkers observed that the I*C pair has a lifetime half that of the corresponding AeT pair
(Guéron et al., 1990Db).

Because no comparison had been made of the base pair opening kinetics of this
oligomer and its analog [d(CGCGAATTCGCG)],, I measured the opening lifetimes for the
I+C base pairs in [d(CGCGIICCCGCG)],. Guéron and coworkers have develc;ped a
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relatively simple NMR technique to measure the exchange rate of DNA imino protons with
solvent,-and from these rates extrapolate individual base pair opening lifetimes (Leroy et
al., 1988). I determined lifetimes of 7(f 5) ms for the Is*Cg pair and 9(x 5) ms for the
central Ig*C7 pair (Figure 2-11). The opening lifetimes have been measured for the AsT
base pairs in the analog [d(CGCGAATTCGCG)], under similar conditions (15 °C, pH
8.8, 150 mM Na(Cl, 0.5 mM EDTA? using NHj3 catalyst), and were found to be 8 ms for
the As*Tg pair and 26 ms for thé Ag*T7 pair (Leijon & Grislund, 1992). The decreased
relative lifetimes for the two central I*C pairs in the IICC site may be due in part to the
different stacking propensities for A versus I. The stacking interactions of inosine are
likely to be similar to guanine, and data suggests that guanine stacks moré weakly than
adenine (Shum & Crothers, 1983). In any case, it is clear that distamycin binds with high
affinity to the sites AAAA and AATT which both exhibit ax;omalously long base pair
lifetimes (Guéron et al., 1990a), and lower affinity to the sites IICC, which has more
typical opening lifetimes, and TATA. Opening lifetimes of the site TATA have not been
measured, but based on the observations of Guéron et al. on other sites with alternating
AT base pairs, it is expected that this site will have relatively short opening lifetimes as
well.

These studies also have implications for observation of bound water in the minor
groove of DNA by NMR (Kubinec & Wemmer, 1992; Liepinsh et al., 1992; Liepinsh et
al., 1994). The observation of direct NOEs from minor groove DNA protons (adenine or
inosine H2) to solvent water depends upon relatively long base pair opening lifetimes
relative to the ..mixing times used (30 to 60 ms). This is necessary to minimize the exchange
transferred NOE pathway which can occur via the imino prbton (adenine/inosine H2

<-NOE - thymine H3/inosine H1 —exchange o solvent HyO), thereby maximizing the

efficiency of magnetization transfer through the direct NOE (for a complete description see
Otting et al., 1991). This implies that measurement of water bound in the minor groove of

DNA by currently used techniques may be limited to sequences which have the desired

72



o IS
o I6

0.02 0.03 0.04 005 0.06

Exchange lifetime (sec)

0.00 0.01

1o
[NH3]

Figure 2-11. Fit of data for Is and I¢ imino exchange lifetimes in the duplex
[d(CGCGIICCCGCG)h at various ammonia concentrations (measured at 15 °C, in 100
mM NaCl, pH 8.8). By extrapolating to infinite ammonia concentration, the y-intercept

yields the overall base pair opening lifetime.
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base pair opening kinetics. Bound water has been observed in the minor groove of the
AATT site in [d(CGCGAATTCGCG)], (Kubinec & Wemmer, 1992; Liepinsh et al.,
1992), and the absence of bound water has been observed in the TTAA site in
[d(GTGGTTAACCAC)], (Liepinsh et al., 1994). It was not possible to measure
unambiguously the presence or absence of bound water in the minor groove of
[d(CGCGIICCCGCG)], because conditions could not be found which slowed the rapid

exchange rate of the inosine imino protons.

2.5 Distamycin Binding to Five and Six Base Pair Sites

2.5.1 Distamycin Binding to IIICC:IICCC. J. G. Pelton studied the binding of
distamycin to the sequence d(CGCAAATTGGC):d(GCCAATTTGCG) (Pelton &
Wemmer, 1989; Pelton & Wemmer, 1990b). He observed that distamycin binds to this
site both in a 1:1 ligand:DNA mode and in a 2:1 mode, as shown in equation 2-1. From
calorimetry measurements, the binding constant of the second ligand (K3) is 0.1 times that
of the first ligand (K1) (Rentzeperis et al., 1995).

To further investigate the determinants of distamycin binding and the structural
features of IeC-containing DNA, I titrated distamycin into a sample of the analog
d(CGCHICCGGC): d(GCCIICCCGCG). The NMR spectrum of free IIICC was assigned
with standard 2D methods (Table 2-3). The titration of this sequence with distamycin is
shown in Figure 2-12. There is no broadening upon addition of ligand, just growth of new
resonances from complex w_ith concomitant disappearance of the free DNA, up to a
stoichiometry of 2:1.

A two-dimensional NOESY of the complex was acquired (Figure 2-13) and the
spectrum was reassigned at this point, clearly indicating a side-by-side 2:1 complex (Figure
2-14, Table 2-3), completely analogous to the complex with AAATT. An NMR-restrained
molecular model of the complex is shown in Figure 2-15. For AAATT several forms of

1:1 complex are observed at low levels of added ligand, with the 2:1 complex not appearing
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Table 2-3. Chemical shift assignments of the d(CGCIICCGGC):d(GCCIICCCGCG)
duplex, free and in the 2:1 distamycin:DNA complex.2 ‘

H6/H8 H1' H2

Free Comp Ad Free Comp Ad Free Comp Ad

Strand 1

Cq 7.66 7.61 -005 578 5.73 -0.05

Gy 7.97 8.00 +0.03 591 589 -0.02

'Cs 732 7.35 +0.03 548 5.84 +0.36

L 8.22 850 ‘+0.28 590 5.58 -0.32 7.36 7.83 +0.47
Is 8.04 831 +027 590 577 -0.13 7.25 7.90 +0.65
I6 8.01 8.05 +0.04 6.06 530 -0.76 7.66 8.13 +0.47
Cy 7.28 7.18 -0.10 5.97 554 -043

Cs 731 7.35 +0.04 578 524 -0.54

Go 791 7.70 -021 5.54 559 +0.05

G1o 779 774 -0.05  6.00 590 -0.10

Cii 745 7.41 -004  6.19 6.18 -0.01

Strand 2 )

G12 7.99 796 -003  6.01 599 -0.02

Ci3 7.50 7.53 +0.03  6.08 6.06 -0.02

Cia 7.47 7.46 -0.01 531 5.85 +0.54

Iis 8.27 8.51 +024 597 572 -025 7.44 7.80 +0.36
L6 8.11 8.41 +0.30  6.07 6.08 +0.01 7.65 822 +0.57
C17 732 7.17 -015 597 550 -0.47

Cig 749 739 -010 6.07 567 -0.40

Cio 739 7.44 +0.05 581 525 -0.56

Gao 7.95 778 -0.17 583 582 -0.01

Ca1 7.36 7.35 -0.01 5.77 5.64 +0.13

Go2 7.96 793 -003 6.16 6.14 -0.02

4 Chemical shifts are given in ppm (+ 0.01 ppm). The residual HOD resonance is
referenced to 4.85 ppm (20 °C) for the free DNA and to 4.91 ppm (15 °C) for the
complexed DNA. \
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Figure 2-12. The downfield region of 1D 1H NMR spectra acquired during the titration
of d(CGCIIICCGGC):d(GCCIICCCGCG) with distamycin (in D0, 15 °C, 6024 Hz
spectral width, 600 MHz, sample conditions 0.9 mM duplex DNA, 10 mM POy, pH 7.0).
The approximate distamycin:DNA stoichiometry is indicated for each spectrum. Open
circles denote an inosine H8 proton in the uncomplexed DNA, and filled circles indicate
downfield shifted inosine H8 resonances in the 2:1 complex. Asterisks indicate the ligand
pyrrole resonances of the 2:1 complex. A small amount of free ligand can be seen in the

2:1 ratio spectrum.
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Figure 2-13. Expansions of a 2D NOESY spectrum of the 2:1 distamycin:IIICC
complex (in D70, 15 °C, Ty = 200 ms, 600 MHz). Lower panel: The base aromatic and
sugar H1' proton region. The sequential connectivities of the I-rich and the C-rich strands
are denoted by solid and broken lines, respectively. Labels above or below a cross peak
denote the assignment along the D1 axis, and labels to the left or right of a cross peak
denote the assignment along the D2 axis. Ligand 1 (1) and ligand 2 (L2) lie against the I-
rich DNA strand and the C-rich DNA strand, respectively. Intermolecular ligand-DNA
cross peaks are indicated between ligand pyrrole H3 protons and sugar H1' protons (right
portion of the figure), between ligand pyfrole H3 protons and inosine H2 protons (lower
left). Upper panel: The base aromatic and methylene proton region. Intermolecular
ligand-DNA cross peaks shown are between pyrrole methylene protons and inosine H2
protons. Intermolecular ligand-ligand cross peaks shown are between the formyl proton
each ligand and the methylene protons on the opposite ligand. Two other ligand-ligand
cross peaks can be observed in frame (a) near the diagonal, one between L2 H3-2 and L1

H3-2, and the other between L2 H3-3 and L1 H3-1.
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Figure 2-14. Summary of all intermolecular ligand-DNA contacts observed in the 2D
NOESY spectrum in DO of the 2:1 complex of distamycin with d(CGCIIICCGGC):
d(GCCIICCCGCQG). Ligand-ligand contacts are not shown for clarity.
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Figure 2-15. An example of a 2:1 distamycin:DNA complex. A molecular model of the
2:1 distamycin:DNA corhplex with d(CGCIICCGGC): d(GCCIICCCGCG) obtained by
energy minimization using semiquantitative distance restraints derived from NOESY data.

For clarity, hydrogen atoms are omitted for the DNA but not for the ligand molecules.
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until nearly one equivalent of ligand has been added. Strikingly, for IIICC no peaks are
seen for the 1:1 complex, even at low stoichiometries. Only resonances for the 2:1
complex are seen, indicating a very high degree of cooperativity (K2/K; > 100) for
distamycin binding to this sequence.

This suggests that the uncomplexed DNA has an intrinsically wider minor groove'
than AAATT, in which a single ligand would make contact with only one side, lowering its
binding affinity. This suggestion is supported by evidence that distamycin binds
exclusively in the 2:1 mode to G,C-containing sequences (Geierstanger et al., 1993;
Geierstanger et al., 1994a), which in crystal structures have wider minor grooves (Yoon et
al., 1988; Heinemann & Alings, 1989; Goodsell et al., 1993), perhaps due to the presence
of the guanine 2-amino group. It also supports the idea that there is a substantial energetic
cost to reducing the groove width in order to reestablish contact on both sides of the ligand.
In the 2:1 complex, however, the groove is filled, and the two ligand molecules make close
contacts with both sides of the groove. The lack of exchange broadening at intermediate
ratios of added ligand and evidence from calorimetric and spectroscopic measurements (L.
A. Marky, unpublished results) suggest that the overall binding affinity of the 2:1 IIICC
complex is at least as high as that of the 2:1 AAATT complex.

2.5.2 Distamycin Binding to Other I,C-Confaining Sites. Because of the difference
observed in the cooperativity of binding to AAATT:AATTT compared to IIICC:IICCC, I
went on to examine the cooperativity of distamycin binding to analogs of the
AAATT:AATTT site which were only partially substituted by I*C base pairs. I examined
the sites AAITT:AACTT, AAICT:AICTT, and IAATC:IATTC. The 1D NMR titrations are
shown in Figure 2-16. At low ligand:DNA ratios, three sets of ligand pyrrole H3 protons
are observed. At higher ligand:DNA ratios, one set of ligand pyrrole H3 protons increases
in intensity, while the other two sets decrease in intensity and disappear at 2:1 ligand:DNA

stoichiometry. 2D NOESY experiments run at this point confirmed that
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Figure 2-16. The downfield region of 1D 'H NMR spectra acquired in DO solution
during the distamycin titration of (a) d(CGCAAATTGGC):d(GCCAATTTGCG) (35 °C,
' 500 MHz) (Pelton & Wemmer, 1990b), (b) d(CGCAAITTGGC):d(GCCAACTTGCG)
(20 °C, 5435 Hz spectral width, 600 MHz, 2.9 mM duplex DNA, 5 .mM POy, pH 7.0), ()
d(CGCAAICTGGC): d(GCCAICTTGCG) (25 °C, 5556 Hz spectral width, 600 MHz,
2.0 mM duplex DNA, 10 mM POy4, pH 7.0), and (d) d(CGCIAATCGGC):
d(GCCIATTCGCG) (25 °C, 4608 Hz spectral width, 500 MHz, 2.0 mM duplex DNA, 10
mM POy, pH 7.0). The approximate distém_ycin:DNA stoichiometry is indicated for each
spectrum. The open circles denote free DNA resonances and the filled circles indicate
downfield shifted adenine/inosine H8 resonances in the 2:1 complex. Asterisks indicate the
ligand pyrrole resonances of the 2:1 complex, and plus signs denote ligand pyrrole
resonances in a 1:1 complex. In sections (a) and (b), plus signs denote ligand pyrrole
resonances in one 1:1 complex, while open squares denote ligand pyrrole resonances in a
second 1:1 complex. The two 1:1 complexes were not characterized in detail, although it is
likely that they are related by a flip-flop symmetry. Also in section (b), the actual
distamycin:DNA stoichiometry is slightly less than the ratio shown, as evidenced by the

small amount of 1:1 complex still visible at the last titration point.
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in all cases the complex formed is indeed a 2:1 complex analogous to that determined for
the AAATT:AATTT and ICC:IICCC sites. |
A quantitative measure of the cooperativity can be made by integrating peaks
corresponding to uncomplexed DNA, all 1:1 complexes formed, and the 2:1 complex and
fitting the data to theoretical curves based on equation 2-1. For the site AAITT:AACTT,
the ratio Kz/Kl was found to be between 0.1 and 0.15 (Figure 2-17). The two sites
~ studied which contain two I*C substitutions are approximately noncooperative (K/K; =
1). When compared with the cooperativities of the sites AAATT:AATTT and
HICC:ICCC, clearly distamycin binding in the 2:1 mode becomes increasingly cboperative
upon successive replacement of AT base pairs with IeC base pairs (Figure 2-18).
Together, this informétion 'strongly suggests that the minor groove is wider in I,C regions
of DNA compared to A, T rich regions, and is consistent with the hypothesis that the ability
of A+T base pairs to form bifurcated hydrogen bonds in the major groove results in the high
propeller twists and unusually narrow minor groove of A-tracts (Coll et al., 1987; Nelson
et al., 1987; Yoon et al., 1988), since I*C base pairs are unable to form such hydrogen
bonds. |
My NMR results also correlate well with gel electrophoresis studies which measured
the extent of DNA bending in oligomers containing the site AAAAA:TTTTT, where
variants were made containing one or more I*C substitutions (Diekmann et al., 1987; Koo
& Crothers, 1987). The degree of bending decreases with the number of I+C base pairs in
the tract, and complete substitution in the site IIIII:CCCCC results in only a small amount
of bending. Hagerman studied the effects of methylation at the pyrimidine 5 position on
the curvafure of A-tracts and I-tracts by gel elecfrophoretic mobility. He observed that in
general, substitution of dU for dT in A-tracts induces bending and substitution of d(5m¢-C)
for dC in I-tracts reduces bending (Hagerman, 1990a). VIn my studies, the sites

AAICT:AICTT and AAI(SMe-C)T:AI(5me-C)TT appear to bind distamycin
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Figure 2-17. Integrated intensities of resonances corresponding to free DNA, 1:1
complex, and 2:1 complex during the 1D NMR titration of d(CGCAAITTGGC):
d(GCCAACTTGCG). The intensities shown for the 1:1 complex points constitute the sum
of the intensities for the two distinct 1:1 complexes observed. The theoretical curves

shown (solid lines) are for the case where Ko/Kj =0.1.
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Figure 2-18. Schematic representation of 2:1 distamycin complexes with I,C-containing
sites. The DNA sequences are displayed according to increasing cooperativity of ligand

binding.

89



with similar cooperativity, suggesting that minor groove geometry is not sensitive to the
presence of major groove methyl groups.

J. G. Pelton found that in solutions of distamycin and the oligomer
[d(CGCAAATTTGCG)]; at crystallization conditions, the predominant form of complex
present was the 2:1 complex (Pelton, 1990). Yet, the form which selectively crystallized
was the 1:1 complex which was present in much smaller amounts (Coll et al., 1987).
Interestingly, the only 2:1 distamycin:DNA complex yet crystallized is with the oligomer
[d(ICICICIC)]; (Chen et al., 1994). In this struqture, the two ligands bind in an "open"
complex which is proposed for six base pair sites, but is somewhat different than the
typical complexes observed on five base pair sites. In any case, it is likely that the high
cooperativity of diétamycin binding to I,C-containing oligomers contributed to the ability of
this 2:1 complex to be crystallized. |

2.5.3 Distamycin Binding to TTTAAA. J. G. Pelton studied the binding of

distamycin to the sequence d(CGCAAATTTGCG);. From integration of the 1D NMR
titration data, the binding constant of the second ligand (K») is approximately 1.7 times that
of the first ligand (K1). I chose to study the related site d(CGCTTTAAAGCG);. The
main difference between these two sites is that the former contains one 5'-AT-3' step,
whereas the latter contains one 5'-TA-3' step, which is likely to disrupt the A-tract
structure. The hypothesis is that if TTTAAA has a wider minor groove, then distamycin
may bind moré cooperatively.

