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Abstract

The structural basis of protein-DNA recognition is examined with an emphasis on the
DNA-protein interactions of the Cro repressor protein from bacteriophage A. The
groundwork for the determination of nucleic acid structure in solution using nuclear
magnetic resonance techniques is illustrated with mathematical procedures for distance
determination, NOE data assessment, and NOE-based refinement. These NMR methods
are used to determine the solution conformation of two self-complemernitary DNA octamers.
The DNA duplexes are of alternating purine-pyrimidine sequence and demonstrate the
diversity of DNA structure. Also determined is a DNA decamer, which comprises t"c cft
ten base-pairs of the OR3 operator sequence from phage A. All DNA structures are
generally B type in character, but display local sequence-dependent variations in their
conformation. The structure of the left ten base-pairs of Or3 is compared to the
corresponding DNA sequence from the crystallographic determination of the related A cl
repressor N-terminal domain-operator DNA complex. Despite the structure of the DNA
being determined by different techriques, the conformation of the DNA is nearly the same,
especially in regions not contacted by the protein. The interaction of this half-operator with
wild-type and mutant Cro repressor proteins is detailed. A loss in DNA-binding ability of
cross-linked Cro occurs in conjunciion with a iuss in flexibility. Formation of the complex
between left ten base-pair half-operator and the native Cro repressor is studied. The ORr3
operator sequence is pseudo-symmetric, with its syrmetry axis co-existing with the two-
fold symmetry axis of the Cro protein. By characterizing the binding strengths and
stoichiometries of different half-operator DNA sequences, the role of symmetry in protein-
DNA interaction is highlighted. Implications of these investigations into the DNA-Cro
repressor system from bacteriophage A are discussed in terms of general protein-DNA
recognition and of the techniques required for the study cf protein-nucleic acid interaction.
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Chapter 1

The Structural Basis of DNA-protein Recognition



A. Introduction

DNA-protein recognition plays a central rele in biology. The association of protein with
DNA has been shown to regulate cellular events as diverse as metabolite utilization, growth
and development, and cell differentiation. A better understanding of the way in which
proteins modify transcriptional activity will lead to de novo methods of correcting aberrant
processes in human disease, and of altering the genetic expression of commercially
applicable biological processes to effect designed and beneficial changes for society.

Proteins are important in nearly all biological processes—in catalysis, transport,
coordinated motion, excitability, and the control of growth and differentiation. Their level
of activity can modulated in two ways—by regulating the ability of the protein to carry out
its function, for example, by adding co-factors or by product inhibition, and by regulating
the quantity of protein produced. The information encoding the kinds and amounts of
proteins to be made is contained in the DNA of the cell. The genetic information encoding
the protein is first transcribed by RNA polymerase to produce an intermediate RNA
molecule (Figure I-1). The binding site of RNA polymerase on DNA is termed the
promoter. Synthzsis of proteins according to the information content of the RNA molecule
is called translation, and is carried out by ribosomes. Certain proteins can bind at specific
locations on the DNA, called operator sites, and regulate the transcriptional activity at or
near the site of interaction. It is the purpose of this thesis to explain how protein and DNA
recognize each other.

In this introduction, the different mechanisms by which proteins and DNA recognize
each other and the diverse techniques used to study protein-DNA interaction are illustrated.
Particular emphasis is placed on the use of nuclear magnetic resonance (NMR) techniques
which is used in subsequent chapters to study the Cro repressor protein-Or3 operator DNA
system from the bacteriophage A. Recent crystallographic determinations of DNA-protein
complexes (involving the A repressor, phage 434 repressor, phage 434 Cro, Trp repressor,
and EcoRI endonuclease proteins) have contributed greatly to an understanding of protein-
DNA recognition. Also reviewed are two systems for which NMR techiniques have
contributed significantly—the Zn finger proteins, and the Escherichia coli LLac repressor
protein. In particular, the structural and systematic mutational analysis work from this
decade (1980-1989) is emphasized, with much of the previous elegant biochemical and
genetic studies either referred to or summarized bricfly.
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Information encoding the amino acid sequence of a protein is stored in the DNA base
sequence of a structural gene. RNA polymerase binds at the promoter sequence to
transcribe a RNA copy of the DNA sequence. Transcription can be regulated by repressor
proteins that bind to the DNA at operator sequences. Proteins are synthesized by ribosomes
that read the information content in the RNA and translate it into the amino acid sequence.



B. Structure determination using nuclear magnetic resonance techniques

Dramatic improvements in NMR instrumentation and methcdology have made it
possible to determine the three-dimensional structures of small proteins and nucleic acids in
solution. It has been gratifying to see a large part of this revolution in structure
determination occur during my career as a Ph. D. student. My intention is not to discuss the
mechanics of structure determination using NMR (this is done in a monograph by
Wiithrich, 1986; is reviewed by Bax, 1989; van de Ven & Hilbers, 1988; and examples are
given in subsequent chapters of this thesis) nor the modern NMR techniques used in this
process (se¢ Bax, 1982; Morris, 1986; Ernst et al., 1987). However, an outline of the
procedure is given, and the most important recent developments are highlighted.

Structurc determination using NMR generally consists of three sequential steps: (1),
assignment of resonances in the 'H NMR spectrum to specific nuclei of the moleciile; (2),
estirnation i iinerproton distances by measuring the extent of the dipolar relaxation
~athway ber~czn protons with the nuclear Overhauser effect; and (3), the incorporation of
the spatial information to generate a model by a method such as distance geometry or
restrained molecular dynamics.

A one-dimensional 1H NMR spectrum of a protein (Cro repressor) is shown in Figure
I-2. Each resonance originates from a particular proton of the protein. The resonance
position in the spectrum reflects the shielding of the nucleus by surrounding electrons, with
decreasing resonance frequency corresponding to more shielded protons (towards the right
of the spectrum). Backbone amide and aromatic side-chain protons are the most de-shielded
and resonate about 6 10 10 ppm higher relatively io a commonly used reference signal from
the methyl protons in DSS (dimethylsilapentanesulfonate). Protons on the o carbon
typically resonate between 3 and 5 ppm, methylene protons between 1 and 3.5 ppm, and
methyl protons between 0 and 2 ppm. Because of the unique spatial fold of the protein and
the different chemical nature of the twenty amino acid residue types, there are differences in
chemical shift, for example, between two o protons. The assignment problem is to find the
resonance frequency for each proton of the macromolecule.

Resonance assignment first requires the observation of non-overlapping resonances in
the NMK spectrum. The most important methodological development has been the
introduction of multi-dimensional NMR, spreadinz the sevcrely overlapping one-
dimensional NMR spectrum into two, and now, three, orthogonal frequency dimensions.
Key instrumental improvements have been the introduction of computers to handle the
experimental data, and higher-field instruments to further increase spectral resolution. The
increase in field strength and improved radio-frequency technology has also led to a large
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Figure I-2 One-dimensional 1H NMR spectrum of Cro repressor protein.
The one-dimensional spectrum of the Cra repressor protein was measured at 500 MHz on a
sample concentration of 0.75 mM in 2 buffer of 50 mM KCI, 10 mM KHPO4, 10 mM
KH,PO4, pH 6.9 in D70 at 30°C. Residual HOD was suppressed by decoupling during
the relaxation delay (1.8 sec.) between scans (16 in total). Backbone amide protons have
been exchanged for solvent deuterons (and normally resoriste between 6 and 10 ppin).