The 1D NMR titration of TTTAAA is shown in. Figure 2-19. No ligand resonances
appear in the one-dimensional spectrum as ligand is added. It is likely that the ligand
resonances are broadened due to exchange processes on an intermediate time scale. With
increasing concentrations of added ligand the DNA resonances broaden and shift. In an
‘attempt to sharpen the resonances, a DO NOESY of the 2:1 stoichiometry was acquired at
higher temperature (45 °C). The standard pattern of cross peaks which arise between sugar

H1' and base aromatic protons in B-form DNA can be seen only for the ends of the DNA
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Figure 2-19. The downfield region of 1D !H NMR spectra acquired during the titration
of [d(CGCTTTAAAGCG)]; with distamycin (in D70, 25 °C, 500 MHz, 4608 Hz spectral
width, sample conditions 1.0 mM duplex DNA 6oncentration, 10 mM POg4, pH 7.0). The
approximate distamycin:DNA stoichiometry is indicated for each spectrum. The ligand-
resonances are too broad to be observed. The open circle denotes an adenosine H8 proton
resonance in the uncomplexed DNA which broadens with added ligand. The open squares
denote sharp hairpin resonances which are present at low concentrations, which decrease

with increasing ligand concentration and disappear at a 2:1 ratio.
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Distamycin binding to d(CGCTTTAAAGCG)2

320 nm
314 nm
310 nm
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calculated absorption difference
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Figure 2-20. Job's plot of distamycin binding to [d(CGCTTTAAAGCG)],. The

maximum AA is indicated, yiélding the stoichidmetry of this complex.
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duplex, from bases C; through C3, and again from Gjg through Gj2. Resonances from
the central TTTAAA tract are. broadened as are the ligand resonances, indicating that this
system is in intermediate exchange on the NMR time scale. This exchange behavior
suggests that distamycin binds with lower affinity to TTTAAA relative to AAATTT.
However, it is not possible to draw any conclusions about the cooperativity of distamycin
binding to this site.

To verify the stoichiometry of the complex formed, I performed UV studies to
obtain a Job's plot (Figure 2-20). The maximum AA at a given wavelength indicates the
stoichiometry of the complex, and clearly shows that two ligands bind to this site. This
experiment supported earlier work by Tondelli and coworkers, who studied the related

sequence [d(CGTTTAAACG)]; using Job's method and also found two distamycin
| molecules bound (Capobianco et al., 1991).

2.5.4 Distamycin Binding to ATATAT. A crystal structure of the DNA sequence

d(CGCATATATGCG), has been determined in the absence of distamycin (Yoon et al., .
1988). In the A,T region the groove is somewhat wider than is seen in crystal structures of
oligomers with central sequences AATT and AAAAAA (Wing et al., 1980; Coll et al.,
1987; Nelson et al., 1987; Yoon et al., 1988; Larsen et al., 1991). I have examined
distamycin binding to this sequence. \ |
Upon additibn of distamycin, there is broadening and appearance of new
resonances, indicating that the rate of ligand dissociation from the DNA is slow on the
NMR time scale (Figure 2-21). A NOESY spectrum was acquired at 35 °C after the
addition of 2 moles of distamycin/mole of duplex oligomer, and inspection of tlie aromatic
base to sugar H1' proton region revealed that some critical cross peaks were weak or
missing, mostly in the ATATAT tract. The Ag H8 to Ag H1' and the T7 H6 to Ag HI'
cross peaks were not observable. At 50 °C the resonances in the A,T-rich region of the
ATATAT complex sharpen slightly, enabling more cross peaks to be identified. The

NOESY spectrum at 50 °C clearly indicates a 2:1 complex, with two ligands bound side by
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side, based upon ligand-DNA and ligand-ligand cross peaks (Figure 2-22). The complex
appears to be symmetric since only one set of ligand resonances appears in the spectrum,
and the two DNA strands are degenerate in spectra of the complex.

However, the NOE contacts observed are not consistent with any single symmetric
2:1 complex. Analysis of line broadening as a function of temperature in the 2:1
distamycin:[d(CGCAAATTTGCG)]; complex indfcates a dynamic process which does not
involve the dissociation of the ligands (Pelton & Wemmer, 1990a). In that site as well as
in the ATATAT site, the NOE patterns and the increased broadening of resonances in the
binding sites suggests that there are sliding motions of the two ligands relative to one
another and relative to the DNA (Figure 2-23). This sliding is fast on the NMR time scale,
and results in an averaged set of resonances for the ligand and the DNA. Because the set of
available complexes are averaged, the symmetry of the two DNA strands is maintained,
resulting in the single NOE connectivity pathway shown in Figure 2-22.

It is important to note that peaks from the 2:1 complex appear well below
stoichiometric addition of ligand, indicating a positive cooperativity in binding. Since no
1:1 complex is observed, the degree of cooperativity is somewhat higher than for
AAATTT, and the binding constant of the second ligand is estimated to be more than 10
times the binding constant of the first ligand. This suggests that the wider groove in free
ATATAT leads to weaker binding in the 1:1 mode, but still allows facile binding in the 2:1
mode. Relative to the minor groove width seen in the crystal structure, it is still necessary
to widen the groove to accommodate two drugs binding side by side. These results,
together with studies of distamycin binding to the sites AAAAA and ATATA (Chang,
1993; Wemmer et al., 1994) establish a clear trend in binding behavior, with the lowest
cooperativity in runs of consecutive adenines, and the highest in the alternating sequences

(Figure 2-24).
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Figure 2-21. The downfield region of 1D TH NMR spectra acquired during the titration
of [d(CGCATATATGCG)], with distamycin (in D20, 25 °C, 4608 Hz spectral width, 500
MHz, sample conditions 0.7 mM duplex DNA concentration, 10 mM POy, pH 7.0). The
approximate distamycin:DNA stoichiometry is indicated for each spectrum. Open circies
denote a proton in the uncomplexed DNA, and filled circles denote a proton in the 2:1

distamycin:DNA complex. Asterisks denote ligand pyrrole protons in the complex.
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Figure 2-22. Expansions of a 2D NOESY spectrum of the 2:1 .distamycin:
[d(CGCATATATGCG)]; complex (in DzOl, 50 °C, 200 ms mixing time, 6024 Hz spectral
width, 600 MHz, sample conditions 0.7 mM duplex DNA concentration, 10 mM POy, pH
7.0). Lower panel: The base aromatic and sugar H1' proton region. The sequential
connectivities of the symmetric DNA duplex are denoted by solid lines. Labels above or
below a cross peak denote the assignment along the D1 axis, and labels to the left or right
of a cross péak denote the assignment along the D2 axis. Intermolecular ligand-DNA cross
peaks are indicated between ligénd pyrrole H3 protons and sugar H1' protons (right
portion of the box) and between ligand pyrrole H3 protons and adenine H2 protons (lower
left). Upper panel: The base aromatic and methylene proton region. Intermolecular
ligand-ligand cross peaks shown are between the ligand formy! proton and the methylene

protons on the opposite ligand.
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Figure 2-23. Schematic representation of the sliding model of the 2:1 complexes formed
with the sequence [d(CGCATATATGCG)],. The equilibria shown indicate sliding
between three different 2:1 complexes which is fast on the NMR time scale. The DNA is
represented by open squares (bases), open circles (sugar rings), and filled circles iﬁ the
center of the groove (adenine H2 proton.s). Intermolecuiar NOEs observed from ligand
pyrrole H3 and formyl protons to DNA sugar H1' and adenine H2 protons are denoted by
thick arrows. Note that the H3-1 to Ag H1' cross peak was not identified in the 2D
NOESY spectrum, probably because the Ag H1' resonance is broad and these two

resonances are very similar in chemical shift, making it difficult to observe this cross peak.
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(a) CGCAAAAAGGTC

DO=O=0O
GCGTTTTTCCG

CGCAATTTGGC
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(b) CGCAAATTTGCG
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Figure 2-24. Schematic representation of 2:1 distamycin complexes with A,T-rich sites.
The DNA sequences are displayed according to increasing cooperativity of ligand binding.
(a) Five base pair sites. (b) Six base pair sites. Note that the six base pair sites undergo

rapid exchange between different 2:1 complexes as shown in Figure 2-23.
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2.6 Conclusions
Distamycin is a sensitive probe of sequence-dependent DNA structure. Once the
" multiple modes of distamycin binding were established, it became clear that more studies
were needed to understand the determinants of the binding behavior of distamycin.
Distamycin binds the asymmetric sitt AAAA with high orientational preference, but
netropsin binds equally well in either orientation. This result highlights the importance of
end groups in determining ligand binding affinity and sequence selectivity. Focus is
increasingly turning toward understanding the effects of end groups and linkers as research
in the Wemmer lab advances with novel linked and cyclized two-drug complexes based on
distamycin and various lexitropsins. Further insight into these questions will undoubtedly |
contribute to efforts in rational design of sequence specific ligands.

The studies described early in this chapter indicate that ligand affinity at four base
pair sites is affected by the width of the minor groove. Four base pair sites are too short to
accommodate a second l.igand in the 2:1 complex, and it appears to be energetically
unfavorable to narrow a wide groove even by a small amount. The results of studies on
various five and six A, T base pair sites indicate that minor groove width increases with the
presence of 5'-TA-3' steps, and is highest in alternating sequences. The 2:1 complex is
favored in sequences with wide minor grooves so that close contacts can be made between
the ligands and the walls of the minor groove. Distamycin binding behavior seems to
correlate well with the findings that A-tract DNA has distinct structural characteristics, since
A-tracts seem to favor the 1:1 distamycin:DNA mode of binding.

The results from the I,C-containing o]igomérs indicate that I-C regions of DNA
have properties somewhat unlike those of A-tracts due to differences in base pair stacking,
propeller twist, and other structural parameters. The I,C regions are likely to have a wider
minor groove, leading to higher cooperativity of distamycin binding despite the fact that the
functional groups in the minor groove are identical in these two sequences. The difference

in the shape of the groove is not unexpected, since the stacking of IeC pairs should be more
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like G°C than A°T, leading to a groove more typical of a G,C-rich segment. This factor
should be considered by researchers who utilize I*C base pairs as probes for minor groove
interactions, and suggests that substitution of I*C for A*T pairs may provide a mechanism
for characterization of sequence-dependent backbone interactions, such as those suggested

in some repressor-operator complexes.
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Chapter 3

- The Binding Modes of a Rationally Designed Photoactivated DNA
Nuclease: Netropsin-Diazene Bound to
d(CGCAAAAGGC):d(GCCTTTTGCG)?

3.1 Summary

The complex between the rationally designed synthetic DNA cleaving agent
netropsin-diazene and the double stranded DNA oligomer d(CGCAAAAGGC):
d(GCCTTTTGCG) was characterized by two-dimensional NMR spectroscopy in solution.
Netropsin-diazene is a conjugated ligand containing a derivative of the A,T-specific minor
groove binding ligand netropsin. The nt-diyl trimethylenemethane based compounds are a
new class of DNA nucleases. Photolysis of netropsin-diazene bound to DNA generates a
trimethylene-methane diradical intermediate that induces single strand breaks in the DNA in
a sequence-specific manner. This study was undertaken to test the following design
criteria: 1) binding of the diazene and subsequent reactive diyl to the DNA, 2) achievement
of sequence selectivity in the ligand binding, and 3) prevention of diyl dimerization side
reactions by physical separation from other diyls. A total of 16 intermolecular ligand-DNA
distance restraints derived from NOE data were used to obtain the energy-minimized model
of the netropsin-diazene:DNA complex. In the predominant conformation of the netropsin;
diazene:DNA complex, the ligand is bound to the minor groove of the oligomer with the
diazene at the 5' end of the A-tract. This form of the complex exchanges with a minor
conformation in which the liigand is in the opposite orientation. The netropsin-diazene

molecule appears to have fulfilled all of the design criteria, binding to the DNA duplex

2 Reprinted in part with permission from Spielmann, H.P., Fagan, P.A., Bregant, T.M,, Little, R.D. &
Wemmer, D.E. (1995) Nucleic Acids Res. 23(9), 1576-1583. Copyright 1995 Oxford University Press.
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studied in the minor groove of the central AAAA tract in a 1:1 mode, preventing diyl

dimerization and presumably preventing other side reactions from occurring.

3.2 Introduction

The rational design of new ligandé with novel biological activities and enhanced
affinities for defined DNA sequences requires detailed structural knowledge of the
intcractiohs responsible for complex formation. The development of artificial sequence-
specific DNA cleaving agents requires the simultaneous solution of the problem of DNA
sequence recognition and the introduction of a functionality that effects cleavage.

The enediyne (1,5-diyn-3-ene) family of antitumor antibiotics is a class of
molecules that upon activation, form diradical intermediates that cleave DNA and cause cell
death. This family includes the natural products esperamicin, the calicheamicins,
neocarzinostatin chromophore, and dynemicin (Figure 3-1) (for a review see Nicolaou &
- Dai, 1'991 and Nicolaou et al., 1993). These molecules bind to the minor groove of short
sequences of B-form DNA with high sequence specificity (up to four base pairs). The
complex between calicheamicin and DNA has been characterized by NMR spectroscopy
(Paloma et al., 1994; Ikemoto et al., 1995).

The mechanism of DNA cleavage by enediynes involves abstraction of a hydrogen
atom from the minor groove via a 1,4-benzenoid diradical (Figure 3-2a). However,
although they are highly potent antitumor agents, the natural products have relatively high
toxicity. Therefore, there is much interest in designing synthetic analogs which have
lowered toxicity and high activity against tumor cell lines. One way of achieving this goal
is to synthesize less potent cleaving agents with higher sequence selectivity. This has been
attempted by efforts to synthesize less active enediyne analogs. These efforts have met

with mixed success.

Delocalized trimethylenemethane (TMM) wt-diyls (Figure 3-2b) are expected to be

less reactive towards hydrogen atom abstraction than are the enediyne-derived 1,4 ¢-diyls
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Figure 3-1. Representatives of the enediyne family of antitumor antibiotics: (a)
calicheamicin Y1, (b) esperamicin Aj, (c) neocarzinostatin chromophore, and (d) dynemicin

A.
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Figure 3-2. (a) A 1,4-benzenoid diradical, (b) a delocalized TMM diradical, aﬁd (c) diyl
formation by photolysis of netropsin-diazene. The diazene chromophore is specifically
excited by irradiation with light from a 450 W Hanovia lamp, transmitted through Pyrex
and a 3.9% napthanene/ethanol liquid filter. The numbering scheme for netropsin-diazene

is shown.
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(Berson, 1982; Little et al., 1992). In principle the reduced reactivity of the delocalized 7t-

diyl may result in decreased overall toxicity (Nicolaou & Dai, 1991). TMM diyls have
been shown to cleave DNA (Bregant et al., 1994), and the mechanism of cleavage is
currently being studied (R. D. Little, unpublished results). Additionally, TMM diyls can
be generated by the thermolysis or photolysis of diazenes (Little et al., 1992; Billera &
Little, 1994; Bregant et al., 1994). Photoactivation has the added advantage of allowing
precise control of the initiation and duration of the cleaving reaction. Therefore, we have
focused this study on a DNA cleaving agent vbased on diazene, a TMM radical precursor.

Another way of reducing toxicity is to increase the sequence specificity of the
cleaving agent to limit unwanted side reactions. As described in detail in Chapters 1 and .2,
specific sequences of DNA can be targeted by ligands based on the antibiotics distamycin
- and netropsin. Various lexitropsins have previously been conjugated to DNA-cleaving
agents (Figure 3-3). The earliest case was Dervan and coworkers, who used a tethered
FeeEDTA DNA cleaving functionality to make affinity cleaving reagents via local
generation of the diffusible hydroxyl radical (Schultz et al., 1982; Schultz & Dervan,
1984). Most recently, lexitropsin conjugates have been synthesized which utilize flavin
(Bouziane et al., 1995), bleomycin (Huang et al., 1995) and various enediynes (Nicolaou
et al., 1993; Semmelhack et al., 1994) to cause DNA cleévage. The sequence specificity of
these molecules in cleaving DNA has in many cases been lower than expected. It has been
suggested that precise docking of the ligand into the DNA site may be required (Nicolaou et
al., 1993), prompting the need for structural studies of these complexes. -

A DNA cleaving agent based on diazene, a TMM diradical precursor, and netropsin
was designed and synthesized in the laboratory of Professor R. D. Little (Figure 3-2c)
(Bregant et al., 1994). The use of a lexitropsin is a particularly attractive choice because
the binding behavior ahd DNA sequence selectivity of lexitropsins are well-documented,
and the minimum length of a lexitropsin binding site is four base pairs. This site is longer
than sites recognized by most enediyne molecules, and longer binding site§ afford higher
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Figure 3-3. Synthetic conjugated ligands consisting of a DNA cleaving agent and a
lexitropsin: (a) netropsin-(cyclodeca-4-ene-2,6-diyn-1-ol), (b) netropsin-neocarzinostatin,

(c) distamycin-dynemicin, and (d) netropsin-flavin.
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overall specificity, which could result in lower overall toxicity. Additionally, since several
different lexitropsins may be utilized, there is a selection of possible DNA targets available.
The design criteria were to: 1) bind the diazene and subsequent reactive diyl to the DNA,
2) achieve sequence selectivity in the ligand binding, and 3) prevent diyl dimerization side
reactions by physical separation from other diyls. Although lexitropsins often bind DNA in
a side-by-side 2:1 ligand:DNA compléx, the two ligands are antiparallel, so that even in this
case the diyls would be separated.

I, together with Dr. H. P. Spielmann, used NMR spectroscopy to determine the
binding modes of nétropsin-diazene to d(CGCAAAAGGC):d(GCCTTTTGCG).
Intermolecular NOE contacts between the ligand and the minor groove of the DNA
- molecule unambiguously confirm the formation of a 1:1 ligand:DNA complex at the
AAAA:TTTT binding site. The ligand binds in fast exchange on the NMR time scale,
suggesting that it binds with lower affinity than the parent compound netropsin. Two

complexes are formed related by a flip-flop rearrangement of the ligand on the DNA.

3.3 Materials and Methods

3.3.1 Synthesis of Ligands and Oligonucleotides. The netropsin-diazene was

synthesized as described previously (Bregant et al., 1994). The oligomers
d(CGCAAAAGGC) and d(GCCTTTTGCG) were synthesized and purified as described in
Chapter 2. The numbering scheme for the DNA is given in Table 2-1.

3.3.2 NMR Sample Preparation. NMR samples were prepared by dissolving the
decamer oligonucleotide duplexes in 0.5 mL of 25 mM sodium phosphate buffer (pH 7.0)
and tﬁen lyophilizing to dryness. For experiments carried out in DO the solid was
redissolved in 0.5 mL 99.96% D,O (Cambridge Isotope Laboratories), while for
experiments in HyO a 90% H,0/10% D;0 mixture (0.5 mL) was used. Solid netropsin-
diazene was sﬁspended in HyO, and titrated with HCI until a clear yellow solution was
obtained, yielding stock solution of 40 mM as determined by UV absorbance. An

extinction coefficient €296 = 21,500 M-1 cm-! was used for the netropsin-diazene. The
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ligand stock solution was stored at -70 °C. Extinction coefficients at 260 nfn for
d(CGCAAAAGGC) and d(GCCTTTTGCG) were calculated to be 1.02 x 105 M-lem-1,
and 8.72 x 104 M-1 cm-! respectively (Warshaw & Cantor, 1970). The concentration of
the double-stranded DNA sample was 2.3 mM.

3.3.3 _NMR Experiments. A more general description of the NMR experiments
and data analysis can be found in Chapter 2. The pararheters of the NMR experiments
performed are given here. Netropsin-diazene was titrated into the NMR sample containing
duplex DNA in approximately 0.2 mole equivalents per addition. One-dimensional spectra
in HpO were acquired on a 500 MHz spectrometer with 8192 complex points averaged over
128 scans with a spectral width of 12048 Hz.

NOESY spectra in DO were collected on a 600 MHz spectrometer at 25 °C, with
1024 complex points in tp using a spectral width of 6024 Hz and a mixing time of 200 ms.
512 t; experiments were recorded and zero-filled to 1024 points. For each t; value 64
scans were signal averaged using a recycle delay of 2 s. NOESY spectra in HyO were
acquired at 25 °C, with 2048 complex points in tp using a spectral width of 13,514 Hz and
a mixing time of 200 msec, with 1:1 water suppression as described in Chapter 2. 480 t;
experiments with 64 scans were recorded and zero-filled to 2048 points. TOCSY spectra
in D20 were acquired at 25 °C, with 1024 complex points in t; with a spectral width of
4800 Hz and a mixing time of 60 ms.

The DNA resonances were assigned as described in Chapter 2, and the ligand
resonances were assigned as described below (Pelton & Wemmer, 1989; Pelton &
Wemmer, 1990b; Dwyer et al., 1992; Mrksich et al., 1992).

3.3.4 Distance Restraints. The general procedure for extracting distance restraints

from NMR data is given in Chapter 2. For the netropsin-diazene complex, intermolecular
distance restraints were generated from the volume integrals of the cross peaks in the HyO
NOESY spectra acquired at a mixing time of 200 msec. A pseudoatom was generated for

each of the following sets of ligand protons: 1) the six N-(CH3); protons, 2) the four
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Table 3-1. Ligand-DNA restraints used in modeling the netropsin-diazene complex with
d(CGCAAAAGGC):d(GCCTTTTGCG).

netropsin-diazene DNA NOE classification?
NH-2 ‘ As H2 w
H3-1 ‘ AsH2 s
NH-1 As H2 s
H3-2 Ag H2 s
NH-2 Ag H2 s
H3-1 . Ag HI' m
NH-2 Ag HI' w
H3-2 ‘ A7 HY m
H3-2 Ti6 HI' m
H3-1 Ti7 HI' m
N-(CH3), . A7H2 P
H7a, H7b, H8a, H8b Ag4H2 P
H9a, H9b, H10a, H10b Gg HI' P
H9a, H9b, H10a, H10b Ggo HI' P
H9%a, H9b, H10a, H10b T14 HY’ p
H9a, H9b, H10a, H10b Tys5 HI' p

a NOE classification: s = strong (1.8 to 2.8 A), m = medium (1.8 to 3.5 A), w = weak (1.8
to 5.0 A), p = pseudo atom (1.8 to 7.0 A).
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methylene protons 7a, 7b, 8a, and 8b, and 3) the four methylene protons 9a, 9b, 10a, 10b.
Distance restraints from DNA protons to these pseudoatoms were given a range of (1.8 to
7.0 A). The 16 intermolecular ligand-DNA restraints used in the modeling are listed in
Table 3-1.

3.3.5 Model Refinement. The starting model was generated and energy
minimizations were performed using the methods described in Chapter 2. The enérgy of
the complexes was initially minimized using 100 steps of a steepest descents algorithm and
3000 steps of conjugate gradient'minimization. The final model was created by subjecting
the minimized starting model to 13 psec of restrained molecular dynamics (rmd) at 200 K,
which was subsequently cooled to 100 K over 10 psec, folldwed by 4 psec of rmd at 100
K. The model was then energy-minimized by conjugate gradient minimization to a final

rms derivative of <0.05 (kcal/mole)//o\2.

3.4 Results

3.4.1 Titration of the AAAA Site with Netropsin-Diazene. NMR spectra recorded
at 25 °C during the titration of the duplex d(CGCAAAAGGC): d(GCCTTTTGCG) with
netropsin-diazene are shown in Figure 3-4. The ligand is complexed to the DNA in a 1:1
ratio at all stoichiometries. The DNA resonances broaden and shift upon addition of
ligand, and only one set of DNA resonances exists throughout the titration, indicating that
the ligand is binding to the DNA in fast\ exchange on the NMR time scale. In contrast,
when the same DNA duplex is titrated with the parent compound netropsin, distinct sets of
resonances for the free and ligand bound DNA exist, indicating that netropsin binds in slow
exchange on the NMR time scale (Chapter 2).

3.4.2 NMR Resonance Assigr;ments. Part of a NOESY spectrum of the netropsin-
diazene:DNA complex in D50 is shown in Figure 3-5. The chemical shifts of the
deoxyribose H1' and DNA base H6, H8 and adenine H2 resonances, and those of the

ligand resonances are listed in Tables 3-2 and 3-3, respectively. Assignments of the
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Figure 3-4. Imino regivon of 'H NMR spectra acquired at several points in a titration of
d(CGCAAAAGGC):d(GCCTTTTGCG) with netropsin-diazene at 25 °C (in H0). The

molar netropsin-diazene:DNA ratios are indicated for each spectrum.
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Figure 3-5. Expansion of the aromatic to sugar H1' region of a NOESY spectrum of
the 1:1 complex of netropsin-diazene with d(CGCAAAAGGC):d(GCCTTTTGCG) (in
D;0, 25 °C, Ty = 200 ms). Sequential aromatic to H1' connectivities for the 5-AAAA-3'
strand are shown as a solid line; those for the 5'-TTTT-3' strand are shown as a broken
line. NOE cross peaks from ligand pyrrole protons to various DNA protons are labeled.

The ligand numbering scheme is as according to Figure 3-2c.
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Table 3-2. Chemical shift assignments of the d(CGCAAAAGGC):d(GCCTTTTGCG)
duplex, free and in the netropsin-diazene:DNA complex.2

H6/HS H1' ‘ H2

Free Comp Ad Free Comp A0 Free Comp Ad

Strand 1

C; 7.62 7.64 +0.02  5.73 576 +0.03

G 7.93 796 +0.03  5.86 5.87 +0.01

Cz3 731 7.32 +0.01 542 544 +0.02

A4 8.19 828 +0.09 574 560 -0.14 7.17 7.15 -0.02
As 8.08 8.19 +0.11 5.75 5.88 +0.13 7.00 7.35 +0.35
As 7.99 7.86 -0.13 581 551 -030 7.03 7.50 +0.47
A7 787 7.69 -0.18 589 542 -047 7.43 7.67 +0.24
Gg 739 739 000 552 541 -0.11

Go 7.56 7.60 +0.04 592 592 0.00

Cio 736 7.44 +0.08  6.15 6.20 +0.05

Strand 2 ‘

G11 7.95 8.00 +0.05 597 6.01 +0.04

Cip 7.51 17.56 +0.05 6.08 6.12 +0.04

Ci3 7.59 7.67 +0.08  6.00 6.01 +0.01

T4 7.49 7.54 +0.05 6.09 6.07 -0.02

T1s 7.49 7.51 +0.02  6.14 6.11 -0.03

T1s 7.48 733 -0.15  6.10 5.67 -0.43

T17 7.30 7.12 -0.18  5.81 534 -0.47

Gig 7.90 7.85 -005 579 5.76 -0.03

Gi9 7.33 735 +0.02  5.75 577 +0.02

Co 7.92 797 +0.05 6.12 6.15. +0.03

a Chemical shifts are given in ppm ( 0.01 ppm). The residual HOD resonance is
referenced to 4.84 ppm (20 °C) for the free DNA, and to 4.78 ppm (25 °C) for the
complexed DNA.
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Table 3-3. Chemical shift assignments of netropsin-diazene complexed with
d(CGCAAAAGGC):d(GCCTTTTGCG).ab |

Proton Chemical shift
NH-1 9.45
H3-1 6.59
NH-2 9.23
~ H3-2 6.59
NH-3 8.23
C4(a,b)H¢, C5(a,b)HC 1.10, 1.14, 1.81, 1.87
C7(a,b)H®, C8(a,b)H® 221025
C9(a,b)H¢, C10(a,b)H® 3.31, 3.40, 3.57, 3.60
C1H¢<4, C3Hed, C6Hed 5.34, 5.39, 5.73, 5.74
N-(CH3z); 3.06

2 Chemical shifts are given in ppm (+ 0.01 ppm), with the residual HOD resonance
referenced to 4.78 ppm (25 °C). b Refer to Figure 3-2c for numbering system used.
¢ Resonances assigned as a group. 4 More than one resonance is observed for some of the
diazene protons because the ligand binds the DNA diastereotopically.
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deoxyribose H1', H2', H2", H3', thymine methyl, and base H5, H6, H8, and H2
resonances were made from the DoO NOESY spectra, using standard methods (Hare et al.,
1983). Assignments were extended to some of the deoxyribose H4' resonances as well.
The correct assignment of the adenosine base H2 resonances established the orientation of
~ the ligand in the complex. These assignments were made based on cross peaks from the
H2 protons to intrastrand aﬁd interstrand deoxyribose H1' protons in the DO NOESY.
Cross peaks from the H2 protons to thymidine imino protons in the H>O NOESY confirm
these assignments. Intraresidue NOE cross peak patterns arising from deoxyribose protons
| as well as interresidue NOE cross peak patterns indicate that the DNA is B-form in the
complex, and that there is no obvious distortion of the DNA helix as a result of ligand
binding.

The ligand methylene 9a, 9b, 10a, and 10b (see Figure 3-2c for numbering scheme)
proton resonances and N-(CH3); resonances were assigned using tﬁe D>O NOESY and
TOCSY spectra (Figure 3-6). The resonance at 3.06 ppm integrates to six protons in the
spectrum, and gives strong NOESY cross peaks to four other ligand resonances. These
four resonances give rise to strong TOCSY and NOESY cross peaks to each other,
indicating that they are J-coupled and are close in space. However, the resonance at 3.06
ppm does not give rise to TOCSY cross peaks to these four resonances. This information
is consistent with our assignments of the resonance at 3.06 ppm to the N-(CHj3);, protons
and the other four resonances to the adjacent methylene protons 9a, 9b, 10a, and 10b (see
Table 3-3). Among these four resonances, it was impossible to determine which resonance
corresponded with which of the four methylene protons, so that specific assignments could
not bé made. |

Two of the methylene resonances 9a, 9b, 10a, and 10b give NOE cross peaks to a
ligand amide resonance. This amide resonance at 8.23 ppm is assigned to NH-3. Several
broad resonances in the region 2.2-2.5 ppm give rise to NOESY cross peaks to another

ligand amide resonance at 9.45 ppm. This amide must be NH-1, and the broad upfield
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(a)
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0 N-(CH3), ®
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D2
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Figure 3-6. (a) Expansion of the upfield diagonal region of a NOESY spectrum of the
1:1 complex of netropsin-diazene with d(CGCAAAAGGC):d(GCCTTTTGCG) (in D70,

25 °C, tv = 200 ms). Labels indicate the assignments of the nonexchangeable protons on
the dimethylammonium end of the molecule. All five resonances are connected by NOEs to

each other. (b) Expansion of the corresponding region of a TOCSY spectrum of the same

complex (in D70, 25 °C, tm = 60 ms). The resonance at 3.06 ppm does not give rise to

TOCSY cross peaks to any of the methylene resonances as labeled.
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resonances are assigned to the ligand methylene protons 7a, 7b, 8a, and 8b. These
methylene protons have additional NOESY cross peaks to DNA A7 énd A4 Hj protons and
to an unassigned proton of the bicyclic diazene framework. The third amide resonance at
9.23 ppm is assigned to NH-2. The two netropsin-diazene pyrrole H3-1 and H3-2
resonances are degénerate in chemical shift, and were assigned based on their chemical
shift and based on NOESY cross peaks to the ligand NH-1, NH-2 and NH-3 resonances
and to various DNA resonances.

The bicyclic diazene moiety contains seven protons, labeled 1, 3, 4a, 4b, 5a, 5b,
and 6 in Figure 3-2c. We observe intramolecular NOEs within the bicyclic diazene moiety,
and from methylene protons 7a, 7b, 8a, and 8b to the bicyclic diazene framework.
However, using both NOESY and TOCSY spectra we were unable to unambiguously
assign the diazene resonances. No intermolecular NOESY cross peaks from any of the
seven bicyclic diazene resonances to the DNA were observed.

Two separate sets of ligand resonances are observed for the diazene proton 1-6 |
resonances, which were attributed to two enantiomers. The enantiomers result from the
3S-E and 35-Z (Figure 3-7) configurations of the bicyclic diazene fragment of the Iigaﬁd.
The enantiomeric netropsin-diazene binds the DNA diasfereotopically. There is not enough
evidence to determine if there is a preference for one enantiomer binding over the other.

3.4.3 Intermolecular Contacts. Cross peaks from DNA protons to ligand pyrrole
protons H3-1 and H3-2 and amide protons NH-1 and NH-2 indicate that the ligand
pyrrole-pyrrole ring system spans the 5'-A4-As-Ag-A7-3' sequence (Table 3-1 and Figure
3-8). This is further supported by cross peaks from DNA protons to the ligand methylene
protons at either end of the molecule.

A set of NOEs connects the dimethylamino protons to the H2 proton of A7,
although a weaker set to A4 H2 also occurs which cannot be explained by a single model of
the ligand-DNA complex (Figure 3-9). The presence of two mutually exclusive sets of

NOESY cross peaks clearly indicates that the ligand is in one predominant orientation with
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Figure 3-7. The two enantiomers of netropsin-diazene.
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Figure 3-8. Schematic of selected intermolecular NOEs between the netropsin-diazene
and d(CGCAAAAGGC):d(GCCTTTTGCG) in the major form of the complex. The black

diamonds are pseudoatoms.

121



V 7 @ o
< <
N-CH), @ 0 0 _
-0 o |NE
™ a
CH, — 0 N
Q
O
| __ @ v
A 0
6 9 ¢
1 TA |
8.0 7.6 7.2
~ DI (ppm)

Figure 3-9. Expansion of the aromatic to upfield region of a NOESY spectrum of the 1:1
complex of netropsin-diazene with d(CGCAAAAGGC):d(GCCTTTTGCG) (in D70, 25

' °C, tm = 200 ms). Resonances assigned to nonexchangeable ligand protons and to the A4
H2 and A7 H2 protons are labeled. The presence of these two sets of cross peaks between
the ligand and DNA protons at either end of the A-tract clearly indicates that the ligand is

exchanging between two conformations.
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a minor alternate conformation, and is consistent with the occurrence of ﬂip-ﬂop exchange
between the two conformations (Eigure 2-6) (Klevit et al., 1986). The set of NOEs which
defines the major form contains cross peaks from the methylene protons 9a, 9b, 10a, and
10b to the A7 H2 proton (Figure 3-9) and cross peaks from the N-(CHz); protons to the A7
H2 proton as well as to Gg,. Go, and T4 deoxyribose H1' protons. The minor form is
defined by cross peaks from the same ligand methylene protons to the A4 H2 proton
(Figure 3-9), and from the N-(CH3), protons to the A4 H2 proton and to the Gyg and Cy9
deoxyribose protons. NOEs are observed between NH-1 of thé ligand and As, Ag, and A7

H2 protons.

3.4.4 Molecular Modeling. A total of 16 intermolecular ligand-DNA distance
restraints derived from NOE data were used to obtain the energy-minimized model of the
netropsin-diazene:DNA complex with AAAA:TTTT (Figure 3-10). In the major form of
the complex the ligand fills the minor groove, with the positively charged tail group
pointing toward the 3' end of the A tract. Although the dimethylammonium proton is likely
to be involved in hydrogen bonding interactions with the DNA, specific acceptors cannot
be resolved by the current data and model. The minor form of the complex was not

modeled, but is.undoubtedly very similar.

3.5 Discussion

3.5.1 DNA Cleavage. The most important feature of the netropsin-diazene:DNA
complex is the placement of the bicyclic diazene unit in the minor groove near the H1', H4'
and H5' protons (the other sugar protons are in the major groove) of bases C3, A4, G3,
and Cjg in the major form of complex. These protons are the likely targets for radical
i’nitiated cleavage reactions (Hatayama & Goldberg, 1978; Hatayama & Goldberg, 1979;
Nicolaou & Dai, 1991; Goldberg, 1993). The diazene is localized to a very short segrﬁent
of the DNA by the binding properties of the netropsin section of this molecule. However,

from this study there are insufficient data to characterize the precise orientation of the
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Figure 3-10. Stereo view of a molecular model of the 1:1 netropsin-diazene:DNA
complex with d(CGCAAAAGGC): d(GCCTTTTGCG) obtained by energy minimization
using semiquantitative distance restraints derived from NOESY data. For clarity, hydrogen

atoms are omitted for the DNA but not for the ligand molecule.
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diazene moiety with respect to the DNA. The diazene moiety may not have a preferred
orientation in the complex with respect to the DNA, and is likely to be in equilibrium
among several bound conformations. This is supported vby the complete lack of
intermolecular NOESY cross peaks from the diazene moiety to the DNA in the presence of
intramolecular NOESY cross peaks from the diazene to the netropsin moiety.