Resonances from aromatic side-chain protons are between 6 and 8 ppm. Aliphatic protons
resonate between 0 and 6 ppm (see text for details).



increase in NMR sensitivity, enabling structural studies at millimolar concentrations (and
less). A sample concentration of several millimolar is required on our 1982 'vintage'
Nicolet 300 MHz spectrometer for the acquisition of two-dimensional spectra with
sufficient quality for structure determination. By way of contrast, the structure
determination of DNA duplexes was carried out on a Varian XL-400 spectrometer (circa
1985) at submillimolar concentration (Chapter III). Further improvements in sensitivity and
spectral dispersion with the installation of a Varian VXR-500 spectrometer in 1986
permitted studies of larger DNA duplexes (Chapter I1V) and of their interaction with DNA-
binding proteins (Chapters V and VI). Procedures that exploit the correlation of resonarice
frequencies through the spectral properties of nuclei involved have been developed and
have become the method of choice for resonance assignment (reviewed by Wiithrich, 1986;
Bax, 1989).

The interaction of nuciei in a molecule allows the design of NMR experiments to
correlate resonance frequencies with each other. Different information can be obtained for
the conformational relationship of two protons, depending on the type of correlation
measured. For exampie, two protons that are separated by three bonds have a spin-spin
coupling constant which can be measured by resonance line splitting in one-dimensional
spectra, and by the observation of cross-peaks in two-dimensional correlation spectroscopy
(COSY) spectra. The coupling constant, J, has a characteristic dependence on the dihedral
angle, O:

J(®) = Acos20 - BcosB + C ¢))

where A, B, and C are empirically determined constants {reviewed by Bax, 1989
Measurement of coupling constants gives dihedral angle information in a molecule. Maore
useful is the NOE experiment which measures the rate at which protons exchange their
nuclear magnetization. Perturbation of the magnetization of a nuclear spin, i, affects the
magnetization of a spatially proximate spin. i, in a time-dependent manner. At short times,
the effect is inversely proportional to the si«:h power of the distance between the spins:

NOE = K- rij'6 2)

where the constant K is dependent on the rotational correlation time between spins i and j.
This constant is typically determined using the observed NOE for a proton pair of known
distance, such as the 1.76 A separation of two methyle. protons. Because the dependence
on the sixth power of the distance, the NOE is only observable for two protons less than S
A or so. Nonetheless, several hundred crosspeaks are often observed in two-dimensional



NOE (NOESY) spectra, and the intensities of the crosspeaks between resonance
frequencies can be used to determine the distance between the two protons involved.

The determination of structure with high precision requires as many distances as
possible, and these distances to be as accurate as possible. Because the NOE intensity can
be measured with an accuracy of about 10%, one might expect distances to be determined
with very high accuracy (+1.5%, Bax, 1989). In practice, local internal motions give rise
to different rotational correlation times for different interproton vectors, and the NOE
between two protons is often modified by indirect or relayed NOE effects. The effects of
motion can be modelled by a differential motion model to take into account the presence of
fast local motions (Chapter II; Baleja et al., 1990). With the availability of faster
computers, indirect NOE contributions can be taken into account (also discussed in Chapter
ID).

However, the low ratio of the number of observables over the number of
conformational parameters reflects one of the problems for structure determination using
NMR techniques. The NOE-based refinement method (Chapter I1) has the potential to use
NMR parameters that cover a larger region of conformationai space, and therefore to better
determine structures in solution using NMR. Structure determination methods (reviewed by
Kaptein, 1988) generally incorporate standard geometrical constraints, such as bond
lengths, bond angles, and van der Waals radil, to generate structures consistent with the
experimental data. Restrained molecular dynamics simulations are used in Chapter 11l and
IV to generate nucleic acid structures.

Further advances in NMR structure determination technology will ensure its place as a
method of choice for the determination of structure to high accuracy in solution. For
suitable small proteins, the structure can sometimes be determined in less than a few
months (Bax, 1989). Even at relatively low resolution, NMR structures offer valuable
complementary information to those solved by X-ray crystallographic means, and have
sometimes indicated crystal packing perturbations in the crystal structure. Larger proteins
are being studied by the incorporation of NMR-active stable isotopes ( 15N, 13C, 24, 19F)
which result in spectral simplification and in easier resonance assignment. Since NMR can
probe motions over a time scale spanning ten orders of magnitude, it can provide
significant insights into the role of protein dynamics with respect to their function in
biology. NMR enables researchers, for the first time, the opportunity to study the
structures of biological macromolecules in solution. It has been a pleasure to contribute to
and to observe the development of the field. Later in this chapter, I shall illustrate the
results using NMR for structure determination for the Lac repressor headpiece and its
complex with DNA.



C. DNA-protein Recognition Systems
1. The reguiation of the mode of growth in bacteriophage A

To indicate the importance of protein-DNA recognition in biology, the regulatory
system concerning the mode of development from bacteriophage A is discussed in sor:
detail. The A phage has a double-stranded DNA genome organized into functional units
(Friedman et al., 1984). As a temperate phage, it can adopt either one of two mutually
exclusive life styles: lytic or lysogenic. Upon infection, phage DNA is injected into the host
bacterium, Escherichia coli. In the lytic pathway, phage gene expression leads to the
production of phage particles and the lysis of the bacterium. In the lysogeric pathway, two
separate events occur—the phage genome recombines with the bacterial chromosone to
integrate the phage DNA into the host chromosone, and the phage produces a repressor that
binds to particular sites on the phage DNA to shut off synthesis of most phage-encoded
products. The integrated phage, called a prophage, is maintained by the bacterium in a
quiescent state until an inducing event such as DNA damage occurs. Upon induction,
phage repression is removed, the prophage is excised from the bacterial chromosome, and
phage particles are produced, as in a lytic infection.

The decision between lysis and lysogeny iminediately following infection of the host
bacterium is dependent on two main environmental factors: nutritional conditions of the
host and the muitipiicity of infection. Thie establishinent of cither the lytc or Iysogenic
mode involves the interaction with several host proteins, and has been extensively reviewed
(Friedman et al., 1984; Hendrix et al., 1983). Here, the molecular events involving the
maintenance of the lysogenic state and the induction of the lytic cycle are described to
provide an insight into the significance of protein-DNA interaction in biclogy.

The bacteriophage A encodes two proteins that play contrasting roles in determining its
mode of growth. One of these is the product of the cI gene, and is classically called the A
repressor. It is required for lysogeny. The other is the product of the cro gene, herein called
Cro repressor, and is required for lytic growth.

The effects of A repressor and Cro repressor result from their differential binding to
two operator regions on the phage chromosone (Figure 1-3).
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Figure -3 Genetic map of phage A

The top line of the figure outlines the genome of bacteriophage A. Representative genes are
given for each functional group (adapted from Fr: >dman et al., 1984). The genes associated
with regulation of the life cycle of A are illusirated in the middle. The bottom line shows an
expansion of the regulatory region around the right operator region. Cro repressor binding

at Or3 prevents transcription required for the lysogenic pathway. The product of the ¢!

gene, called A repressor, binds most strongly to the Or1 operator site and prevents

transcription of the cro gene.



The left operatos, Or, controls transcription from a set of early genes. The primary
events regulating the maintenance of the lysogenic state and induction of the lytic state
involves interactions of proteins with the right operator region Or. Within this region there
are three similar, but not identical DNA sequences, Ogr 1-3, which are the preferred binding
sites for the A and Cro repressors. A repressor protein binding at Or3 prevents RNA
polymerase from binding at Prpm, and therefore leftward transcription of the cI gene. A
repressor protein binding at Or1 overlaps with the Pr promoter, preventing initiation of
rightward transcription of the cro gene. The differential binding affinities of A and Cro
repressor for these three sites explains their contrasting roles in the life cycle of A A
repressor binds most readily to the Orl and OR2 sites, Or3 only being filled at higher
concentrations of protein. Cro repressor prefers Or3, and only fills the remaining sites

when Cro levels are high.
a. Lysogeny

Under conditions of lysogeny, there are approximately 200 molecules of A repressor
per cell, and nearly zero Cro repressor (Shea & Ackers, 1985). A repressor binding at Or1
prevents Cro synthesis and the lytic part of the life cycle. When A re_ essor is bound at
OR2, transcription from Prpm is activated (Hochschild et al., 19¢ 3). Transcription is not
enhanced by an induced change in DNA structure downstream from ORgr2, but by
presenting sites the protein additional to the promoter site which increase RNA
polymerase binding. If A repressor levels become too high, the Or3 site is filled, also
repressing PrM, and temporarily slowing the synthesis of A repressor mRNAL Therefore,
the A repressor acts both as a repressor of (mainly) cro transcription, and activates its own.
The level of A repressor present in a lysogen is sufficient to prevent expression of most of
the viral DNA functions until activated by an inducing signal in the environment. This
suppression also prevents other phage from super-infecting the bacterium, leading to a type
of immunity.