Based on the NMR derived model, the delocalized t-TMM diyl that is formed upon
photolysis of the diazene is localized in the area near the backbone of the DNA. One
possible cleavage mechanism involves the abstraction of a hydrogen atom from the sugar-
phosphate backbone to give a DNA centered radical that can react further, ultimately leading
to strand scission (Billera & Little, 1994). Other diyl dependent cleavage mechanisms are
also accommodated by the minor groove binding and localization of the diazene. Thus far,
it is known that DNA strand cleavage is diyl-dependent, but it is unclear by what
mechanism the diradical generated from the netropsin-diazene effects DNA strand cleavage.
Work is in progress to characterize the cleavage chemistry (Allan, A. and Little, R. D.,
unpublished results). |

Recent studies have shown that photolysis of netropsin-diazene in the presence of
DNA leads to the formation of single stranded breaks in the phosphodiester backbone of
DNA (Bregant et al., 1994), and characterization of the cleavage products to determine the
exact site of cleavage is under way. It appears that double strand breaks are more important
than single strand lesions with respect to mutagenicity and cytotoxicity. Single stranded
breaks are rapidly repaired in mammalian cells, but persistent double stranded breaks are
associated with cell-killing.

3.5.2 Binding Site. Intermolecular ligand-DNA NOE contacts unambiguously
confirm the formation of the netropsin-diazene:DNA complex to a four base pair binding
site in the minor groove of DNA. The ligand spans the AAAA:TTTT binding site. In the
major form of the complex, the bicyclic’diazene moiety of the ligand points toward the 5'-

end of the A-rich DNA strand. The ligand arrangement is determined by specific hydrogen
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bonds between the amide protons of the ligand and the DNA. Evidence for these hydrogen
bonds is provided indirectly by NOE cross peaks between the ligand amide protons and
DNA A4, As, Ag, and A7 base H2 protons in the H0O NOESY spectrum. Additionally,
NOESY contacts to the DNA from the ligand H3 pyrrole protons, methylene protons on
both ends of the ligand and the N-(CH3z); protons support this model.

These results are in agreement with the observed cleavage pattern on a 517 base pair
fragment of DNA in which the highest frequency of cleavage occurred at the 5' end of
netropsin binding sites (Bregant et ai., 1994). Although the present study demonstrates a
specificity for the AAAA site, a complete characterization of the sequence specificity of
netropsin-diazene for A, T containing sites would require independent determination of the
binding affinity of netropsin-diazene for all possible four base pair DNA sequences.

3.5.3 _Complex Stoichiometry. Exclusively 1:1 ligand:DNA complexes were
observed during the titration (Figure 3-4). At approximately 2:1 stoichiometry, some
additional broadening of lines occurs, but no significant changes in chemical shifts or new
sets of resonances are observed. Diyl dimerization side reactions are prevented by the
physical separation of netropsin-diazene molecules from each other. Two diazenes could
be placed in close proximity to each ofher in either a p'arallgl side-by-side 2:1 ligand:DNA
complex, or in an antiparailel end-to-end 2:1 ligand:DNA complex. No evidence was
observed to suggest that either of these two cases exists in this system. There is no
evidence for a 2:1 binding mode of netropsin on any DNA sequence.

This result agrees with the previously characterized monomeric complexes of
distamycin with AAAA:TTTT (Wemmer et al., 1990) and AATT:AATT (Pelton &
Wemmer, 1988), and the complex of netropsin with AAAA:TTTT (Chapter 2). The
relative positions and geometries of the ligands bound in the minor groove are very similar
in all of these complexes.

3.5.4 Ligand Orientation. Two ligand orientations in the complex were observed.

The presence of NOEs between nonexchangeablé protons on the dimethylammonium end
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of the ligand and A H2 profons at either end of the A-tract (Figure 3-10) cannot be
explained by one ligand conformation. These data are consistent with the occurrence of
flip-flop exchange between two conformations (Klevit et al., 1986). In the major
orientation, the bicyclic diazene is located near the C3°G1g and A4°T;7 base pairs, and in
_the minor orientation it is located near the A7°T14 and Gg*C13 base pairs. Based on
relative intensities of ligand-DNA NOE cross peaks in the two ligand conformations, the
major form is preferred over the minor form in approximately a 3:1 ratio. The directionality
of netropsin-diazene binding is intermediate between the complexes of distamycin (> 20-
fold) and netfopsin (almost none) with AAAA:TTTT (Chapter 2). The preferred orientation
is consistent among all three ligands.
3.5.5 Binding Affinity. Netropsin-diazene binds to AAAA in fast exchange on the
NMR time scale (Figure 3-4). The parent compounds distamycin A and netropsin have
been shown to bind DNA with submicromolar affinity, and in slow exchange on the NMR
time scale (Marky et al., 1985; Breslauer et al., 1987; Wemmer et al., 1990). The
increased exchange rate of netropsin-diazene suggests that its binding affinity is reduced
relative to that of distamycin and netropsin.
Differences in shape, charge distribution or hydrogen bonding may be responsible
| for the lowered DNA binding affinity of netropsin-diazene. Netropsin is a di-cation while
netropsin-diazene is a monocation at physiological pH. The positively charged tail groups
in these molecules contribute to the electrostatic attraction to the polyanionic DNA. The
more positive charge on a ligand, the stronger the binding to DNA. The hydrophobic
bicyclic diazene moiety has a pKa of -1.4, and therefore remains uncharged at
physiological pH (Nelsen et al., 1986). The bicyclic diazene moiety is hydrophobic which
may prevent favorable interactions with the functional groups in the minor groove.
Additionally, the bulky 'bicyclic diazene is positioned in the minor groove in the area of the

exocyclic 2-amino group of the C3°Gg base pair, which may prevent the diazene from
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binding deeply into the groove. The substitution of an A,T base pair at that position in the
duplex may be more sterically favorable for binding.

Netropsin-diazene differs further from netropsin and distamycin in that the cationic
tail consists of a dimethylammonium group instead of an amidinium group (see Figure 3-
2¢). P3 is a distamycin derivative in which an acetyl moiety is substituted for the formyl
group, and a dimethylammonium group is substituted for the amidinium group. P3 binds
calf thymus DNA with a 28-fold lower affinity than distamycin (Bruice et al., 1992). Itis
likely that the lowered affinity of P3 for DNA is at least partially due to the
dimethylammonium tail, and may also account for part of the difference in the affinities of
netropsin-diazene and netropsin for DNA. |

3.5.6 Molecular Design. A great deal of progress has been made towards
understanding the sequence specific recognition of DNA sequences by minor groove
binding drugs. X-ray and NMR studies of complexes of netropsin and distamycin with
Qarious DNA oligomers have proven useful in designing oligo(pyrrolecarboxamides) for.
recognition of longer A,T tracts of DNA (Geierstanger et al., unpublished). The synthesis
of distamycin and netropsin analogs that bind to G*C base pairs has made it possible to
target many different four or five base paif sequences in DNA for specific binding
(Geierstanger et al., 1994a; Geierstanger et al., 1994b).-

Distamycin analogs and lexitropsins can be modified both to carry out additional
tasks, such as alkylation and cleavage (Schultz & Dervan, 1983; Schultz & Dervan, 1984;
Baker & Dervan, 1985; Baker & Dervan, 1989; Church et al., 1990; Chen et al., 1993; Lee
et al., 1993b; Sigurdsson et al., 1993; Zhang et al., 1993; Lee et al., 1994). The TMM
based DNA cleaving moiety adds new versatility to these molecules. The netropsin-diazene
molecule demonstrates that TMM can be used to cleave DNA, and the binding and
placement of the diazené could be optimized by building more sophisticated systems. New
sequence selective reagents based on the TMM could be generated by increasing the

number of pyrrolecarboxamide and/or introducing imidazolecarboxamide units into the
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ligand, or by linking molecules with selective binding properties together (Youngquist &

Dervan, 1985).

3.6 Conclusions

The DNA binding modes of a new rationally designed DNA cleaving agent based
on a TMM diyl have been characterized using the powefful tools of two-dimensional NMR
spectroscopy. The molecule appears to have fulfilled all of the criteria used in the design.
~ Netropsin-diazene binds to the DNA duplex studied in the minor groove of the central
AAAA tractin a 1:1 mode, preventing diyl dimerization and presumably preventing other
side reactions from occurring. The data do not, however, allow us to describe the precise
orientation of the TMM diyl in the minor groove. Further studies on the binding properties
and cleavage mechanism of netropsin-diazene and related molecules will prove useful in the

further development of this new class of DNA nucleases.
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Chapter 4

An NMR Study of [d(CGCGAATTCGCG)]; containing an Interstrand

Cross-Link Derived from a Distamycin-Pyrrole Conjugate

4.1 Summary
Minor groove-binding compounds related to distamycin A bind DNA with high .

sequence selectivity, recognizing sites which contain various combinations of A*T and G*C
base pairs. These molecules have the potential to deliver crosslinking agents to the minor
groove of a target DNA seQuence. I have studied the covalent, DNA-DNA crosslinked
complex of 2,3-bis-(hydroxymethyl)pyrrole-distamycin and the duplex
[d(CGCGAATTCGCG)],. The alkylating pyrrole design is based on the pharmacophore
of mitomycin C, and is similar in substructure to another important class of natural
products, the oxidatively activated pyrrolizidine alkaloids. Ligand-DNA NOEs confirm
that the tri(pyrrolecarboxamide) unit of the ligand is bound in the minor groove of the
central AeT tract. However, it is shifted by one base pair with respect to the distamycin A
binding site on this DNA sequence. The crosslink bridges the 2-amino position of two
guanine residues, G4 and Gp3. The C3°Gy9 and G4°C;; base pairs exhibit Watson-Crick
base pairing, with some local distortion as evidenced by unusual intensities observed for
DNA-DNA NOE cross peaks. The model is compared to a related structure of a

crosslinked mitomycin C:DNA complex.

4.2 Introduction

Several effective antitumor substances function by alkylating DNA (Iyer &
Szybalski, 1963; Pinto & Lippard, 1985). Although the DNA sequence selectivity of these
agents can be high, the length of the sequence recognized is invariably quite small. For

example, mitomycin C, which has been used clinically to treat a variety of cancers,
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selectively crosslinks guanines in the sequence CG to form a crosslink in the minor groove
(Teng et al., 1989; Borowy-Borowski et al., 1990; Millard et al., 1990; Norman et al.,
1990). Itis pbs,sible that a molecule which could target a very restricted set of binding sites
might be therapeutically more valuable. The crosslinking agent described herein was
designed as an initial step toward the goal of achieving selectivity for longer DNA
sequences. | |

Structural studies of complexes of netropsin and distamycin with various DNA
oligomers has led to the design of analogs which have been successful in recognizing
specific mixed A,T- and G,C-containing sequences (Lown et al., 1986; Wade & Dervan,
1987; Dwyer et al., 1992; Mrksich et al., 1992; Geierstanger et al., 1993; Lee et al., 1993a;
Geierstanger et al., 1994a). Most recently an analog has been developed which binds an
entirely G,C core site four base pairs long (Geierstanger et al., 1994b). This well-
characterized class of molecules has the potential to target a variety of DNA sequences with
predictable binding behavior, which could deliver a crosslinking agent to the minor groove

of the target DNA sequence. .

2,3-bis-(hydroxymethyl)pyrrole, an inefficient DNA c-:rosslinking agent alone, has
been synthetically tethered to a distamycin anaiog to form a 2,3-bis-
(hydroxymethyl)pyrrole-distamycin conjugate (XL-Dst) (Figure 4-1) (Sigurdsson et al.,
1993). The bis-(hydroxymethyl)pyrrole function mimics in part the functionality present in
reductively activated mitomycins or oxidatiVely activated pyrrolizidine alkaloids (Figure 4-
2) (Woo et al., 1993). This sub-structure crosslinks the minor groove amino group of
guanines of the sequence d(CG), albeit slowly. The conjugation of this agent to distamycin
results in a molecule shown to have a high efficiency of interstrand crosslinking in both a
linearized plasmid and synthetic DNA oligomers (Sigurdsson et al., 1993), and specificity
for sites bearing the distamycin binding sequence adjacent to a pyrrole crosslinking
sequence. The distamycin portion of the ligand is important: the conjugate is 1000-fold

more active than 2,3-bis-(hydroxymethyl)-1-methylpyrrole alone (Sigurdsson et al., 1993).
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Figure 4-1. Structure of the 2,3-bis-(hydroxymethyl)pyrrole-distamycin conjugate (XL-
Dst).
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Figure 4-2. Comparison of the structures of the crosslinking agents mitomycin C and

2,3-bis-(hydroxymethyl)pyrrole.
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Figure 4-3. Structures of several designed ligands that have been synthesized which
“contain an alkylating group tethered to a distamycin analog. a) FCE-24517; b) various
acetamido-lexitropsins; ¢) N-bromoacetyl-distamycin; d) chloroethylnitrosourea-lexitropsin;

e) coumarin-lexitropsin conjugate.
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Other DNA alkylating reagents have been conjugated to members of the
distamycin/lexitropsin class of molecules (Figure 4-3). One such agent, FCE-24517, a
benzoyl mustard derivative of distamycin, has been shown to be cytotoxic and is currently
in phase I clinical trials (Sessa et al., 1994). When tested alone, many of the alkylating
agents have no sequence preference and alkylate in the DNA major groove, but in the
conjugated molecule alkylate sequence specifically and in the minor groove. Most form
DNA monoadducts (Baker & Dervan, 1985; Baker & Dervan, 1989; Church et al;, 1990;
Broggini et al., 1991; Chen et al., 1993; Zhang et al., 1993). There has been more limited
success in designing conjugates which form the generally more cytotoxic interstrand
crosslinks (Lee et al., 1993b; Lee et al., 1994). To my knowledge, no detailed structural
studies have been done on either covalent or noncovalent complexes of any of these
conjugated compounds with DNA.

I have used NMR spectroscopy to determine the binding mode of a 2,3-
bis(hydroxymethyl)pyrrole-distamycin conjugate which is covalently crosslinked to both
strands of the duplex [d(CGCGAATTCGCG)],. I present a semi-quantitative model of the
crosslinked DNA, and discuss the ligand binding site. The model is compared to a related

structure of a crosslinked mitomycin C:DNA complex.

4.3 Materials and Methods

4.3.1 S‘ynthesis and Purification of Crosslinked Oligonucleotides. XI-Dst was
synthesized as described previously (Sigurdsson & Hopkins, 1994). The oligonucleotide
d(CGCGAATTCGCG) was synthesized on an automated DNA synthesizer and purified by
standard methods (see Chapter 2).

Two crosslinked oligonucleotide samples were synthesized. The first sample was
synthesized in the P.B. Hopkins laboratory at the University of Washington, Seattle,
according to procedures detailed elsewhere (Fagan et al., in press). A summary will be

presented here. The purified oligomer d(CGCGAATTCGCG) (2.3 umol duplex) was
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dissolved in H>O solution, and the sample was annealed. The solution was then treated
with XL-Dst (7.5 pmoles té)tal) in CH30H. The mixture was allowed to stand for at
ambient temperature for 4.5 days. The DNA-containing product was recovered by ethanol
precipitation. The crosslinked DNA was separated from native DNA and alkylated single
strands on a 20% denaturing polyacrylamide gel. The interstrand crosslinked DNA was
eluted from the gel and purified through a Waters Sep-Pak C18 éartridge, to yield 137
ODy¢g of interstrand crosslinked DNA.

I synthesized the second crosslink sample in the Wemmer lab. One equivalent of
XL-Dst dissolved in 50% MeOH/50% H,O solution was titrated into a solution of 1.7 mM
duplex [d(CGCGAATTCGCG)], (10 mM potassium phosphate buffer, pH 7.0) in an
NMR tube at 25 °C, with the goal of studying the noncovalent XL-Dst:DNA complex. In
an attempt to lower the binding affinity and sharpen the NMR resonances, the solution was
made 500 mM in NaCl. The sample then sat for 9 days at 4 °C. The sample was then
checked again by NMR, and the resonances were found to be sharper. An overnight
experiment was run at 45 °C, and these data confirmed that the ligand had crosslinked the
DNA, generating the same complex as the first sample. This sample provided most of the
useful data described in this chapter.

The numbering scheme for the crosslinked oligomer 1s:

5-C; Gy C3 G4 As As¢ T7 Ts Cy9 Gyo Cii Gip -3 (strand 1)
3'- Gaa Co3 G22 C21 T2o Ti9 A1g A7 Gis Ci5 Gia Ci3 -5 (strand 2)
Bold lettering indicates the sites of crosslinking.

4.3.2 NMR Sample Preparation. NMR samples were prepared by dissolving the
dried, crosslinked oligonucleotide duplex in 0.5 mL of 10 mM potassium phosphate
buffer, 50-500 mM NaCl (pH 7.0), and then lyophilizing to dryness. Fbr experiments
carried out in D70, the solid was redissolved in 0.5 mL of 99.96% D;0O (Cambridge
Isotope Laboratories), and for experiments in HyO a 90% H20/10% D3O solution was

used. The concentration of the NMR sample was 1.0 mM in duplex.
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4.3.3 NMR Experiments and Resonance Assignments. A general description of

the NMR experiments and data analysis can be found in Chapter 2. The parameters of the
NMR experiments performed are given here. 2D NOESY spectra in HoO were acquired at
30 °C with a spectral width of 13514 Hz, 64 scans per increment and mixing time Ty =200
ms, and at 45 °C with a spectral width of 13889 Hz, 64 scans per incfement and Ty = 350
ms. 2D NOESY spectra in DyO were acquired at 30 °C and 35 °C, with a spectral width of
5000 Hz, 64 scans per increment and Ty = 200 ms. A 2D TOCSY in DO was acquired at
35 °C, with a spectral width of 5000 Hz and Ty = 50 ms. All spectra were acquired in
TPPI mode (Drobny et al., 1978; Marioh & Wiithrich, 1983).

4.3.4 Distance Restraints and Mode] Refinement. A model of XL-Dst crosslinked
to [d(CGCGAATTCGCG)], was built based on the NMR data. Ligand-DNA and DNA-
DNA distance restraints were generated as described in Chapter 2. Model refinement was
performed with and without intramolecular DNA restraints in the region of the crosslink.
Some long distance restraints of 4.0 A to 7.0 A derived from several missing base
aromatic-sugar H1' NOESY cross peaks were used.