1However, concentrations of A repressor rarcly reach this level in vivo, so that autogenous negative control
is most likely not significant in stabilizing the repressor Ievel in a lysogen. Low levels of cro (from

transcription lcakage) are move likely important.
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b. A genetic switch—induction to the iytic state from the lysogenic state

The A prophage is essentially an inert piece of genetic material kept dormant by virtue
of the A repressor. The central event in induction is the remaval of repression, which 1s
accomplished by destruction of the A repressor. Now in the lytic state. the phage genome
multiplies autonomously and phage components are synthesized and assemblied. The lytic
events culminate in the production of infectious pnage particles which are eventually
released from the lysed host cell.

The best studied system of induction is by exposure of the bacterial lysogen to ultra
violet light, or various compounds known to alter DNA metabolism. E. coli reacts to DNA-
damaging stimuli by a mechanism known as the SOS response. The single-stranded DNA
formed as a result of DNA damage is a co-factor for a host protein, the recA gene product,
which has several DNA recombination and repair properties. It also activates a proteolytic
activity associated with RecA protein, which , in tum, results in activation of expression
for a set of damage inducible genes, enabling the bacterium to repair damage. The SOS
response also signals the possibility of the imminent demise of the host, and therefore the
demise of the prophage. To save itself, the prophage must be able to heed a strong SOS
signal (RecA protein). and escape the dying host by growing lytically.

At high levels of DNA damage, when host survival is clearly imperiled, the RecA
protein stimulates cleavage of the A repressor. Cleaved A repressor has sufficiently reduced
affinity for the Op1 site so that RNA polymerase can now transcribe at Pr. A burstin the
levei of Cro repressor results. Tite Cro repressor binds at the CR3 site, preventing any
further production of A repressor and this commits the cell to the lytic cycle of phage
development. The dormant phage can now become virulent.

Regulation of the life cycle of phage A is a clear example of one of many biochemical
processes governed by protein-DNA interaction (Jacob & Monod, 1961). The mechanisms
by which Cro repressor protein distinguishes Or3 from other DNA sites are not only of

interest as a focal point of this thesis, but also as a general model for protcin-DNA
interaction.
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c. The interaction of Cro repressor with DNA

i. A maodel for the interacton of Cro with B DNA

Much of the work in deciphering how the Cro repressor recognizes DNA began with its
purification (Folkmanis et al., 1976). Subsequent assessment of in vitro properties and
amino acid sequence (Takeda et al., 1977; Hsiang et al., 1977; Roberts et al., 1977; Figure
1-4) revealed a small basic dimeric protein of identical subunits of molecular weight 7351.
Filter-binding assays show that it bound most tightly to the DNA containing the Op and Og
operator sites, but that it also bound other DNA sequences, but with up to several orders of
magnitude lower affinity. DNAase protection studies (reviewed by Ptashne et al., 1980),
show six major binding sites, three each in the Or and Oy operator regions. These DNA
sequences are shown in Figure I-5. These sites are similar, but not identical, and Cro
repressor affinity for the different sequences varies over a near hundred fold range.
Accounting for differences in binding affinity between these six sites will provide a

explanation for much of the lower affinity of Cro for non-operator DNA.
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Figure I-4 The amine acid sequence of Cro repressor protein

The amino acid sequence of Cro has been determined by directly sequencing the protein
(Hsiang et al., 1977) and has been deduced from the DNA sequence (Roberts et al., 1977).

Basic residues are underlined.
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DNA sequence

Operator ¢
ORrl TTTACCTCTITGGCGGTGATAAT
AAATQGAG_ACQGCCACTATTA
ORr2 TCTAACACCGIG.QGTG_’]:TQAC
AGATTGTGGCACLCGCAC L ACLCTG
ORr3 T C TATTC A CGCAAGGGATA AU ANR-A
AGATAGT S SGCGITCCCTATTT
Ol AATAQCACI‘,GSCGGTGATACT
TTATQGTGACQGCCACTATGA
01,2 ATTATCTITCITGGCGGTG GITSGAC
TAATAGAGACCGCCACAACLTG
01,3 A*AAQCAICEQCGGTGATAAA
TAITQGTAGAQGCCACTATTT
Consensus TATCACCGCCGGTG GATA
ATAGTGGCGGCCACTA AT
Position 1 2 34 5 6 7 8 9 101112131415161718192021
4241 40393837363534333231302928272625242322

Figure I-5 Regulatory operator DNA sequences of phage A

Sequences of the Or and OL regulatory operators as they occur in the bacteriophage A
genome. The arrow at the top corresponds to the central base-pair at position 11-32. The
sequences have approximate two-fold symmetry about this base-pair. The sequence of the
two-fold symmetric consensus operator is derived from the most commonly observed base
sequences in each half of operators in Or and OL. Bases different from the consensus
sequence within the middle 17 basc-pairs are underlined. Footprinting studies with Cro or
A repressor on whole A genomic DNA show that the proteins protect only the middle 17
base-pairs of these operators. However, model building studies indicate possible

interactions with phosphates over 19 or 20 bases. Including 21 base-pairs also avoids end
effects in studies with oligonucleotides.



Dimethyl sulfate methylates the N7 of guanine and the N3 of adenine in double-
stranded DNA. Thsse are located in the major and minor grooves, respectively (Figure I-
6). Cro protects guanines, but not adenines from methylation, indicating that the protein
interacts with DNA in the major groove. In related experiments, ethylnitrosourea was used
to probe which phosphate groups are important in Cro binding. In solution, DNA exists
predominantly in a classical B DNA conformation (Arnott & Hukins, 1972). A B DNA
model of the Or3 operator is shown in Figure I-7. The pattern of the guanine and
phosphate functional groups that interact with Cro are along one face of the DNA helix,
suggesting that the protein binds aiong c..e side of the DNA, and does not encircle it. The
sequence of each DNA site is approximately two-fold symmetric (Figure I-5). The dimeric
nature of Cro and the chemical probe experiments therefore suggest that each domain or
monomer of repressoi contacts only (or predominantly) the left or right half of an operuter
site. Nearly the same interactions are expected to occur for both halves of an operator and
Cro dimer.

Further details of the interaction of Cro and DNA became apparent with the
determination of the three-dimensional structure of the Cro protein using crystallographic
methods (Anderson et al., 1981). A pair of two-fold related a helices are seen to protrude
from the protein molecule (Figure I-8). They are approximately 34 A apart, or the same
distance as two successive major grooves of DNA. Furthermore, the angle made between
the axis of the two a-helices and a line connecting their mid-points is equal to the angle
between the major grooves of B DNA and the overall DNA helix axis. A model was
prepared by placing the Cro dimer so that its two fold axis of symmetry corresponded to
that of the DNA, and adjusting the relative positioning of the protein and DNA. The DNA
was, in addition, allowed to curve and the twist per base-pair (approximately 34.6° in B
DNA) was permitted to vary in order to optimize the interaction between protein and DNA.
In the model, the amino acid side-chains of the residues of the recognition helix (a-3) make
specific hydrogen bonds and van der Waals contacts with the edges of base-pairs exposed
in the major groove of B DNA. A number of sequence-independent interactions mainly to
the phosphate backbone stabilize the Cro-DN. . complex. These mainly involve residues of
the second helix, the 3rd strand of the B sheet, and the flexible carboxy terminus.

This model was consistent with the chemical modification studies, and also explained
the reduced affinities of Cro for known naturally occurring Or3 mutants. Because the
number of non-specific sites is much greater than the operator sites, Cro is most likely to
first bind to an arbitrary site. When contained within large stretch of DNA, the association
of operator DNA with Cro is a fast reaction—at least 10-100 times faster than the rate
associated from simple diffusion (Kim et al., 1987). The increase in rate of association is
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Figure -6 Base-pairs of DNA
The bottom of each Watson-Crick base-pair forms a minor groove when in a helix. The top

part forms the major groove. Dimethylsulfate can alkylate N7 of guanine, in the major
groove, and N3 of adenine, in the minor groove.
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Figure 1-7 The ORr3 operator in a B DNA conformation

A stereoview of the 17 base-pair Or3 operator sequence in a classical B DNA
conformation. Phosphates that, when ethylated, interfere with Cro repressor binding are
shown with large spheres. Smaller spheres indicate the nitrogens protected by Cro from
methylation with dimethylsulfate. Numbers indicate base-pair position relative to the 21

base-pair operator.
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Figure -8 Model of Cro-DNA interaction

A model of the interaction of Cro repressor protein with operator DNA was built using the
crystallographically determined structure of the unbound protein. The protein was placed s0
that its two-fold symmetry axis was coincident with the pseudo-two-fold axis of the
operator DNA which was in a classical B type DNA conformation. The distance between
protein and DNA, their relative angle about the common two-fold axis, the rise and twist
per base-pair, and curvature of the DNA were allowed to vary with the conformation of the

protein side-chains to optimize interactions in the complex. Only DNA phosphates and
protein o-carbon atoms are shown.
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not driven merely by long-range electrostatic interaction between the positively charged
protein and negatively charged DNA since the extent of the acceleration decreases markedly
with smaller DNA fragments (less than 75 base-pairs). Cro may exist in a distinct open
conformation when interacting with non-specific DNA. Since the non-specific DNA-Cro
complex is salt-sensitive (Boschelli, 1982), most of these interactions are ionic in natureZ2,
The open conformation would allow some freedom in sampling base-pair atoms in the
major groove (Ohlendorf et al., 1982) as it rapidly 'slides’ along the DNA in an assisted or
one-dimensional diffusional process in search of the operator sequence.

Since both Cro and the DNA binding sites have approximate two fold symmetry, it is
initially sufficient to consider the interaction between one monomer of Cro and half of the
binding site. The proposed scheme for sequence-specific binding of Cro to DNA is
presented in Figure 1-9. The architecture of the protein reveals that the recognition helix is
held by the rest of the protein in such a position as to read the hydrogen bond donating,
hydrogen bond accepting, and van der Waals contacts presented by B DNA. Any deviation
from this pattern possibly results in the loss of interaction between protein and DNA.
Although this model could explain much of the chemical modification data and the
magnitude of the affinity of Cro for naturally occurring mutaris of the Or3 operator DNA,
a number of assumptions had been made in its construction. The model allowed for only
small local deviations from regular B DNA, whereas other crystal structures of DNA, even
in the absence of protein, had shown more heterogeneity within their structure, for
example, in the base-stacking between adjacent base-pairs (Dickerson & Drew, 1981).
Also, a change in the relative positioning of the two monomers in the Cro dimer (a hinge-
opening motion) was noted to be essentially equivalent as DNA bending in achieving
optimal interact:on between protein and DNA.

ii. Testing the proposed Cro-DINA model

A large number of papers have tested the model of the Cro-DNA complex proposed by
Ohlendorf et al. (1982) on the basis of the protein structure alone. Here, I evaluate and
review the most systematic (Sarai & Takeda, 1987; Takeda et al., 1989; Caruthers et al.,
1986; Pakula et al., 1986, Takeda et al., 1986; Eisenbeis et al., 1985), the most technically
interesting (Kim et al., 1987; Kirpichnikov et al., 1985; Shirakawa et al., 1985; Metzler &

2The stability of the specific cro-DNA complex is relatively insensitive to ionic strength of the media,
consistent with most of the interactions between protein and DNA being hydrophobic and hydrogen-bond
contacts (Boschelli ct al., 1982).
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Figure I-9 Sequence-specific interaction between DNA and Cro repressor

This model (adapted from Ohlendorf et al., 1982) shows a schematic representation of the
sequence-specific interactions between the amino acid side-chains of Cro and the edges of
base-pairs exposed in the major groove of DNA. The view is approximately into the major
groove with the base-pairs seen edge-on. The center of two-fold symmetry for the full 17
base-pair operator DNA sequence is indicated by the dyad symbol at base-pair 9. The
sequence from +1 to +9 corresponds to base sequence 3 to 11 in Figure I-5 for the Or3
and consensus operators (and the sequence from -9 to -1 corresponds to base sequence 32
to 40). The symbols are: X , a hydrogen-bond acceptor; ¢ . a hydrogen-bond donor; O ,
the methyl group of thymine; < -, presumed hydrogen bond; HHIH |, van der Waals contact

to a thymine methyl group. Guanine N7 nitrogens that are protected from methylation when
Cro is bound are indicated by an asterisk.
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Lu, 1989), and a preliminary report of the crystallographic deterinination of the Cro-
consensus operator complex (Brennan & Matthews, 1989a). All support the general
features of this model, and all suggest refinements in specific details.

One of the first reports supporting the model came from the discovery of quite striking
amino acid and structural homology in the region including the second and third helices of
Cro with other DNA-binding proteins (reviewed by Brennan & Matthews, 1989b). The
common sequence is now referred to as the helix-turn-helix motif. The first helix of the
motif (a2 of Cro) position the second helix (a3 of Cro) to be in a correct orientation for
reading the contacts presented in the major groove of DNA. The sequence of Cro is
compared to that of related proteins in Figure I-10. Only the A repressor, the E. coli Lac
repressor, the E. coli Trp repressor, the phage 22 repressor, and the repressor and Cro
proteins from bacteriophage 434 are included (and are discussed further below). Homology
has been noted for many other proteins, including those of eukaryotic organisms (Brennan
& Matthews, 1989b). Sequence homologies include the invariant glycine required in the
turn between the helices, a glutamine at position 1, and hydrophobic amino acids at defined

positions in the motif to stabilize the relative positioning of the helices in the helix-turn-
helix.

| < Helix —————> | <-Turn->|<———————— Helix —m—>|

-2-1 1 2 3 4 5 6 7 8 21011 121314151617 18 19 20
A Cro 14F G Q T T A KDUILGV Y QSAIDNZ KA ATIH
ARp. 31L S QE SV ADZE KMGMG GO QOSGUYGATLTFN
434 Cro 16 M T O T E L A T KA GV KOO SIOTLTITEA
434 Rep. 16 N L. 0 A E L A Q KV G T T QOQ S I EQTULTEN
TrpRep. 66 M S Q R E L K N E L GA G TIATTITTZ RGS N
LacRep.167V T L Y D VA E Y A GV S Y QT Y S RV V N
P22 Rep. 23R 6 Q R K VA DA L G I NE S QI S RWZK G