The model of the [d(CGCGAATTCGCG)], duplex was constructed using the
Biopolymer module of Insight I (Biosym) from standard B-form DNA. A new potential
was added to the AMBER forcefield for the adducted guanine N2 atoms. The starting
model was generated as described in Chapter 2.

The model refinements were performed in two steps, following the general
procedure given in Chapter 2. In both steps, the energy of the complex was initially
minimized using 100 steps of a steepest descents algorithm and 3000 steps of conjugate
gradient minimization. The final model was created by subjecting the minimized starting
model to 12 psec of restrained molecular dynamics (rmd) at 300 K, which was
subsequently cooled to 100 K over 6 psec, followed by 5 psec of rmd at 100 K. The

model was then energy-minimized by conjugate gradient minimization to a final rms
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derivative of <0.05 (kcal/mole)/A2. Analysis of the helical parameters of the final model

was performed using CURVES.

4.4 Results

4.4.1 Crosslinked Sample Preparation. The cross-linked dodecamer was prepared
by direct admixture of two molar equivalents of XL-Dst with the synthetic dodecamer.
Interstrand cross-linked DNA was separated from residual monoadducts and unreacted
DNA using preparative denaturing PAGE. The cross-linked material had an electrophoretic
mobility roughly half that of the native single strands. The covalent connectivity of a
closely related interstrand cross-link at the sequence CGAATT has previously been
relatively well characterized (Sigurdsson et al., 1993; Sigurdsson & Hopkins, 1994), and
that connectivity is assumed in the present case.

4.4.2 Titration of the AATT Site with XI.-Dst. NMR spectra were recorded at 25
°C at a number of points in the titration of the duplex [d(CGCGAATTCGCG)], with XL-
Dst. The DNA resonances broaden significantly and shift upon addition of ligand,
indicating that the complex is on the fast side of intermediate exchange on the NMR time
scale. Upon addition of S00 mM NaCl and increasing the temperature to 45 °C, the
resonances sharpen slightly. However, due to the large line widths we were unable to
further characterize the noncovalent complex of XL-Dst with [d(CGCGAATTCGCG)] in
any detail. '

In contrast, when the same DNA duplex is titrated with the parent compound
distamycin, distinct sets of resonances for the free and ligand bound DNA exist (Klevit et
al., 1986), indicating a much slower dissociation rate for the unmodified ligand. This
difference in rate probably reflects weaker binding of the modified ligand in the

noncovalent DNA complex.

4.4.3 One-Dimensional NMR of Crosslinked DNA. I performed preliminary

NMR studies on three versions of XL-Dst covalently crosslinked to
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d(CGCGAATTCGCG);. The compounds differed in the length of the (CH2), tether
connecting the crosslinking pyrrole with the distamycin unit, where n = 2, 3, or 4. The 1D
NMR spectra of the n = 2 and n = 4 crosslinked complexes show little dispersion and very
broad imino proton resonances. The NMR spectrum of the n = 3 crosslinked complex was
chosen for further study because the resonances are relatively narrow with better chemical
shift dispersion. |

4.44 NMR Resonance Assignments of DNA. Upon formation of the covalent
complex, the symmetry of the DNA oligomer [d(CGCGAATTCGCG)], is broken, and the
two DNA strands have nondegenerate resonances which can be assigned independehtly.
Chemical $hift assignments of the DNA base H6, H8, adenine H2, and thymine methy]
proton and sugar H1', H2', and H2" proton resonances in the free and the crosslinked
DNA were made from the DO NOESY spectra (see Tables 4-1 and 4-2). |

The adenosine H2 assignments were made based on cross peaks from the H2
protons to intrastrand and interstrand deoxyribose H1' protons in the DO NOESY. Cross
peaks from the H2 protons to thymidine imino protons in the HO NOESY confirm these
assignments.

Several pieces of evidence define the location of the crosslink. The 2-amino
protons on the two adducted guanines resonate at 8.89 ppm and 8.08 ppm (at 45 °C), and
give rise to a weak NOESY cross peak. NOE cross peaks are also observed from the two
adducted amino protons to their respective imino protons. The resonance at 8.08 ppm also
has a contact to the As H2 and therefore is assigned to the G4 2-amino proton, so that the
resonance at 8.89 ppm must then be assigned to the G2 2-amino proton.

4.4.5 NMR Resonance Assignments of the Ligand. Part of a NOESY spectrum of
the XL-Dst:DNA complex in H7O is presented in Figure 4-4 showing several ligand-DNA
cross peaks. Intense NOE cross peaks are observed from DNA adenine H2 protons to XL-

Dst pyrrole H3 and amide NH protons. In identifying the location of the crosslink, the
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Table 4-1. Chemical shift assignments of the d(CGCGAATTCGCG); duplex, free and
in the distamycin crosslink:DNA complex.2

H6/H8 H1' A H2/T CH3

Free Comp Ad Free Comp A8 Free Comp Ad

Strand 1

Cl1 7.61 7.66 +0.05 579 577 -0.02

G2 7.93 795 +0.02  5.88 595 +0.07

C3 725 7.08 -0.17  5.63 5.84 +0.21

G4 7.82 7.87+0.05 5.45 6.00 +0.55

AS 8.08 8.27 +0.19 598 6.22 +0.24 7.27 7.55 +0.28
A6 8.07 836 +0.29  6.14 620 +0.06 7.63 8.17 +0.54
T7 7.07 7.01 -006 588 563 -025 1.24 1.34 +0.10
T8 736 7.12 -024 6.08 570 -0.38 1.51 1.48 -0.03
C9 745 729 -0.16 5.66 530 -0.36

G10 789 785 -004 5.85 594 +0.09

Cl1 7.31 734 +0.03  5.78 579 +0.01

G12 7.93 797 +0.04  6.15 6.19 +0.04

Strand 2

C13 7.61 7.64 +0.03 579 580 +0.01

Gl14 7.93 798 +0.05 588 5.88 0.00

Cl15 7.25 729 +0.04 563 574 +0.11

G16 7.82 791 +0.09 545 543 -0.02

Al7 8.08 8.19 +0.11 598 6.05 +0.07 7.27 7.40 +0.13
Al8 8.07 8.11 +0.04 6.14 577 -037 7.63 823 +0.60
T19 7.07 690 -0.17 588 554 -034 124 1.14 -0.10
T20 736 6.99 -037 6.08 535 -073 1.51 137 -0.14
- C21 745 7.02 -043 566 541 -0.25

G22 7.89 7.87 -0.02 5.85 5.97 +0.12

Cc23 731 7.51 +020 578 6.10 +0.32

G24 7.93 8.00 +0.07 6.15 6.17 +0.02

4 Chemical shifts are given in ppm (£ 0.01 ppm). The residual HOD resonance is referenced
to 4.65 ppm (35 °C) for both the free and the complexed DNA. Bold lettering indicates the

sites of crosslinking.
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Table 4-2. Chemical shift assignments of the d(CGCGAATTCGCG); duplex, free and
in the distamycin crosslink:DNA complex.2

H2' H2"

Free XL  A$ Free XL A8

Strand 1
C1 1.93 1.98 +0.05 239 241 +0.02
G2 2.64 2.68 +0.04 2.71 2.75 +0.04
C3 1.83 1.03 -0.80 2.26 2.00 -0.26
G4 2.64 2.67+0.03 2.73 2.76 +0.03
AS 2.67 2.82 +0.15 290 3.07 +0.17
Ab 2.59 2.66 +0.07 2.88 2.85 -0.03
T7 195 1.74 -0.21 2.54 245 -0.09
T8 2.15 1.82 -0.33 253 249 -0.04 .
C9 204 1.81 -0.23 239 212 -0.27
G10 2.62 2.66 +0.04 2.69 2.77 +0.08
Cl11 1.88 1.91 +0.03 2.32 2.34 +0.02
Gl12 237 244 +0.07 2.59 2.68 +0.09
Strand 2 _
Ci13 1.93 1.92 -0.01 239 240 +0.01
Gl4 2.64 2.70 +0.06 271 275 +0.04
C15 1.83 1.82 -0.01 226 2.32 +0.06
Gl16 264 273 +0.09 273 277 +0.04
Al7 2.67 2.77 +0.10 290 2.87 -0.03
AlS8 2.59 230 -0.29 2.88 2.84 -0.04
- T19 195 1.69 -0.26 254 242 -0.12
T20 2.15 1.66 -049 2.53 230 -0.23
C21 204 1.05 -0.99 239 1.78 -0.61
G22 2.62 2.67+0.05 2.69 2.69 0.00
C23 1.88 1.91 +40.03 232 244 +0.12
G24 2.37 242 +0.05. 259 2.68 +0.09

4 Chemical shifts are given in ppm (£ 0.01 ppm). The residual HOD resonance is
referenced to 4.65 ppm (35 °C) for the free and the crosslinked DNA.
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Figure 4-4. Expansioh of the amide and aromatic to deoxyribosé H1' region of a
NOESY spectrum of the XL-Dst:[d(CGCGAATTCGCG)], complex (in H>0, 45 °C, Ty =
350 ms). Various ligand-DNA and ligand-ligand NOE cross peaks are labeled.

142



orientation of the ligand with respect to the DNA is established, thereby facilitating thle
unambiguous assignment of ligand protons. Chemical shift assignments for the ligand are
listed in Table 4-3. It was not possible to stereospecifically assign the methylene protons in
-the tether or in the N(CH3); tail.
The H4 and HS protons on the crosslinking pyrrole are assigned to 6.39 ppm and
6.70 ppm (at 45 °C), respectively. An NOE cross peak was observed between the H4
resonance and the Gy, C1'H resonance. The methylene protons on the crosslinking
pyrrole (H2a, H2b, H3a, and H3b) were assigned, although not stereospecifically, based
on NOEs to the crosslinked guanine amino groups. NOEs are observed from the H3
protons to the ligan’d H4 and the DNA G22 N2H protons, and from the ligand H2 protons
to the DNA G4 N2H proton. |
Several methylene proton resonances were assigned to the ligand protons in the
tether, H6(a,b), H7(a,b), and H8(a,b), because they exhibit cross peaks /to NH-1 (the first
amide of the distamycin fragment) and the crosslinking pyrrole H5. Some of the protons in
this group have NOEs to the G4 N2H and As H2 protons, consistent with the location of

the crosslink at G4 and Gps.

4.4.5 Ligand-DNA Contacts. NOE cross peaks localize the ligand in the minor
groove of the central AATT:AATT tract of the duplex (Table 4-4). Cross peaks from DNA
H2 and H1' protons to ligand pyrrole H3 and amide NH protons indicate that the ligand
pyrrole ring system spans the 5'-As-Ag-T7-Tg-3' sequence (Figure 4-5), in the ‘minor
groove. Several additional contacts are made between the XL-Dst protons and the DNA.
These include NOEs from the crosslinking pyrrole H4 to Gy, C1'H, from pyrrole H2 and
H3 protons to G4 N2H and Gy, N2H, respectively, and from the ligand téther methykne
protons to G4 N2H.

4.4.7 Molecular Modeling of the Crosslink. A total of 16 ligand-DNA distance
restraints derived from NOE data (see Table 4-4) and the two covalent ligand-DNA bonds

were used to obtain the energy-minimized model of the XI.-Dst complex with
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Table 4-3. Chemical shift assignments of XL-Dst in the interstrand crosslinked complex

with [d(CGCGAATTCGCG)],.» b

Chemical shift

Proton

H2(a,b)¢ 3.75, 4.07

H3(a,b)¢ 3.80, 4.18

H4 6.37

H5 6.70 ,
Hé6(a,b), H7(a,b), H8(a,b)d 2.26, 2.27, 2.45, 2.70, 3.73
NH-1 10.25

H3-1 6.65

NH-2 9.09

H3-2 6.66

NH-3 9.30

H3-3 6.80

NH-4 not assigned -

H9(a,b), H10(a,b), H11(a,b)¢
N-(CH3)2

not assigned
not assigned

2Chemical shifts are given in ppm (Z 0.01 ppm), with the residual HOD resonance

referenced to 4.52 ppm (45 °C). bRefer to Figure 1 for numbering system used.

Resonances assigned as a group. 9One resonance in this group not assigned.
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Table 4-4. Ligand-DNA contacts for the XL-Dst:[d(CGCGAATTCGCG)]; interstrand

crosslinked complex.

XL-Dst DNA NOE classification?
NH-1 | AsH2 w
NH-1 Ag HI' m
H3-1 Ag H2 S
H3-1 Too HI' m
H3-1 T7 HI' m
NH-2 AgH2 w
NH-2 ‘ T; HI' m
H3-2 A1gH2 s
H3-2 , T19 HI' w
H3-2 v Tg HI' w
NH-3 A1g H2 m
NH-3 Tg HI' w
H3-3 A17H2 S
H3-3 A1z H2 w
H3-3 . Co HI m
crosslinking pyrrole H4 Gop HY' m

aNOE classification: s = strong (1.8 to 2.8 A), m = medium (1.8t03.5 A), w = weak (1.8
t0 5.0 A). '
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Figure 4-5. Schematic of the ligand-DNA NOE contacts used in modeling the interstrand

crosslinked XI.-Dst:DNA complex.

146



Figure 4-6. Stereo view of a molecular model of the XL-Dst: [d(CGCGAATTCGCG)],
complex obtained by energy minimization using semiquantitative distance restraints derived
from NOESY data. For clarity, hydrogen atoms are omitted for the DNA but not for the

ligand molecule.
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CGAATT:AATTCG (Figure 4-6). There is some local distortion of the DNA helix at the
crosslinking site which does not extend beybnd the base pairs on either side of the
crosslink. Although the dimethylammonium proton is likely to be involved in hydrogen
bonding interactions with the DNA, specific acceptors cannot be resolved by the current

data and model.

4.5 Discussion

4.5.1 Site .of Crosslink. XL-Dst adducts guanine bases (Sigurdsson & Hopkins,
1994) and both N2 amino groﬁps of deoxyguanosine residues at the sequence CG are
necessary for efficient DNA-DNA interstrand crosslinking (Sigurdsson et al., 1993). The
C3°Gyp and G4*C») base pairs are stabilized by the interstrand crosslink. The G4 and G3;
imino proton resonances exhibit slow exchange with solvent water even at 45 °C, where
other imino proton resonances are broadened due to increased exchange with solvent. In
the interstrand crosslinked complex of mitomycin C with [d(TACGTA)]», the imilno proton
resonances on the two crosslinked guanines are similarly unaffected by increasing
temperature (Norman et al., 1990).

The NMR data confirm that the lesion occurs at the guanine N2 position. In
unadducted DNA oligomers, the ‘guanine 2-amino proton resonances are broad due to the
rotation of the amino group about the C2-N2 bond on a millisecond time scale. Covalent
attachment of a ligand to N2 prevents this rotation, resulting in one narrow NMR resonance
for the remaining amino proton. The two substituted amino proton resonances on G4 and
G2, have contacts to nearby ligand and DNA protons and intense NOE cross peaks to the
1mino proton on the same guanine base. Similar patterns are observed in the crosslinked
complex of mitom&cin C with [d(TACGTA)]; (Norman et al., 1990), in which mitomycin
C forms interstrand crosslinks in the minor groove at N2 of guanines in the sequence CG.
The chemical shifts of the substituted G4 and G amino (8.89 and 8.08 ppm) and imino

(13.17 and 12.45 ppm) protons in the XL-Dst:DNA crosslinked complex are similar to
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those observed in the mitomycin C complex (aminos at 9.36 and 8.87 ppm, and iminos at
13.12 and 12.60 ppm).

Additional evidence that the crosslink is in the minor groove arises from NOEs
from hydroxymethyl pyrrole protons and ligand tether protons to DNA nucleotides G4, As
and Gjp3. I was unable to confirm scalar coupling between the ligénd hydroxymethyl
pyrrole H2 protons and the G4 amino proton, and between the hydroxymethyl pyrrole H3
protons and the G2 amino proton.

4.5.2 Distortion of the DNA Due to Crosslink. The model of the XL-
Dst:[d(CGCGAATTCGCG)], complex is shown in Figure 4-6. Weak intraresidue NOE
cross peaks from base protons to H1' protons indicate that the bases are all in anti
geometry. Several extremely weak or missing cross peaks are indicative of distortion in the
two crosslinked base pairs which extends to the base pairs on either side of the crosslink.
In the refined model we observe a large negative buckle for the C32Gy base pair and a
large positive buckle for the G4°Gy; base pair. Additionally, the model shows a decrease in
helical twist between these two base pairs, indicating unwinding at the crosslink site.

The slide between the two base pairs at the crosslink site is unusual compared to
standard B-DNA, so that C3 and Cy; are moved from the edges of the groove toward the
center of the helix, and Gy, and G4 are pushed away from the center of the helix (Figure 4-
7). As aresult, the crosslinked guanine bases are positioned over the deoxyribose H2'
and H2" protons of C3 and C1. The NMR data of the crosslinked complex agree with this
model. The H2' resonances of C3 and Cy; are dramatically upfield shifted, by 0.80 ppm
and 0.99 ppm respectively, relative to the uncomplexed DNA. An upfield shift of this
magnitude has not been observed in any complexes of distamycin and related analogs with
DNA in the Wemmer laboratory. I conclude that these unusual shifts are due to distortion
of the DNA structure by the crosslink. The cytosine H2' and H2" resonances undergo an
upfield ring cufrent shift due to stacking over the aromatic guanine base as seen in the

model, similar to ring current shifts observed for protons which are stacked over aromatic
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Figure 4-7. View down the helical axis of (a) a standard B-form DNA duplex of the
sequence CG (built using Insight II software), and (b) the base pairs C3°G7 and G4°Cy;
in the XL-Dst:AATT crosslinked complex. Explicit hydrogen atoms are shown only for

the aromatic bases and the crosslinking pyrrole unit.
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amino acid sidechains in protein NMR studies.