Figure I-10 Sequence homologies with Cro repressor

The helix-turn-helix amino acid sequence for a few representative DNA-binding proteins
are aligned by sequence homology. Amino acids that are most strongly conserved (A or G
in position 5, G in position 9, and I or V in position 15) are underlined. The numbers at the
top follow the convention of Pabo & Sauer (1984). The number to the left of each partial

sequence is the amino acid sequence number of the first residue in the segment (Adapted
from Brennan & Matthews, 1989a).
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A circular dichroism (CD) study examined the conformation of operator when free and
when bound to Cro repressor (Kirpichnikov et al., 1985). In the absence of protein, the
OR3 operator displays a positive CD band at 270 nm. and a negative cne at 250 nm., which
is typical for classical B DNA. Addition of Cro repressor suppresses the positive band,
with the most pronounced effect at 280 nanometers. Such a spectral change is quite distinct
from that of a B to A DNA transition, or in non-cooperative winding or unwinding of
DNA3. The CD change was inferred to be the result of an induced CD in tyrosine 26
(Figure I-11) upon its interaction with a specific base-pair in the operator. The operator
conformation is conserved in a B-like form as a whole, although local distortions, such as
kinks could not be discounted from the CD data alone. In summary, the operator DNA
exists overall in a B DNA conformation either as a free duplex, or in complex with the Cro
protein, validating the use of a B DNA conformation in the proposed model.

Site-directed mutagenesis has been applied to many of the amino acid residues of Cro,
and generated mutants have been examined in vitro (Eisenbeis et al., 1985; Caruthers et al.,
1986) and in vivo (Pakula et al., 1986). Generally, altering any of the amino acid residues
proposed to make contact in the major groove of DNA (Figure I-9) reduces the specificity
for operator DNA, and often, overall DNA affinity as well. For example, replacements of
Gln 27 for Leu, Cys, Arg, or His, results in reduced Cro binding to Ogr3, but at least in the
case of the Gln to His substitution does not appreciably alter protein structure. Replacement
of Ala 33 with Lys, Arg, Thr, Val, and Gly, also reduces the ability of Cro to bind to Or3,
despite Ala 33 not being predicted to make direct contact to the DNA. Here, however, Ala
33 resides on the hydrophobic side of the recognition helix, and substituting any group
may be expected to have a disruptive effect on Cro structure, and therefore DNA binding.
Other amino acid changes, such as Ala 36 to Ser, Thr, Lys, Arg, or Gin do not appreciably
change the affinity of Cro for DNA, consistent with the role of Ala 36 not packing into the
hydrophobic core of the protein, nor predicted to make contact with DNA. The Val 55 to
Cys mutation will be discussed in more detail later (Chapter V). The results support the
current model for the interaction of Cro repressor with operator DNA.

The role of tyrosines and lysines in Cro has been examined by chemical modificatior:
studies. In the absence of DNA, all eight lysines and the terminal ami=.: group of Cro can
be alkylated, and all thiee tyrosine residues can be iodinated. In the presence of 21 base-
pair operator DNA, lysines 32 and 56, and all three tyrosines (10, 26 and 51) are fully
protected from modification (Takeda et al., 1986), and lysines 21, 62, and 63 are partially

3As is observed in the complex of DNA with the Lac repressor and with the catabolite gene activator
protein (CAP).



Figure I-11 Cro repressor protein
An o carbon representation of one monomer of Cro repressor in the same Orientation as in
Figure [-8. Every fifth residue is labelied with the amino acid sequence number.
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protected. The protected amino acid residues are generally located on one side ¥ itie Cro
dimer, defining a DNA-binC ng region that is consistent with the proposed mod ..

The chemical modification . .ta on Cro repressor also gave experimental support for the
proposed model with non-specific DNA. An important feature of the non-specific complex
is flexibility abo.t the hinge portion of Cro (residues 54-56) and of the C-tern:inal arms.
Such mobility may allow each >f the Cro moiiomers to be in loose association with GINA
and allows for rapia scanning of the DNA sequence. In going from the non-specific to the
specific complex, the Cro repressor likely moves closer to the DNA and penetrates more
deeply into the major groove. As this occurs, close contacts develop between the DNA
backbone at two or three base-pairs out from the center of the operator and residues 57-60
at the base of the flexible carboxy terminal arms. To relieve this tight complex, the arms
twist out of the way, which accounts for increased exposure of lysines 62 and 63 to
modification in the specific complex over the non-specific one. Iodination data for the Cro
specific DNA complex also supports a different Cro conformation in the sequence-
independent interaction with DN A. Tyrosine 26 is susceptible to modification in the non-
specific complex, which is consistent with the o3 helix further removed from the DNA.

The conformation of Cro in the non-specific DNA-Cro complex is however different to
that of the apo protein. Tyrosine 10 remains completely protected, and tyrosine 51 partiaily
protected from iodination. The protection with tyrosine 10 is not because of direct contact
with DNA, but mizht be due to a conformational change in the protein upon DNA binding.

Chemically induced dynamic nuclear polarization (CIDNP) IH NMR experiments
therefore interesting to compare results from the iodination chemical probe experiments to
that of the CIDNP strdy of Cro (Shirakawa et al., 1985). in the absence of DNA, the
signal due to the 3,5 protons of tyrosine 26 gives rise to a remarkable emission doublet and
tyrosine 51 3,5 protons have a weaker CIDNP intensity, whereas tyrosine 10 does not
have any CIDNP effect. This is consistent with the crystal structure of the free Cro, and
with mild nitration modification experiments (Shirakawa et al., 1985), in which tyrosine 26
is fully exposed to solvent, tyrosine 51 is substantially exposed, and tyrosine 10 is buried
within the protein. The iodination of tyrosine 10 in the free protein noted above suggests
that the iodination reaction is quite vigorous, as this residue cannot be modified by mild
nitration, and is not accessible to a flavin dye in the solvent. The addition of Or3 17mer
operator DNA or non-specific DNA reduces the CIDNP intensity for all peaks, i.e.

including tyrosine 26, suggesting that it is not as completely exposed as was suggested by
the iodination modification experiment.
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ISF NMR has also been applied to the study of Or3-Cro interaction (Metzler & Lu,
1989). Each thymine of the Or3 operator was replaced selectively with 5-fluorodeoxy-
uridine, which alters little the affinity of Cro for binding DNA (Metzler et al., 1985).
Chemical shift changes upo': addition of Cro result from either direct contact with the
protein, or from an induced conformational change in the 17mer Or3 operator DNA (which
corresponds to base-pairs 3-19 of the 21 base-pair operator, Figure I-5). The fluorine of
base 36, undergoes a large (1.2 ppm) upfield change in chemical shift, consistent with the
methylene groups of Lys 32 of the protein making a van der Waals contact to the fluorine
of this base (and by analogy, to the methyl group for thymine 36 of the unsubstituted
operator).

The methylene protons of Gin 27 are predicted to interact with the methyl group at
thymines 3 and 24. Although fluorine 3 does not undergo any chemical shift change, its
symmetry related partner fluc 2 24 does. Fluorine 3 (methyl group of thymine 3 in the
unsubstituted DNA) is in the ieit half of the Or3 operator, which contains the consensus
half-operator sequence, and should therefore have the proposed Cro contact. The absence
of a chemical shift change at fluorine 3 suggests that either the model is wrong at this point,
or that a change in the conformation of DNA produces an equal and opposite change in the
chemical shift. The differences between the two ends is likely not due to a diffecrence in the
conformation of DNA in the absence of protein since: (1), the last four pairs of the operator
are symmetric; (2), the fluorines 3 and 24 have nearly identical chemical shifts (-89.1 + 0.1
ppm, other fluorines are between -87.8 and -88 ppm); and (3), in the unsubstitvied 17mer,
the 'H resonance positions of thymine residues 3 and 24 are the same (average * 0.03
ppm). In the complex, there is an asymmetry in environment at the two ends of the operator
(and is discussed further in Chapter VI).

Fluorines at positions 5 and 26 are also predicted to make van der Waals contact with
the side chains of residues Asn 31 and Lys 32 of Cro. However, these undergo a
substantial downfield shift, suggesting a change in operator conformation such as local
unwinding of the DNA helix. Chemical shift changes are also observed with fluorines on
base 30 and 31, near the center of the operator, which are not contacted by Cro. This
suggest that the sequence-dependent contacts with the region of base pairs 3-9 (and the
symmetry related region) induces a change in DNA environment in the middle of the
operator.

Solvent induced isotope shifts (SIIS values?) were used to probe the accessibility of
each of the fluorines in the free operator, and in the protein-operator complex. In the

4 SIS =& (90% Hy0/10%D70) - & ( 100% D70)



absence of protein, all fluorines have about the same SIIS values, approximately equal to
0.15, implving a rather regular DNA structure. The value for free 5-fluorodeoxyuridine is
0.39 ppm, which indicates that the fluorines in DNA are shielded from solvent, even in the
absence of protein.

In the operator-protein complex, fluorine 36 becomes nearly completely inaccessible to
solvent (SIIS = 0.0), consistent with an interaction with lysine 32 of Cro. Fluorines 5 and
26 have larger SIIS values (0.26), indicating increased exposure o solvent, and local
unravelling at these positions upon binding Cro. The solvent accessibilities of the other
fluorines undergo little change on the addition of Cro repressor.

One of the most convincing experiments supporting the proposed model (Ohlendorf et
al., 1982) for the Cro-DNA complex comes from the systematic base substitution
experiments of Takeda et al. (1989) and the preliminary crystallographic structure of the
Cro-Or3 17mer complex.

In the base substitution experiment, the binding affinities of purified Cro repressor
were quantitatively measured for chemically synthesized wild type and sixty-eight (68)
different mutant Or 1 operators. Each mutant operator was different from wild type ORr1 in
a single base-pair. All base pairs were systematically changed to either of all three possible
base pair substitutions, or the thymine was changed to a uracil (Figure I-12) . Mapping the
affinity changes along the 17 base-pair operator clearly shows where the sequence-specific
interaction occurs within the operator and how each base or base-pair energetically
contributes to the specific binding (Takeda et al., 1989). The binding free energy changes
calculated from the observed change in affinity are mostly additive for specific Cro binding.
The binding affinities of Cro to the operator DNA sequences indicated in Figure I-5, or any
other DNA sequences, can be predicted accurately by simple addition of free energy
changes of single base-substitutions. Figure 1-13 shows a correlation plot between the
predicted and measured free energy changes for the six operators and consensus operator
DNA sequences in the regulatory region of phage A for which numerical data were
available (Takeda et al., 1989; Sarai & Takeda, 1987; Kim et al., 1987). The complete plot
(Figure 2 of Takeda et al., 1989) shows a striking correlation for changes in free energy of

up to + 5 Kcal/mole, or a 104 loss in binding affinity (and includes non-specific DNA
binding).
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Figure I-12 Effect of base substitutions on the binding of Cro to operator DNA

Binding free energy changes are shown for each of the base and base-pair substitutions in
the consensus half (right half in Figure I-5) of the Or1 operator (Adapted from Sarai &
Takeda, 1987). The free energy change is calculaied from the ratio of equilibrium
dissociation constants ( AAG = -0.546 In (Kg (subst.) / K4 (Or 1)) as measured by a filter-
binding assay (Sarai & Takeda, 1987; Takeda et al., 1989). Bars indicate the free energy
changes due to the base-pair substitutions. A dashed line indicates the change when a

thymine of Or1 is replaced by uracil. The changes for the non-consensus half of the

operator are very similar (Sarai & Takeda, 1989).
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Figure I-13 Prediction of the binding affinity of Cro for DNA

This figure shows a correlation plot between measured binding free energy changes and
those predicted from the base-substitution experiments for the six regulatory operator DNA
sequences and the consensus operator sequence (Cons.) derived from them. The 45° line
indicates perfect agreement between the change in free energy predicted and that measured.
Changes are relative to the binding affinity for the Or1 operator. All operators were
synthesized as duplexes 21 base-pairs long (adapted from Takeda et al., 1989).

The sequence-specificity of Cro lies in base pairs 1107 of Figure 1-9. Substitutions in
the center of the operator, or outside this sequence do not appreciably alter the affinity of
the DNA for Cro repressor. The systematic base substitution experiments have aiso
indicated subtle changes to the model proposed by Ohlendorf et al. (1982). For example,
the guanine at position -7 (Figure 1-9) is protected from methylation when Cro is bound,
although no hydrogen bond was predicted to be made to the N7 at this position. In the
original model the protein was assumed to sterically inhibit access by dimethyl sulfate to
this base. However, replacement of the G:C base-pair by any other results in a substantial
loss in DNA affinity. With additional model building, Takeda et al. (1989) invoke a revised
model in which Arg 38 also contacts the guanine at -7 (Figure I-9). The thymine to uracil
replacernent confirmed the importance of van der Waals contacts to the Cro protein made by
the DNA. All thymine methyls are involved, except Thy -2. Confirmation of either the
original or revised models for the interaction of Cro and DNA requires high-resolution
structural studies either by crystallographic means, or by NMR spectroscopy.



Brennan & Matthews (1989b) have published preliminary results from the X-ray
diffraction study of a Cro-17mer consensus operator at moderate resolution. The
recognition helix of Cro (a3) lies within the major groove, and the side chains of this helix
contact the exposed edges of the DNA bases. The operator is bent, with the DNA in the
middle overwound, and the minor groove somewhat compressed. Although the 3-
dimensional structure of the complexes and uncomplexed monomers are the same, the Cro
dimer undergoes a large conformation change upon binding to DNA. The relative
positioning of the monomers changes dramatically by twisting about the B3 strands such
that the helix-turn-helix motifs of each monomer are rotated by more than 35° with respect
to each other. Higher resolution will be required to visualize details of protein side-chain to
DNA base-pair interactions.

In summary, the role of the Cro protein in vivois to locate and bind to the OR3 operator
DNA sequence in bacteriophage A. This binding represses synthesis of the product of the
cl gene, A repressor, and commits the phage to lytic mode of growth. The two recognition
helices of Cro are positioned to interact within two successive major grooves of DNA. The
protein distinguishes the Or3 sequence from the others by using the recognition helix to
read the pattern of hydrogen-bond acceptors, hydrogen bond donors, and van der Waals
cortacts presented in the major groove of the DNA.

The remainder of this introduction is devoted to comparing the features oi other protein-
DNA complexes to the Cro-DNA complex.

d. The A repressor from bacteriophage A

The A repressor has been found to have a DNA-binding substructure related to that of
Cro, which is not surprising since they both regulate gene expression by binding to the
same six sites in phage DNA (although with differing affinities). The A repressor is also
dimeric, but here, each monomer consists of a iwo-domain structure. The C-terminal
domain contains most of the monormer-monomer contacts stabilizing the DNA-binding
dimer structure. Cleavage within this domain (e.g., that assisted by RecA protein during
prophage induction) considerably weakens the monomer-monomer interaction and
therefore the concentration of the active dimeric form of the protein needed for efficient
DNA-binding under normal cellular conditions.