4.5.3 Overall Binding Site. An important feature of XL-Dst is that it requires both
a distamycin binding sequence and an adjacent pyrrole crosslinking sequence to crosslink
DNA efficiently, resulting in a six base pair binding sitt CGAATT. Ligand-DNA NOEs
unambiguously confirm the formation of the XL-Dst:DNA complex to this site in the minor
groove. The tether is fully extended, bridging the Aj7°Tg base pair. It is not c_lear whether
the tether can tolerate a G*C base pair at this site. The amino group at the 2 position of the
guanine may sterically interfere with the ligand binding and/or reactivity at the crosslinking
site. The N-(CHj3); tail extends across the Gg*C1¢ base pair, but no specific contacts are
observed. | |

From the model, hydrogen bonds can be inferred between ligand amide protons and
adenine N3 and thymine O2 as seen in other models of distamycin complexed to DNA
(Klevit et al., 1986; Pelton & Wemmer, 1988; Pelton & Wemmer, 1989). The tripyrrole
unit contacts three adenine H2 protons in the sequence ATT, with the "head" of the ligand
(pyrrole ring number 1 in Figure 4-1) nearest the adenine, pointing toward the 5' direction
of the strand. The noncovalent complex of distamycin A with [d(CGCGAATTCGCG)], is
depicted in-Figure 4-8. It appears that the covalent linkage in the crosslinked complex
forces the tripyrrole unit to shift by one base pair toward the 3' end of the first strand,
relative to the distarhycin binding site. However, it is difficult to predict the preferred
subsite, AAT or ATT, for the noncovalent binding of XL-Dst to d(CGCGAATTCGCG);
by analogy to these complexes.

4.5.4 Crosslinking Mechanism. XL-Dst is a 1000-fold more efficient crosslinker
than 2,3-bis(hydroxymethyl)pyrrole alone (Sigurdsson & Hopkins, 1994). Studies of
efficiency of XL-Dst crosslinking at different DNA sequences revealed that both a
distamycin binding site and a CG crosslinking site are necessary for efficient DNA-DNA
interstrand crosslinking. The yield of crosslinked DNA is significantly higher for the site

AATTCG, as compared to the site CGCGCG, suggesting that noncovalent binding is
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Figure 4-8. Schematic of (a) the XL-Dst:CGAATT crosslinked complex, and (b) the

distamycin:AATT complex.
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associated with the crosslinking event (Sigurdsson & Hopkins, 1994). Presumably,
noncovalen} binding orients the bis(hydroxymethyl)pyrrole unit so that efficient
crosslinking can occur. Therefore, the noncovalent complex of XL-Dst with DNA is of
some interest, and would be useful in understanding the mechanism of crosslinking. In
this study, I have examined only the crosslinked XL-Dst:AATT complex, since the
resonances of the noncovalent complex are broad due to intermediate exchange on the
NMR time scale.

To my knowledge, there is no system in which both the structures of the
noncovalent ligand-DNA complex and the crosslinked DNA are known. Systematic
measurements of crosslinking kinetics by XL-Dst with various DNA sequences should
prove useful in characterizing the reactive noncovalent complex between XL-Dst and
AATT.

4.5.5 Comparison to Mitomycin C. The design of the bis(hydroxymethyl)pyrrole
unit was modeled from the pharmacophore in mitomycin C (Figure 4-2). There are many
similarities between the results observed in this study and those observed in the high
resolution structure of the crosslinked mitomycin C:DNA complex-(Norman et al., 1990).

In the XL-Dst crosslink, I observe NOE cross peaks indicating base stacking
throughout the helix, but observe that several NOE cross peaks between DNA base protons
and sugar H1' protons near the C3°Gy, and G4°C» base pairs are significantly weaker
than in normal B-form DNA. Patel and coworkers observed similar indications of base
stacking and unusually weak NOE cross peaks at the mitomycin C crosslink s'ite (Norman
et al., 1990).

The overall geometry of the modeled XL-Dst:DNA complex in this study is similar
to the calculated structure of the crosslinked mitomycin C:DNA complex. In our model,
the crosslinking pyrrole ring interacts with the bases Cy; and Gy, on one strand of DNA
rather than being positioned in tﬁe center of the minor groove This geometry was proposed

by Weidner et al. based on molecular modeling (Weidner et al., 1990). This structure
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appears to be a consequence of the covalent geometry of the crosslink, since energy
minimizations arrive at this structure from different starting structures and without any
ligand-DNA restraints. This structure is consistent with an observed NOESY cross peak
between the H4 proton on the pyrrole ring and the HI' prthn of Gpy. Patel and
coworkers came to the same conclusion based on their NMR-restrained structure
calculations and on unusual chemical shifts of the sugar H1' and H2" protons on the
analogous strand in the region of the mitomycin C:DNA crosslink (Norman et al., 1990).

The minor groove width of GC regions has typically been measured to be about 5-7
A (Saenger, 1983; Heinemann & Alings, 1989). The nonplanar five-membered ring in
mitomycin C may widen the minor groove to 9.2 A or 10.8 A, depending on its pucker
(Norman et al., 1990). The bis(methoxy)pyrrole unit is planar. The minor groove width
in the region of the XL-Dst crosslink (10-11 A) is similar to that in the mitomycin C
adduct.

4.5.6 Molecular Design. Designed minor groove binding peptides have been

successful in recognizing specific mixed A,T- and G,C-containing sequences of DNA
(Dwyer et al., 1992; Mrksich et al., 1992; Geierstanger et al., 1994a). These ligands
derive their high binding affinity and sequence selectivity from a unique antiparallel side-
by-side two-drug binding mode (Pelton & Wemmer, 1989). Future directions of this study
include generating a two-drug complex which contains a 2,3-bis-(hydroxymethyl)pyrrole
unit. The increased selectivity of the side-by-side two-drug binding mode combined with
the site selective reactivity of the hydroxymethylpyrrole may decrease the overall frequency
of crosslinking, reducing unwanted crosslinks and toxicity.

The properties and dimensions of tethers are becoming increasingly important in
ligand design. Tethers have been used to link a variety of reactive groups to lexitropsins
(Baker & Dervan, 1985; Baker & Dervan, 1989; Church et al., 1990; Broggini et al., 1991;
Chen et al., 1993; Lee et al., 1993b; Zhang et al., 1993; Lee et al., 1994). Two or more

lexitropsins have been tethered together end-to-end (Dervan, 1986; Mrksich et al., 1994),
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substantially increasing the length of the ligand binding site to ten or more base pairs.
Tefhering with the use of a flexible linker is necessary to maintain proper phasing of the
ligand with respect to the rise of the DNA helix, since lexitropsins consisting of more than
four N-methylpyrrole or N-methylimidazole units lose proper phasing with respect to the
rise of the DNA helix. Tethers have also been used to link two lexitropsins through the
two central N-methylpyrroles, generating an H-shaped molecule which binds with the two
lexitropsin units antiparallel and side-by-side (Dwyer et al., 1993; Chen & Lown, 1994).
Through this design it is possible to prevent unwanted binding modes from occur'ring, and
to enhance binding affinity over the binding by two monomeric ligands. The finding in this
study that the XL-Dst tether bridges one base pair, with the binding site for the tripyrrole
unit shifted by one base pair relative to the distamycin binding site, may be due in part to
the properties of the tether. This emphasizes the need for further investigation and
systematic characterization of different linkers and their minor groove binding properties in
1:1 and 2:1 ligand:DNA complexes. 5

A critical issue in the design of sequence-specific DNA ligands which contain a
reactive group is the effect of the reactive group on the affinity and sequence specificity of
the ligand. In the cases of XL-Dst and netropsin-diazene (Spielmann et al., 1995), each
molecule contains a bulky hydrophobic group appended to the "head" of the molecule, and
the NMR exchange behavior indicates lowered noncovalent binding affinity relative to the
parent molecules distamycin or netropsin. Since the noncovalent binding event is critical to
the delivery of the reactive group to the proper target site, this highlights the need for
studies examining how the presence of a reactive group changes the binding selectivity of

such conjugated ligands.

4.6 Conclusions

I have characterized the DNA binding mode of a new rationally designed DNA crosslinking

agent based on distamycin using two-dimensional NMR spectroscopy. In this study, we
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have chosen a distamycin derivative as a starting point for the rational design of a sequence-
selective crosslinker. This system holds excellent promise for the eventual design of a
compound which forms interstrand DNA crosslinks with high sequence selectivity for both
AT and G,C containing sequences. Further studies on the binding properties and
mechanism crosslinking of this distamycin conjugate and related molecules will prove

useful in the development of effective antitumor and antiviral agents.
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Chapter 5

An NMR Study of the Conformation of the 2-AminopurineCytosine
Mismatch in DNA

51 Summary

DNA polymerase makes errors by misincorpdrating natural DNA bases and base
analogs, or by copying an unnatural template base. Because of the wide variety of possible
mismatches and the varying efficiency with which they are repaired, structural studies are
necessary to understand.in detail how these mispairs differ and can be distinguished from
standard Watson-Crick base pairs. 2-Aminopurine (AP).is a highly mutagenic base analog
which, due to its highly fluorescent properties, is widely used to measure rates of
misinsertion and proofreading by DNA polymerase. The objective of this study was to
determine the geometry of the AP»C mispair in DNA at neutral pH. Although several
studies have focused on the APC mispair in DNA, there is not as of yet consensus on its
structure. At least four models have been proposed for th(is mispair. Through the use of
NMR spectroscopy with selective 15N-labeling of exocyclic amino nitrogens on bases of
interest, it is possible to resolve ambiguities in previous studies. I show here that, in two
different DNA sequences, the AP+C mispair at neutral and high pH is in a .wobble
geometry. The structure and stability of th.is base mispair is dependent upon the local base
sequence. Studies which utilize 2-aminopurine to measure rates of DNA base insertion,
proofreading, or repair must now consider the AP+C wobble base pairing. The dependence

of the stability of the AP+C rhispair on the local sequence context highlights the need for

consideration of this effect in such studies.
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5.2 Introduction

Fidelity in replication is of the utmost importance in maintaining an error-free
genome. Overall mutation rates are typically only 10-2 to 10-11 (Drake et al., 1969;
Saenger, 1983) per base replicated. DNA polymerase makes errors by misincorporating
natural DNA bases and base analogs, or by copying an unnatural template base. These
misincorporated bases can form stable mispairs in Watson-Crick-like and various non-
Watson-Crick geometries with the base on the ‘opposite strand. Sevéra] DNA base
mismatches have been characterized structurally (reviewed in Hunter, 1992) (Figure 5-1),
including the G*T wobble mispair (Patel et al., 1982; Hare et al., 1986), A*A and TeT
- mispairs (Gervais et al., 1995), the C+A mispair (Boulard et al., 1992), and the well-
studied G*A mispair which adopts several different conformations depending on local
sequence context and pH (Privé et al., 1987; Gao & Patel, 1988; Nikonowicz et al., 1991;
Cheng et al., 1992; Chou et al., 1992; Greene et al., 1994). The surprising variety of base
pairing geometries which have been characterized emphasizes the importance of
understanding non-standard base pairing interactions and their biological relevance.
Mismatched unnatural DNA bases, including 6,8-diketoguanine (McAuley-Hecht et al.,
1994), N4-methoxy-cytosine (Stone et al.,, 1991; Nedderman et al., 1993) and 2-
aminopurine (Sowers et al., 1986) have also been studied by structural methods in attempts
- to explain their mutagenicities (Figure 5-2).

Polymerase proofreading and mismatch repair machinery are needed to recognize
and repair mismatched base pairs. It is not clear by what mechanism the recognition of
non-Watson-Crick base pairs occurs, but it has been suggested that DNA polymerase
screens for the base-pairing free energy of the pair and the precise geometry of the Watson-
Crick base pair (Kornberg, 1980; Echols & Goodman, 1991). Because of the wide variety
of possible mismatches and the varying efficiency with which they are repaired, structural
studies can contribute to understanding in detail how these mispairs differ and can be

distinguished from standard Watson-Crick base pairs.
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Normal replication is impaired when base analogs are incorporated into DNA,
allowing mutations to arise through subsequent replication steps or repair processes. 2-
Aminopurine (AP), a highly mutagenic base analog, has been studied for decades (for a
review, see Ronen, 1979). AP is known to cause increased frequency of G+C --> A°T and
AT --> GeC transitions. The proposed pathway for such transitions requires that AP
mispair with both thymine and cytosine (Freese, 1959; Ronen, 1979). As a result, much
discussion about the cause of AP mutagenicity has focused on its base pairing interactions
with pyrimidines (Watanabe & Goodman, 1982).

AP preferentially mispairs with thymine during replication (Bessman et al., 1974;
Watanabe & Goodman, 1981). AP has been shown by NMR spectroscopy to form a
stable mispair with thymine in a DNA oligomer, stabilized by two hydrogen bonds in a
Watson-Crick geometry (Sowers et al., 1986) (Figure 5-2¢). AP incorporation opposite
thymine is favored by approximately 25-fold over cytosine (Watanabe & Goodman, 1981;
Watanabe & Goodman, 1982). Although several studies have focused on the AP-C
mispair in DNA, there is not as of yet consensus on its structure. At least four models have
been proposed for this interaction (Figure 5-3): 1) a Watson-Crick geometry involving one
hydrogen bond (Ronen, 1979), 2) a protonated cytosine resulting in Watson-érick
geometry, involving two hydrogen bonds (at neutral pH) (Sowers et al., 1986), 3) a
wobble geometry, (Sowers et al., 1989) and 4) the imino tautomer of either C or AP,
paired with the amino tautomer of the other base (Janion & Shugar, 1973; Goodman &
Ratliff, 1983).

The rare imino tautomer form of bases has long been used to explain spontaneous
and base analog-induced mutation (Watson & Crick, 1953a; Watson & Crick, 1953b;
Freese, 1959; Topal & Fresco, 1976; Saenger, 1983). However, calculated equilibrium
constants of imino/amino tautomeric equilibria do not explain observed mutational rates
(Ronen, 1979), and structural studies to date have found no evidence of the imino tautomer

form of cytosine or 2-aminopurine in DNA oligomers. NMR evidence has been presented
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for an AP+C mispair which is protonated at the cytosine N3 positioﬁ at neutral pH (Sowers
et al., 1986). At high pH, 15N multiplicity and chemical shift data show normal amino
tautomers in both bases and suggest that the APeC mispair is in a wobble geometry
(Sowers et al., 1989). |

Owing to the highly fluorescent nature of AP (Ward et al., 1969), there has been a
recent resurgence of interest in utilizing this analog as a "real-time" probe to study
relaxation dynamics of DNA (Guest et al., 1991) and the presteady state kinetics of DNA
synthesis (Bloom et al., 1993; Frey et al., 1995) and proofreading (Bloom et al., 1994).
In this study I address the question of the geometry of the AP»C mispair in DNA over a
wide range of pH values, and in the context of nearest neighboring base pairs. Through
the use of selective 15N-labeling of exocyclic amino nitrogens on bases of interest, it is
possible to resolve ambiguities in previous studies. The results here show that, in two
different DNA sequences, the AP+C mispair at neutral and high pH is in a wobble
geometry. The structure and stability of this base mispair is dependent upon the local base

sequence.

5.3__Materials and Methods
5.3.1 Synthesis and Purification of Oligonucleotides. The sequences of the two
DNA duplexes in this study are:
Duplex I: 5 Gy Ay T3 G4 APs G¢ T7; Ag Co -3
3- Cig T17 A6 Ci5 Cia C13 A2 T Gio -5
Duplex II: y 5- Gy Ay T3 C4 APs C¢ T7 Ag Co -3
3- Ci18 T17 A6 Gis Ci4 Gi13 Az T11 Gyo -5
where AP = 2-aminopurine.
In samples of duplexes I and II, C14 was 15N-labeled at the exocyclic N4 position.
A sample of duplex II was also synthesized which contained APs 15N-labeled at the

exocyclic N2 position and Cy4 15N-labeled at the exocyclic N4 position, by methods as

163



published elsewhere (Acedo et al., 1994). The oligonucleqtides were purified by standard
reverse-phase HPLC methods.

5.3.2 NMR Sample Preparation. The concentrations of the single-stranded
oligonucleotides were determined by UV absorbance. The extinction coefficients at 260
nm were calculated to be 0.92 x 105 M-1cm-! and 0.84 x 103> M-lcm! for d(G-A-T-G-AP-
G-T-A-C), assuming AP = G, and d(G-T-A-C-C-C-A-T-C), respectively. For duplex II,
calculated extinction coefficients were €560 = 0.85 x 105 M-Icm-! for d(G-A-T-C-AP-C-T-
A-C) assuming AP =G, and €69 = 0.90 x 10° M-lcm-! for d(G-T-A-G-C-G-A-T-C).
Equimolar amounts of the complementary strands were mixed. Duplexea oligonucleotides
were dialyzed using 1 kDa molecular weight cutoff cellulose tubing, against 300 mM Na(Cl,
30 mM NaCl, and then deionized water for 24 hours each.

NMR samples were prepared by dissolving the dried nonamer oligonucleotide
duplexes in 0.5 mL of 10 mM potassium phosphate buffer, 100 mM NaCl (pH 7.0), 0.1
mM EDTA, and then lyophilizing to dryness. For experiments carried out in D50 the solid
was redissolved in 0.5 mL 99.96% D,0O (Cambridge Isotope Laboratories), and for
experiments in HyO a 90% H»0O/10% D,O solution was used. In pH titrations, the pH of
the samples was adjusted usinvg 0.1 M or 0.01 M HCI and 0.1 M or 0.01 M NaOH. The
concentration of the duplex I NMR sample was 1.0 mM, and that of the 4-15NH»-C14
containing duplex II NMR sample was 1.8 mM. A sample of duplex II which contained 4-
I5NH;,-C4 and 2-15NH,-APs was 1.0 mM in concentration. |

5.3.3 _NMR Experiments and Resonance Assignments. NMR experiments were
performed on a 500 MHz (proton frequency) GE Omega spectrometer or on a Bruker
" AMX-600 spectrometer. 1-Dimensional 15N spectra were acquired at 60 MHz and 25 °C
using a broad band pfobe, with a spectral width of 200 ppm and 15,000-23,000 scans,
using a relaxation delay of 2s. 15N spectra were indirectly referenced downfield of neat
I5NHj3 (Live et al., 1984). 1-Dimensional 1H spectra in HyO were acquired with a spectral

width of 20 ppm and 256 scans, using a relaxation delay of 2s. 1-Dimensional 15N-filtered
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1H spectra in HpO were acquired with or without 1N decoupling during acquisition
(Sklenar et al., 1987). 1D NOE experiments were performed on the AMX-600, using
. duplex II in H,O at 5 °C and pH 8.7, with a spectral width of 22 ppm and 1024-2048
scans each for the reference and saturated spectra. pH titrations were performed on
samples of duplexes I and II in 150 mM NaCl, and monitored by 1D !H NMR at 15 °C.
Typically, the intense solvent resonance was suppressed using a 1:1 read pulse (Kime &
Moore, 1983).

2D NOESY spectra of duplex I in HyO were acquired at 20 °C (pH 6.5) and 26 °C
(pH 7.0), with the mixing time Ty = 200 ms. A 2D NOESY spectrum in D7O was
acquired at 20 °C (pH 6.5) with Ty =200 ms. 2D NOESY spectra of duplex II in H,O
- were acquired at 15 °C and 20 °C (pH 7.7). A 15N-decoupled 2D NOESY of duplex II in
H70O was acquired at 10 °C with Ty = 150 ms. Spectral widths were typically 14,000 Hz
in H20O, and 6,000 Hz in D70 solution. Between 450 and 600 t; increments were acquired
in the NOESY experiments. Data processing and analysis were performed as described in

Chapter 2.

5.4 Results

5.4.1 Nonexchangeable Proton Resonance Assignments. Part of a NOESY
spectrum of duplex II in H>O is shown in Figure 5-4. The chemical shifts of the DNA
base H6/H8/H2, thymine methyl and deoxyribose H1' resonances are listed in Table 5-1.
Intraresidue deoxyribose NOE cross peak patterns and intensities and interresidue NOE
cross peak patterns indicate that most of the DNA is near the standard B-form, with some
minor distortion of the DNA helix in the region of the mispair.

5.4.2 Resonance Assignment of Mismatch Protons. The !5N-bound protons could
be identified in the 1D TH spectrum, because they appear as doublets split by 92 Hz, the

15N-1H one bond scalar coupling constant. These proton resonances could be more clearly
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Figure 5-4. Expansion of the amino and aromatic to deoxyribose H1' region of a 15N-
decoupled 'H-'H NOESY spectrum of 15NH3-C4 labeled duplex II (in HyO solution, 15
°C, pH = 7.7, 175 mM NaCl, Ty = 200 ms). Various NOE cross peaks to the mispaired

C14 amino group are labeled.
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Table 5-1. Nonexchangeable proton chemical shift assignments of d(GATGPGTAC):
d(GTACCCATC), duplex I, and d(GATCPCTAC):d(GTAGCGATC), duplex I1.2

H6/H8 HI' A H2/P H6/ T CH3

I II Ad I II Ad I II Ad

Strand 1

G 7.95 8.01 +40.06 571 5.76 +0.05

Ay 8.34 843 +0.09 . 6.32 641 +0.09 7.92 8.06 +0.14
T3 7.15 7.27 +0.12 573 598 +0.25 142 143 +0.01
- Gy/Cy 7.72 7.42 -0.30 548 5.82 +0.34

APs 8.14 8.34 -0.20 578 6.00 +0.22 7.45 7.94 +0.49
Ge/Ce 7.55 7.48 -0.07 594 596 +0.02

T7 7.22 7.50 +0.28 574 574 0.00 1.35 1.68 +0.33
Ag 8.28 8.39 +0.11 6.30 6.33 +0.03 7.64 7.63 -0.01
Co 7.28 7.43 +40.15 6.06 6.12 +0.06

Strand 2

Gio 7.97 8.05 +0.08 599 6.06 +0.07

T11 7.44 7.53 +0.09 578 575 -0.03 142 146 +0.04
Ap 8.36 8.27 -0.09 6.31 6.22 -0.09 7.57 7.52 -0.05
Ci13/G1z 740 7.75 +0.35 578 5.61 -0.17

Cua 7.49 7.35 -0.14 6.18 6.09 -0.09

Ci5/Gis 7.45 7.82 +0.37 5.58 5.68 +0.10

Aie 8.41 8.22 -0.19 6.32 6.31 -001 7.69 7.86 +0.17
T17 7.17 7.28 +0.11 596 6.06 +0.10 1.50 1.41 -0.09
Cig 7.48 7.67 +0.19 6.22 6.34 +0.22

2 Chemical shifts are given in ppm ( 0.01 ppm). The residual HOD resonance is
referenced to 4.85 ppm (20 °C) for duplex I, and to 5.01 ppm (8 °C) for duplex II.
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seen in 15N-filtered 1D experiments, in which only resonances of 15N-bound protons are
observed.

In 4-15NH»-C14 labeled duplex I, two proton resonances are observed in 15N-
filtered 1D experiments at 9.16 ppm and 6.26 ppm, and in labeled duplex II at 8.94 ppm
and 5.98 ppm. The line widths of these resonances are dependent on both temperature and
pH. In 2-15NH;-APs5 labeled duplex II, two AP proton resonances are observed in the
I5N-filtered 1D spectrum at 8.47 ppm and 6.83 ppm. These resonances are broadened into
the baseline at 25 °C, but sharpen with decreasing temperature. The line widths of the AP
2-amino proton resonances do not appear to be pH-depehdent. No evidence is seen for any
extra imino-type protons which would suggest that one of the bases has a significant
population of imino tautomeric form. Because labeled 1SNH,-AP5 duplex I was not
available, the APs NHQ resonances were not assigned in duplex L

The specific assfgnment of the two 4-amino protons of Cj4 is determined by the
relative intensities of the .NOE between the amino protons and the Ci4 HS proton. In both
duplexes, the stronger NOE is observed between the HS and the upfield amino proton
resonance (near 6 ppm in both duplexes). This information dictates that the upfieI:ld amino
resonance be assigned to the proton nearest to the HS, and the downfield amino resonance
(near 9 ppm in both duplexes) be assigned to the amino proton furthest from the H5, on the
base pairing edge of the base. The C14 amino resonance near 9 ppm is downfield relative
to single-stranded cytosine amino protons (7.0 to 8.0 ppm), and is even downfield relative
to the hydrogen bonded cytosine amino protons in standard Watson-Crick base pairs (8.0
to 8.6 ppm). This unusual downfield shift suggests that the C14 amino proton is involved
in a hydrogen bond, and may also be downfield shifted due to ring current shift by APs.

The APs H6 resonance was assigned in both duplexes I and II (see Table 5-1).
This proton was assigned through the use of spectra acquired in H,O, since there are no
other nonexchangeable protons nearby. In both duplexes I and II, the H6 has an intense

NOE cross peak to the downfield C14 amino proton, a weaker NOE cross peak to the
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upfield C14 amino proton, and an even weaker NOE to the Cy4 HS5. ‘This pattern of NOE
intensities to the two C14 NH; protons is consistent with the assignment of AP5 H6, since
it is the only unassigned nonexchangeable proton nearby, and it has a more intense cross
peak to the Ci4 NHy proton on the base pairing edge of the cytosine base than to the
upfield (non-hydrogen bonded) C;4 NH> proton.

In the 2D NOESY spectra of both duplexés taken in HyO without 15N-decoupling
during the acquisition, a distinctive pattern identifies the cross peak between the two Cj4
amino proton doublets. This cross peak pattern occurs because the NOE arises between
two protons which are bound onto the same nitrogen. The chemical shifts of two protons
which are bound to the same 15N nucleus are affected in the same way, being shifted either
upfield or downfield, depending on the spin state of the 15N nucleus. Therefore, the
downfield components of the two doublets give rise to a cross peak, since the NOE must
arise between pairs of protons bound to the same !5N nucleus. Similarly, the NOE
observed between the two upfield components is due to pairs of protons which are bound
to an 15N nucleus of opposite spin.

In both duplexes, it is evident that the intensities of the C14 H6:Cy4 H1' and AP;5
H8:APs H1' cross peaks are weak and of similar intensity as the other aromatic:H1' cross
peaks, suggesting that APs5 and Cj4 are anti, which excludes unusual geometries such as
those found in Hoogsteen or reverse-Hoogsteen base pairs.

3.4.3 Comparison of NOE Patterns in the Mismatch Region. At neutral and high
pH, the 2D NOESY spectrum of duplex I contains weak cross peaks from AP5 H8 to G4
H1' and APs H1', and the AP5 HS8 resonance is sharp. In duplex II, at neutral pH the AP5
H8 cross peaks to C4 H1' and APs H1' are both very weak in intensity, and the AP5 H8
and H6 resonances have somewhat broader line widths. Also, all cross peaks to the C4 H6
resonance (from T3 H1', C4 H1', and C4 HYS) are broad, suggesting some conformational

dynamics are occurring in the region of the mispair. The G5 H8-Cj4 H1' and G;5 H8-
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G5 HI' cross peaks are both very weak. At pH 9.0, these resonances are sharp and give
stronger cross peaks in the NOESY spectrum.

5.4.4 15N NMR Resonance Assignments. The direct-detected 15N spectra of 4-
15NH,-C4 labeled duplexes I (at pH 6, see Figure 5-5) and II (at pH 9) consist of one
triplet, indicating that there are two protons bound on the cytosine N4. The 4-1'NH»-Cy4
nitrogen resonates at 100.6 ppm in duplex I, and at 99.4 ppm in duplex II, referenced to
I5NH3. These values are consistent with the value of 99.6 ppm measured previously
(Sowers et al., 1989), originally referenced to 15N-aniline which is downfield of 15NH3 by
59.6 ppm (Witanowski et al., 1986). The chemical shift of the 2-1S5NH,-APs nitrogen
resonance was not measured.

5.4.5 1H NMR pH Titrations. The results from the 1-dimensional H NMR pH
titrations of duplexes I and II are shown in Figure 5-6. Titrations were performed at
identical salt conditions and temperatﬁre. In both duplexes, the appearance ofa very broad
resonance at 11.0 ppm is concurrent with the broadening and disappearance of the doublet
assigned to the hydrogen bonded 4-amino proton of C14. In the pH titration of duplex I,
the broad resonance at 11.0 ppm 1is detectable at pH 6.0 and below, and in duplex II at pH
6.4 and below. In the 9.5-11.5 ppm region of the NMR spectrum, broad resonances
typically éppear from aromatic ring nitrogen-bound protons which are protected from
exchange with bulk solvent, but are not hydrogen-bonded (i.e. for imino protons of
thymines in hairpin loops). Either the AP N1, with a pKa of 4.8 in a DNA polymer
(Janion & Shugar, 1973), or cytosine N3, with a pKg of 4.6 (Fasman, 1975) are likely
sites for protonation at low pH.

Broadening of the Cj4 amino proton doublet is evident at pH values lower than 6.4
for duplex I, and at pH values lower than 7.0 for duplex II. The broadening of the Ci4
amino resonance may be due to increased exchange with solvent, or to exchange with

another structural form on the intermediate NMR time scale, or both.
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Figure 5-5. 15N NMR spectrum of 15NH-Cj4 labeled duplex I, at pH 6 and 10 °C. ~
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Figure 5-6. 1H NMR spectra acquired at 15 °C during a pH titration of (a) DNA duplex

I and (b) DNA duplex II. Samples were 1.0 mM in duplex, 150 mM NaCl.
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The imino resonances are essentially unperturbed from pH 9.0 down to pH 5.0,
with only minor changes in chemical shift, and no apparent broadening. Below 5.0, the
iminos shift and broaden. This indicates that the standard Watson-Crick base pairs in both
duplexes are stable down to pH 5.0. _

5.4.6 15N-filtered pH and Temperature Series. In preparation for the one-
dimensional NOE experiments, sample pH and temperature were optimized in order to
sharpen line widths of the cytosine and 2-aminopurine amino proton resonances in Aduplex ,
II. The !5N-filtered pH and temperature series are shown in Figures 5-7 and 5-8.
Interestingly, increasing both pH and temperature affect the C and AP line widths
differently. pH was varied between 7 and 9 The double stranded C amino proton
resonances sharpen, the AP amino resonances remain unaffected, and the single-stranded C
amino resonances (resulting from an excess of the C-containing strand) broaden with
increased pH. The temperature was varied between 10 and 25 °C. The double stranded C
amino proton resonances sharpen and the AP amino proton resonances broaden with
increased temperature.

These contradictory effects are likely due to competing processes occurring in the
two different bases. Exchange of protons with solvent water, rotation of amino groups
about the nitrogen-carbon bond, and the overall tumbling rate of the molecule in solution
are major determinants of amino resonance line widths. It is difficult to separate the.
contributions from these two processes, since pH and temperature may affect some or all of
these rates.

5.4.7 One dimensional NOE Measurements. To identify the base pairing in the AP
mismatches, duplex II was annealed using strands containing 4-15NH,-C4, and 2-15NH;-
APs. In a wobble conformation, the two hydrogen bonded amino protons on the labeled
nitrogens are within 4.0 A, and therefore should give rise to an NOE. When the downfield
(hydrogen bonded) amino proton resonance on APs is saturated, a weak NOE is observed

on the downfield (hydrogen bonded) C;4 amino proton resonance (Figure 5-9). However,
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Figure 5-7. 1D 15N-filtered 1H NMR pH titration of duplex II containing 4-15NH-Cy4

and 2-15NHj-APs, acquired at 15 °C. This sample contained excess of the second strand,

as evidenced by the sharp single-stranded 4-15NH;-C 4 resonances.
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Figure 5-8. One-dimensional 15N-filtered IH NMR temperature series of duplcx I

containing 4-15NH;-C14 and 2-15NH;-APs, acquired at pH 8.8.

175



(a) |

(b)

saturate at
hydrogen bonded

AP amino proton

()

(d)

ppm

Figure 5-9. One-dimensional NOE data taken on duplex II with 15N decoupling during
acquisition. (a) 1H reference spectrum, (b) 1H spectrum with 1 sec saturation at the
hydrogen—bonded (downfield) APs amino proton resonance, (c) 1-dimensional NOE
difference spectrum generated by subtracting (b) from (a). A strong NOE is visible to the
APs5 geminal amino proton resonance, and a weaker NOE is observed to the hydrogen-
bonded Cj4 resonance. The saturated AP resonance is almost degenerate with a small,
sharp resonance which is due to excess single-strand present in the sample. (d) 15N-
filtered 1D !H spectrum. The amino proton resonances from the duplex are labeled. The
unlabeled resonance is assigned to one of the amino protons on 4-15NH;-cytosine due to

the presence of excess of the second strand (see Figure 5-8).
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when the reverse experiment is done, an NOE is not observed. A possible reason for this
asymmetry in the NOE is that the two protons undergo different rates of exchange with
solvent. Such a difference in rates might explain the differing pH- and temperature-

dependences observed in the line widths of the C14 and AP5 amino proton resonances.

5.5 _Discussion

5.5.1 Structure of the APC Mispair.

5.5.1.1 Imino vs. Amino Tautomers. The imino tautomeric form of DNA bases
has long been used to explain spontaneous and base analog-induced mutation (Watson &
Crick, 1953a; Watson & Crick, 1953b; Freese, 1959; Topal & Fresco, 1976; Saenger,
1983) (see Figure 5-3b). 15N-filtered TH NMR experiments show clear evidence that in 4-
15NH;-C14 labeled duplexes I and II and 2-15NH-APs5 labeled duplex I, two protons are
bound to the labeled 'nitrogens in the AP+C base pair. No evidence is seen for any extra
imino-type protons in the downfield region of the IH NMR spectrum which, if observed,
would suggest that one of the bases has a significant populatioh of imino tautomeric form.

Moreover in direct-detected 15N spectra of 4-15NH;-C14 labeled duplexes I and II,
one triplet is observed, indicating that one tautomeric form is detectable in which the
nitrogen resonance is split by two directly attached protons. The chemical shift of the
cytosine 15NH, resonance also provides information about the tautomeric state of the base.
The amino-imino tautomerization of 2-aminopyridine results in an estimated 115 ppm
upfield shift of the exocyclic 19N resonance (Witanowski et al., 1986). A similar shift can
be expected for the tautomerization of éytosine. Therefore, the measured chemical shift is
sensitive to the presence of even a small (i.e. 1%) population of imino tautomer in the fast
exchange limit. The 15NH;-C14 chemical shift in both AP-containing duplexes (100.6
ppm in duplex 1, and 99.4 ppm in duplex II) is within 2 ppm of that found in duplex DNA
(101.3 ppm, originally referenced to 2 M 1SNH4Cl in 2 M HCI, 29.4 ppm downfield of
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neat 15NHj3 in James et al., 1981). Therefore, the AP+C mispair does not seem to shift the
equilibrium at all toward the imino tautomer compared to a G*C pair.

Taken together, these data indicate that both C14 and AP5 are amino tautomers,
since two protons are observed on the exocyclic amino nitrogens, and no extra imino
protons were observed in the NMR spectrum. We have determined that the amino tautomer
is prevalent by at least 10- to 20-fold relative to any other tautomeric form, with the lower
bound set by the limited sensitivity of the ‘NMR experiment. To date, no structural study
has produced evidence for any substantial population of the rare imino tautomeric form of
bases in DNA, consistent with our findings here.

5.5.1.2 Watson-Crick Geometry. A standard Watson-Crick geometry pairing
between AP and C would result in a mispair stabilized By one hydrogen bond (Figure 5-
3a). Both !H and 15N chemical shift data argue against this pairing geometry. Since
amino protons of cytosines involved in Watson-Crick base pairing with guanine typically
resonate between 8.0 and 8.6 ppm, the downfield chemical shift (9.16 ppm in duplex I and
8.94 ppm in duplex II) of the 4-amino proton of Ci4 is highly suggestive that it is
hydrogen bonded to the ring nitrogen. The Cj4-amino to AP-H6 NOE is weaker than
would be expected for the very short distance in the W-C geometry, and is more consistent
with a wobble. Additionally, the 19N chemical shift of the C14 N4 (100.6 ppm in duplex I
and 99.4 ppm in duplex II, referenced to 15NH3) is consistent with a hydrogen bond at the
Ci14 4-amino group (Sowers et al., 1989). However, in the standard W-C geometry for the
AP+C mispair the C14 4-amino group is not hydrogen bonded. This geometry is also
inconsistent with previous work by Goodman and Ratliff (Goodman & Ratliff, 1983),
which showed that the UV absorption spectra of polynucleotides containing 2-aminopurine
were characteristically red-shifted in the presence of cytosine, which suggests that AP*C
mispairs contain a hydrogén bond at the N1 position of AP.