The N-terminai domain of A repressor, residues 1 to 92, is the DNA-binding domain
which makes all of the contacts to DNA required for control of transcription (Ptashne et al.,
1980). The crystal structure of this domain (Pabo & Lewis, 1982) shows an all-helical
protein with a helix 5 extending out frum the globular monomer domain to contact helix §'
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of the other subunit to form a dimer interface. The helix-turn-helix motif was found to be
quite similar to that of Cro repressor, with an rms deviation for 21 a carbons of 0.7 A
(Brennan & Matthews, 1989b). Although the recognition helices are 34 A apart, they are
not tilted to the degree seen in Cro. Building a model of the A repressor-DNA complex in
which the recognition helices are fit into two successive major grooves of B DNA places
the N-terminal part of this helix more deeply into the major groove than the rest of the
recognition helix. Therefore, although the two proteins, Cro and A repressor, share a
structural motif, they do not necessarily use it in precisely the same manner. In addition,
the A repressor has a flexible N-terminal arms that wraps around the DNA and makes
-guence-specific contact in the major groove on the 'back-side’ of the DNA. By way of
contrast, the C-terminal arm of Cro makes non-specific contacts in the minor groove.

Sarai & Takeda (1987) have also measured the affinity of A repressor to the Ogrl
operator and a series of systematic base substitution mutants of this operator. Analogous to
the experiments with Cro, each of the base-pairs in the consensus half of the operator
(base-pairs 11-19, Figure 1-5) was replaced, in turn, by each of the possible three base-pair
substitutions, and each thymine was replaced by uracil. The base-substitution experiments
predicted that the thymine 15 was most important to make a van der Waalg contact with the
protein, thymine 24 was somewhat less important, and the methyl groups of thymines 18
and 26 not required for A repressor binding. The adenine at base-pair 18 was important, as
in Cro, but the identity of base-pairs 16 and 17 less important. Sequence-dependent
interactions are made with base-pairs 12 to 14. Strong interactions are concentrated around
the center of the operator for A repressor, where the N-terminal arm is modelled to make a
sequence-specific contact. In Cro, the identity of the central base-pairs of the operator DNA
does not greatly influence protein binding.

The crystallographic determination of the A repressor-(p 1 operator site at 2.5 A
resolution supports the general features of the model which fits the protein dimer against
linear B form DNA (Figure I-14). The complex is stabilized by an extensive network of
hydrogen bonds between the protein and the sugar-phosphate backbone. Specificity of
binding is provided by amino acid side chain hydrogen bonding and van der Waals contacts
with sites in the major groove of DNA. However, the cocrystal structure reveals important
side chain-side chain interactions not predicted from the modeling or from previous genetic
and biochemical studies. Since most of the contacts are approximately the same in the two
halves of the operator site, interactions with only the consensus or right half of the DNA
are discussed. These are summarized in Figure I-15. On the left side of the figure, the
interactions are shown from the original model of Pabo & Sauer (1984), and on the right,
are the contacts inferred from the crystal structure of the complex. It should be pointed out
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Figure I-14 Structure of the A repressor-DNA complex

The structure of the A repressor N-terminal domain-operator DNA complex as determined
crystallographically (Jordan & Pabo, 1938). Only phosphate atoms of the DNA and «
carbons of the protein are shown for clarity. The N-terminal arm of one of the monomers
showed poor electron density and was omitted from structure determination. The view is
approximately the same as the model presented for Cro-DNA interaction (Figure I-8).
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Figure I-15 Sequence-specific interactions between DNA and A repressor

The ieft part of the figure shows the prediction of sequence-specific interaction between A
repress or protein and operator DNA based on the mode! of Cro repressor interaction with
DNA (from Pabo & Sauer, 1984). Contacts made by amino acid residues 1-4 are copied
from the right side, as no prediction was originally made for their interactio- .. 'he right
side shows the actual contacts observed in the crystal structure of the A repressor N-
terminal dornain-operator DNA complex, as interpited by Sarai & Takedu (1989). Only
interactions in the consensus part of the operator are shown. Tentative interactions are in

parentheses. Diagram symbols are explained in the legend to Figure 1-9.



that even at 2.5 A resolution, the X-ray structure can be subject to interpretation. For
example, additional contacts by Lys 4 to Gua -7 (in addition to -6) are invoked by Sarai &
Takeda (1989) to fully explain their systematic base-substitution experiments. In this work,
they extend the base-substitution experiments to all base-pairs of the Or1l operator.
Although the A repressor dimer is comprised of identical subunits, the protein recognizes
the pseudo-two-fold symmetric operator site asymmetrically. Base substitutions within the
consensus half of the operator affect binding more than base substitutions within the non-
consensus half of the operator. Changing a non-consensus base-pair to the consensus base-
pair does not necessarily increase, and ofter. decreases binding.

The crystal structure shows that the relative positioning of the amino acids to the DNA
bases is slightly different in the two halves of the protein. This asymmetric binding is
proposed to be the result of steric clash between two N-termini at the center of the dimer,
and subsequent dislocation of one of the monomers when both attempt to simultaneously
bind to the operator symmetrically. As in the Cro-DNA system, A repressor directly reads
the DNA sequence by forming specific hydrogen bonds and hydrophobic contacts to the
DNA bases. Moromers of both repressor proteins bind strongest to the consensus half-
operator. However, unlike Cro, if both halves of the operator are the consensus sequence,
A repressor affinity is reduced relative to the Or1 sequence. It appears that the purpose of a
consensus sequence is to bind one-half of a dimeric protein strongly to one-half of the
DNA site in the phage A regulatory region—discrimination between DNA sequences
actually occurs with the non-consensus, more weakly interacting site.

2. DNA recognition by the Cro and repressor proteins of bacteriophage 434

The repressor and Cro proteins of temperate phage 434, a close relative of phage A,
bind to a set of six related fourteen base-pair operator sites in the phage genome. The
binding affinity for the two proteins differ from site to site, and, as in A, this differential
binding creates the regulatory switch between lytic and lysogenic modes of life. 434
repressor is similar to A repressor in that it has two domains, with the N-terminal 69
residues forming a DNA-binding domain. Both the N-terminal domain of 434 repressor
(R1-¢9) and the 434 Cro repressor have have their crystal structures determined
(Mondragbn et al., 1989a; Mondragbn et al., 1989b). They each contain the DNA-binding
helix-turn-helix motifs analogous to that of Cro. The rms deviation from A Cro (for the 21
o carbons of the motif) is 0.43 A for 434 repressor, and 0.56 A for 434 Cro. The sequence
and structural homology between the 434 repressor and 434 Cro is much greater than that
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between the similar proteins of A phage. 48% of the amino acid residues were identical,
and backbone atoms of the subunits superimpose to 0.77 A.

In order to compare how the two proteins from phage 434 bound DNA, co-crystals
were prepared with the same 14 base-pair sequence (Wolberger et al., 1988). It was
anticipated that they would form very similar complexes when bound to the same DNA
fragment. The surprising finding is that the same 14 base-pair operator adopts a different
conformation, depending on whether 434 Cro or 434 Ry is bound. In both complexes,
the proteins are bound to DNA as a dimer with the recognition helix of each monomer lying
in successive major grooves of the DNA. The differences between the complexes
(reviewed in Wolberger et al., 1988) can be divided into three categories: (1), the reiative
disposition of the two subunits in each protein dimer; (2), the conformation of the operator,
and (3), the relationship between protein and DNA in each operator half-site.

The side chain at the dimer interface differs in size between the two proteins, and
therefore how the monomers pack. As a result, the relative orientations of monomers in the
two complexes are not the same. In the complex with operator, the relative orientation of
two 434 Cro monomers is consistent with essentially straight DNA. The different
orientation of the monomers in 434 Rj_go imposes a bend. As a result, different contacts
can be made by 434 Cro and 434 repressor.