Protonation at N1 of APs or at N3 of C14 would result in a charged base pair with

Watson-Crick geometry stabilized by two hydrogen bonds (see Figure 5-3c). A proton at
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one of these positions would likely resonate in the downfield region of the exchangeable
proton NMR spectrum (>10 ppm) due both to its involvement in a hydrogen bond and its
- positioning in between and in the plane of two aromatic bases, which would further
deshield the proton through ring current shift. At pH below 7, the hydrogen-bonded Ci4
amino proton resonance is broad and a resonance is visible at about 11 ppm, the region
expected for base protonation. However, at neutral and high pH there is no longer a
resonance at 11 ppm, and all resonances in the downfield region of the NMR spectrum
have been otherwise assigned, indicating that protonation is not occurring. The proton
NMR spectrum remains essentially unchanged from pH 7 to 9, indicating that no
significant structural rearrangements or changes in charge state are occurring in this range.
Therefore, I observe no evidence for protonation of APs at the N1 position, or of C14 at the
N3 position in either duplex at neutral pH.

Previous NMR studies of a DNA heptamer duplex containing an AP*C mispair
suggested that at neutral pH, the cytosine paired with AP in the local sequence GAPG:CCC
is protonated at the N3 position (Sowers et al., 1986). With the use of selective 15N
labeling I am able to make unambiguous assignments of the exchangeable protons directly
involved in the AP+C mispair, which contradict this earlier assignment. Direct evidence
from 1D ISN-filtered and 2D !H NOESY spectra in this study shows that the resonance
assigned to a cytosine N3 proton in previous work (at 9.37 ppm) (Sowers et al., 1986) is
actually a downfield shifted cytosine NH; proton (at 9.16 ppm in duplex I in this study).
Additionally, a resonance previously assigned to an AP amino proton (at 6.60 ppm) is
properly assigned to the upfield Cy4 amino‘proton (at 6.26 ppm in duplex I in this study).

These corrected assignments are consistent both with our current observations and
with the observed NOE patterns in the previous NMR study. The assignments qualitatively
are more reasonable since in the previous NMR study, no assignments were made for the
amino protons of the cytosine in the AP*C mispair. Cytosine amino proton resonances, in

both double- and single-stranded DNA, typically are sharper and hence more readily
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observed by NMR than guanine or adenine amino protons. Guanine and adenine amino
groups often rotate at or near intermediate exchange on the NMR time scale, causing severe
broadening of the amino proton resonances and making assignment of these protons
difficult. In the study by Sowers and coworkers, although assignments were not made for
the two cytosine amino protons in the APC mispair, assignments were made, however,
for the 2-amino protons on 2-aminopurine which are more likely to behave similarly to
guanine and adenine amino protons in the NMR spectrum. Therefore, I conclude that these
previous assignments were in error, and led to the incorrect conclusion that the APsC base
pair 1s protonated and in Watson-Crick geometry.

5.5.1.3 Wobble Geometry. The presence of stable wobble pairs in DNA and RNA

has been established by NMR spectroscopy (Patel et al., 1982; Hare et al., 1986) and X-
ray crystallography (Brown et al., 1985; Kneale et al., 1985). A wobble geometry for the
AP+C mispair in DNA (see Figure 5-3d) was first suggested by Janion and Shugar (1973)
and evidence for this geometry was observed at high pH (Sowers et al., 1989). In these
studies the geometry of the AP+C base pair was determined to be wobble at high pH by
utilizing 15N chemical shift data to identify base nitrogens which are directly involved in
hydrogen bonding interactions.

Several lines of evidence in the present study lead to the conclusion that the AP*C
base pair is in a wobble geometry at neutral and high pH. !H NMR spectra of the two
duplexes are essentially identicgl at pH 9.0 and pH 7.0, with some resonances in the
mismatch broadening somewhat at neutral pH. Therefore, it appears that the structure of
the AP+C base pair present at pH 9.0 remains dominant at neutral pH. The structure at
lower pH is less clear.

The unusual chemical shift (9.16 ppm in duplex I and 8.94 ppm in duplex II) of the
4-amino proton of Cj4 also supports that the local structure may not be that of typical B-
- form DNA, and that the base pair may not be in a normal Watson-Crick geometry. Since

amino protons of cytosines involved in Watson-Crick base pairing with guanine typically
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resonate between 8.0 and 8.6 ppm, the downfield chemical shift of this amino proton is
highly suggestive that it is hydrogen-bonded. A wobble geometry is the only proposed
geometry for the AP*C base pair in which the C14 4-amino group is hydrogen-bonded (see
Figure 5-3). In fact, the chemical shift of this resonance (9.16 ppm) is downfield relative
to cytosine amino protons which are involved in a GeC base pair. This is consistent with a
wobble geometry, in that the cytosine amino proton is directly hydrogen-bonded to AP5
N1. In this geometry, the hydrogen bonded cytosine amino proton is likely to be 1.7-2.1
A from the edge of the 2-aminopurine base, and may be shifted further downfield than
usual due to an aromatic ring current shift. In a G*C base pair, the cytosine amino protons
are approximately 2.6 A from the edge of the guanine base, and consequently should have
a smaller ring current shift. Moreover, a wobble geometry is consistent with previous
studies which showed that the UV absorpﬁon spectra of polynucleotides containing 2-
aminopurine were characteristically red-shifted in the presence of cytosine (Goodman &
Ratliff, 1983), which suggests that AP*C mispairs contain a hydrogen bond at the N1
position of AP. This type of wobble geometry has also been proposed by Patel and
coworkers for the O%-ethylguaninescytosine base pair which could pair in a Watson-Crick
geometry stabilized by one hydrogen bond, but instead forms a wobble pair stabilized by
two hydrogen bonds (Kalnick et al., 1989). Formation of this pairing geometry by the O°-
ethylguanineescytosine base pair is supported by NMR and crystallographic data (Sriram et
al., 1992; Sriram et al., 1994). It appears that the additional hydrogen bond gained in
going from a Watson-Crick geometry to a wobble geometry makes up for any loss of
interbase stacking interactions.

1-dimensional NOE experiments have been used previously to establish the
geometry of the G*T wobble pair (Patel et al., 1982; Quignard et al., 1987). The GT
wobble pair is well-suited for NMR studies because the interbase hydrogen bonds occur
through imino protons (Figure 5-1). Imino proton resonances are relatively well-dispersed

in the NMR spectrum and have reasonably narrow line widths, simplifying 1D NOE
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experiments which provide direct evidence for the wobble geometry. A key difference
between the AP*C wobble and the G*T wobble, however, is that the interbase hydrogen
bonds in the AP+C wobble pair occur through amino protons, which tend to have broader
line widths than imino protons and often overlap with aromatic proton resonances, making
1D NOE experiments difficult. In this study, the 1D NOE experiments taken on the AP*C
mispair at high pH show direct evidence that the cytosine amino group is within 5.0 A of
the AP amino group (Figure 5-9). This requires that the AP»C mispair be in a wobble
geometry. The NOE is weak, however, probably because of the large line width of the AP
and C amino protons.

5.5.2 Sequence Dependence of Structure. Stacking interactions with nearest-
neighbor bases affect the local structure and helical stability around a DNA base pair
(Werntges et al., 1986; Modrich, 1987; Ke & Wartell, 1993; Doktycz et al., 1995). The
sequence dependence on the stability in the region of the AP+C mispair is evidenced in two
ways: first, through the pH dependence of the NMR spectra for the two duplexes, and
second, through the differences in dynamics of the bases near the mispairs in duplexes I
and II.

Below neutral pH (Figure 5-6), the mispair resonances in both duplexes appear to
undergo a structural change which is localized to the mispair, since there are no major
chemical shift or line width changes in resonances outside the mispair, and the eight imino
protons observed from the eight flanking base pairs are relatively unaffected. The two
duplexes exhibit somewhat different pH-dependence for this structural change, with the
transition occurring approximately 0.5 pH units higher in duplex II than in duplex I.

Duplex II shows more evidence of local dynamics near the mispair at neutral pH
than duplex I. Exchangeable and nonexchangeable protons in the AP5*C14 mispair and the
adjacent C4°G15 base pair show evidence of dynamics since NOESY cross peaks involving
these protons are weak, due at least in part to broader line widths. No such effect is seen

for duplex I. The difference in dynamics observed suggests that the stacking stabilization
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of the C4-APs step in duplex II is smaller than that of the G4-APs step in duplex I. These
observations are consistent with calculated thermal stabilities of stacked DNA doublets
containing AP paired with T, which predict that the doublet C-AP is far less stable than the
doublet G-AP (Petruska & Goodman, 1985). It should be noted however, that the
stacking stabilization of these doublets ‘will differ somewhat when AP is paired with C
rather than with T.

Therefore, it appears that the stability of the AP*C base pair may depend in part on
interactions with and the stability of nearby base pairs. The difference in stacking energies
between the purine-AP-purine sequence (duplex I) and the pyrimidine-AP-pyrimidine
sequence (duplex II) may impart differing stability to the wobble base pair and local
structure. |

5.5.3 Implications for Misinsertion and Repair of AP. A model has been
developed to describe the method of discrimination by DNA polymerase in selecting the
correct base for insertion and in editing misinserted bases. In this model, the polymerase
screens according to the base-pairing free energy of the pair and the precise geometry of the
Watson-Crick base pair (Kornberg, 1980; Echols & Goodman, 1991), perhaps by
measuring bond angles and the cross-strand C1'-C1' distance which are remarkably similar
in AeT aﬁd G+C base pairs (Saenger, 1983). This selection process allows the polymerase
to distinguish the proper base from all other substrates by a factor of 103-105, so that at
low fréquencies other bases are misinserted.

According to this model, the wobble structure of the AP*C mispair may account for
the strong preference of DNA polymerase to insert AP opposite T rather than C (Watanabe
& Goodman, 1981; Watanabe & Goodman, 1982). Although both AP+C and AP*T
mispairs each consist of two hydrogen bonds, the polymerase can distinguish the two base
pairs based on their differénces in geometry, and inserts the Watson-Crick-like APeT
mispair (Sowers et al., 1986) at a higher frequency than the wobble AP+C mispair

(Watanabe & Goodman, 1981).
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Likewise, the increased rate of insertion of AP opposite C relative to A‘ (Mhaskar &
Goodman, 1984) is consistent with the wobble structure of the AP*C mispair. In both
APeA (Fazakerley et al., 1987) and AP*C mispairs, two hydrogen bonds are formed with
amino protons to generate wobble base pairs, with both bases in the anti conformation.
However, the AP*A mispair consists of two bulky purines which deviate further from
Watson-Crick geometry compared to the AP*C mispair, which consists of one purine and
one pyrimidine. Therefore, the AP*C wobble pair may be more easily recognized as a
substrate by the polymerase.

The results from this study indicate that the structure and stability of the AP+C
mispair is somewhat dependent on local sequence. This has potential implications for the
observed dependence of single-site mutation rates with nearest-neighboring bases (Pless &
Bessman, 1983; Mendelman et al., 1989; Joyce et al., 1992; Mitra et al., 1993). The
mutagenicity of AP has been shown to be strongly dependent on the local DNA sequence at
the mutation site (Ronen, 1979). The local DNA sequence, specifically the extent to which
the primer-3'-nearest neighbor can stabilize an incoming dNTP substrate at the polymerase
active site, has been shown to influence efficiency of AP misinsertion opposite T by DNA
polymerase (Pless & Bessman, 1983; Petruska & Goodman, 1985; Bloom et al., 1993).
These effects are attributed to base stacking interactions between the incoming AP
nucleotide and the 3'-primer terminus.

In a similar manner, local DNA sequence has a profound effect on the editing
efficiencies of polymerase-associated proofreading exonuclease, which is sensitive to the
degree of single-strandedness at a primer-3'-terminus. A striking indication of the effect of
local sequence context on the editing of base pairs involving AP was demonstrated in a
presteady state kinetic study of exonucleolytic proofreading by bacteriophage T4 DNA
polymerase (Bloom et al., 1994). As expected, excision of AP located at a primer-3'-
terminus opposite each of the four template bases, within the same surrounding sequence,

occurs at rates that are consistent with calculated thermal stabilities of each base pair
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(Petruska & Goodman, 1985). AP opposite T is excised at a relatively slow rate, while
excision of AP opposite A and C occurs more rapidly. AP is removed most rapidly when it
is opposite G, since no hydrogen bonds are formed. However, a Watson-Criék-l_ike AP-T
mispair in an A,T-rich environment is removed relatively rapidly compared to an AP<C
mispair in a G,C-rich environment, demonstrating the importance of localized sequence
context on proofreading specificities. Studies which utilize 2-aminopurine to measure rates
of DNA base insertion, proofreading, or repair must now consider the AP*C wobble base
pairing. The dependence of the stability of thé AP+C mispair on the local sequence context

highlights the need for consideration of this effect in such studies.
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Chapter 6

Summary and Conclusions

Much can be learned about DNA and ligand-DNA complexes at the molecular level
through the use of NMR spectroscopy and molecular modeling. In the preceding chapters,
the binding behavior of distamycin and conjugated distamycin analogs containing reactive
agents was examined. One- and two-dimensional NMR experiments were used to
characterize the binding site, orientation, stoichiometry, and qualitative affinity of ligand
binding to several short DNA dligomers.

The observed mode of distamycin binding can be correlated with sequence and
structural features of the DNA binding sites. It was found that distamycin binds to A-tract
sequences with high affinity in the 1:1 mode. This result suggests that A-tracts have
narrowed minor grooves as has been observed in crystallographic studies, and that there is
an energetic cost to widening the groove of such sequences. Other A,T-rich sequences,
such as the alternating 5'-ATATAT-3' site, bind a single distamycin with low affinity, but
b‘ind a second distamycin with high affinity, resulting in a cooperative 2:1 ligand:DNA
complex. The minor groove of a 2:1 complex is 3 to 4 A wider than that of a 1:1
ligand:DNA complex. This implies that the minor groove is inherently wider in these DNA
sequences, and there is an energetic cost to reducing the minor groove width to form a high
affinity 1:1 complex.

These observations are supported by the studies of inosine-containing sites. The
results from distamycin binding studies clearly indicate that I,C- and A, T-rich regions have
different structural features despite the fact that the functional groups in the minor groove
are identical in these two sequences. The I,C regions are likely to have a wider minor
groove, leading to higher cooperativity of distamycin binding. Although the groove may

be wide enough to accommodate two ligands side-by-side, the absence of 2:1 corhplex
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-formation in IICC strongly suggests that a four base pair site is too short to accommodate a
2:1 complex. Additionally, comparison between distamycin and netropsin binding to the
asymmetric site AAAA indicates a large difference in the orientatiohal preference of the two
ligands. Netropsin, perhaps because of the presence of a second positive charge, binds in
either orientation equally well. This result highlights the need for further study of the
effects of end groups and placement of charged groups on ligand sequence specificity.
| Understanding of these issues is critical for the rational design of ligands which bind target
DNA sequences.b

Molecules which direct chemistry to DNA can be and are used as anticancer
treatments, and molecules which direct chemistry to DNA sequence-specifically have many
possible applications including use as tools in molecular biology, as antiviral treatments or
as diagnostic probes. Two conjugated ligands were studied which contain reactive agents
which alone have little or no sequence specificity. The reactive groups were tethered to a
netropsin or distamycin moiety, with the intention of increasing sequence specificity of the
reactive agent. The first ligand studied, netropsin-diazene, contains a TMM diyl precursor
which has been shown to cleave DNA. It was found that this ligand binds at the predicted
site AAAA, but the precise orientation of the diazene moiety could not be determined from
the data. The .presence of the diazene reduced both the binding affinity and the orientational
binding preference of the ligand compared to the parent compoﬁndvdistamycin. These
effects are important considerations in rational ligand design, since it appears that ligand
binding behavior cannot necessarily be predicted by the known behavior of the parent
molecule. The second conjugated ligand studied, XL-Dst, contains a 2,3-
bisthydroxymethyl)pyrrole moiety which covalently cross-links the two DNA strands. The
design of this ligand was based on the pharmacophore of mitomycin C, and the covalent
complex exhibits many similarities to mitomycin. It was found that the tether bridges one

base pair, which may have implications for future design.
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In Chapter 5, the geometry of the 2-aminopurinescytosine mispair in DNA was
determined. At least four models have been proposed for the geometry of this mispair.
Through the use of NMR spectroscopy with selective 15N-labeling of exocyclic amino
nitrogens on bases of inicrest, this study resolves ambiguities in previous work. I show
here that, in two different DNA sequences, the AP*C mispair at neutral and high pH is in a
wobble geometry. Results from NMR pH titrations and analysis of NOESY data indicate
that the structure and stability of this base mispair is dependent upon the local DNA
sequence. These results will contribute to the overall understanding of polymerase fidelity
~ and repair processes in mutagenesis. Researchers who use 2-aminopurine as a fluorescent
probe to measure rates of DNA base insertion, proofreading, or repair must now consider
the AP+C wobble base pairing.

In summary, the studies presented here examine a DNA mispair and several ligand-
DNA complexes by NMR spectroscopy. The forces contributing'to sequence specific
binding are complicated, and are often difficult to separate and examine individually. By
studying one ligand (distamycin) binding to various DNA sequences, or by comparing the
binding of related ligands (netropsin, netropsin-diazene, XL-distamycin) to a particular
DNA sequence, insights are gained into the subtle structural features of DNA and the
requirements for ligand binding. Knowledge of the unusual structure of a base mispair will
contribute to understanding interactions of polymerases with DNA, and DNA recognition
by repair enzymes. Together, these studies contribute to a better understanding of

intermolecular interactions in biology.
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