It is conceivable that there could be two proteins containing identical DNA recognition
helices in each monomer, but with differing dimer interface regions. Because the two
monomers could placed differently, these proteins could recognize unequal DNA
sequences. Although it may be possible to devise a set of recognition rules for a given
DNA-binding protein, they will not generally be true, even for proteins that recognize DNA
with the same structural motif. It remains a difficult task to predict the cognate DNA
sequence from the amino acid sequence or even the structure of a DNA-binding protein. A
given operator sequence is not recognized by a simple set of rules in which certain amino
acids, even in the helix-turn-helix motif, confer specificity for certain bases.

The crystallographic study of a phage 434 repressor-20 base pair DNA complex at high
resolution (Aggarwal et al., 1988) has - “vealed unique aspects of operator deformation
upon forming the protein-DNA complex. From the lower resolution determination of the
structure of the 434 repressor-operator complex, the recognition o-helix of the repressor
lies in each half-site of the operator (Andewson et al, 1987). Each of the helices is
positioned so that contacts are made to the outermost five base-pairs on each half-site of the
14 base-pair operator, but not to the innermost base-pairs of the operator. However, the
sequence of the central base-pairs of the operator have a significant role in determining
operator affinity for repressor—operators bearing A:T or T:A base-pairs in position 6 to 9



bind 434 repressor more strongly than does operator with G:C or C:G base-pairs at these
positions «(Kecudelka et al., 1987). The base composition near the center of the operator was
proposed to affect affinity of the DNA for 434 repressor not by altering DNA conformation
in the absence of protein, but by altering the ease with which operator DNA can be
deformed into the optimal configuration for complex formation. Evidently this DNA
deformation is required to align the two operator half-sites so that each monomer of the
bound repressor dimer can make optimal contacts with each half-site.

The preliminary low resolution (7 A) X-ray study had shown that the DNA near the
center is over-twisted, so that the minor groove is compressed (Anderson et al., 1987). The
higher resolution 2.5 A study reveals that the overwinding near the center causes the central
base-pair to assume a non-coplanar conformation. The central A:T base-pairs are
sufficiently propellor twisted to form 3-centered bifurcated hydrogen-bonds, and stabilize
the conformation of the bound DNA. The extra torsional rigidity imparted by the G+C-rich
sequences as a result of the additional base-pair hydrogen-bond can account for the
observed decrease in affinity (Koudelka et al., 1988). When fixing a particular
conformation for the DNA, the protein appears to meet less resistance from one sequence
than from some other. In the interaction between 434 repressor and its operator, the protein
appears to position the DNA backbone, with a cost in {ree energy that depends on base
sequence. The presence of hydrogen bonds additional to normal Watson-Crick base-pairing
is an important component of this adjustment.

A number of important features of protein-DNA recognition has emerged from the
study of the Cro and cl repressor proteins from the bacteriophages A and 434. The amino
acid side-chains of the recognition helix in the monomeric unit read the patten of hydrogen-
bond acceptors, hydrogen-bond donors, and van der Waals contacts presented in the major
groove for one-half of the operator. However, both monomers of the dimeric repressor
must align properly with each half-site in the operator sequence. The results thus far
suggest a rather passive role for DNA—in the absence of protein the DNA has a regular
conformation. The specificity of recognition seems to rely more on the unique amino acid
sequence and structural fold of the protein. As will be shown below, this may not be true
for all DNA-protein recognition systems, even with proteins containing the helix-turn-helix
DNA-binding structural motif.



3. Protein-DNA Interactions in the Trp repressor-operator complex

The main mechanism: for the transcriptional control of L-tryptophan levels in E. coli s
the repression of tryptophan biosynthesis by end-product inhibition. In the absence of
tryptophan, the Trp repressor is unable to bind DNA, no repression of transcription occurs
for the trp operon, and enzymes required for the biosynthesis of tryptophan are made. The
binding of tryptophan to the Trp repressor increases the affinity of the repressor for
operator DNA, and down-regulates transcription in the &rp biosynthesis operon. The crystal
structure determination (Shevitz et al., 1985) of the Trp repressor with its coicpressor
tryptophan reveals the helix-turn-helix DNA-binding substructure, as suggericd by amino
acid homologies (Figure 1-10). In the absence of tryptophan, the relative positions of the
helices of the motif change in that they no longer match the shape of B DNA. Ligand-
induced conformation changes may be a common mechanism in the regulation of DNA
binding by allosteric effector molecules.

In the structure of the Trp repressor bound to an 18 base-pair operator consensus
sequence, the protein is relatively unchanged from its unbound state (Otwinowski et al.,
1988). The DNA shows only Watson-Crick hydrogen-bonding and is bent towards the
ends as a cumulative result of small local helix distortions. Such bending allows a good fit
of protein and DNA, with 2900 A2 of contact surface inaccessible to bulk solvent. There is
extensive hydrogen bonding between protein side-chains and the DNA, and a number of
water-mediated protein-DNA bonds. What is unusual, or novel, about the complex is that
there are no direct hydrogen-bonds, or van der Waals contacts, between the amino acid
side-chains of the recognition helix and the base-pairs in the major groove of the DNA.

It was argued (Sigler et al., 1988) that the Trp repressor and the operator DNA
recognize each other by an indirect mechanism with a combination of protein-water-DNA
hydrogen bonds and by sequence-dependent conformational effects of the DNA. The water
molecules were considered an extension of the hydrogen-bonding surface of the protein (or
DNA) and could be regarded as a variation on the mechanism used by the DNA-binding
proteins discussed earlier. The selectivity by the indirect mechanism is somewhat lower
than that achieved in some protein-DNA complexes using direct contacts between protein
and DNA. The in vitro preference of Trp repressor for specific operator over a random
non-operator sequence is 104, whereas the Cro repressor has a 100-fold preference (Kim et
al., 1987) and the Lac repressor has a 108-fold preference for specific over non-specific
DNA (reviewed by Travers, 1989).

However, it is difficult from the structure of the complex to explain key biochemical

studies on mutant Trp repressors (reviewed in Brennan & Matthews, 1989a) and, since the



changes in the DNA structure are not large from the conformation of classical B DNA, it is
difficult to see how they would be sufficient for sequence-dependent recognition of the Trp
repressor. The crystallization conditions might have favoured formation of a non-specific
complex. This is more consistent with the structural features of the Trp protein-operator
DNA complex. The N-terminal arms of the protein (residues 2-14), which enhaiice both
non-specific and specific DNA binding, are diserdered in the stucture. Notwithstanding
these doubts expressed over the specificity of the observed complex, it seems likely that the
conformation of the DNA has a role for distinguishing the specific operator DNA sequence
from other sites on DNA.

4. Studies of the Lac repressor and Lac repressor-DINA 1interactions

The expression of the gene products required for lactose utilization in E. coli is
regulated by binding of the Lac repressor to an operator site in the lac operon. The N-
terminal portion of the sequence displays homology with other DNA binding proteins
(Figure I-9), and is therefore expected to contain a helix-turn-helix DNA-binding unit. A
model for the Lac repressor-operator complex has been proposed by Matthews et al. (1982)
analogous with the model for the Cro-Or3 complex. Proteolytic cleavage of the intact
repressor results in an N-terminal domain, or headpiece, (residues 1 to 51, or 1 to 56) that
binds DNA, making the same contacts to the DNA as the full repressor. In solution, the
Lac repressor headpiece is monomeric. Two headpieces can bind to the pseudo-two-fold
symmetric 21-25 base-pair lac operator, one in each half-site (Nick et al., 1982; Scheek et
al., 1983). Because the N-terminai domain is smaii, and the biochemisiry and geneuces oi
the Iac operon is well characterized, the Lac repressor headpiece is an ideal candidate for
studies of its structure and its interaction with DNA. Kaptein and co-workers have
employed the novel procedure of using nuclear magnetic resonance techniques for structure
determination of both the headpiece and its complex with DNA (Kaptein et al., 1985;
L americhs et al., 1989).

Lac repressor headpiece (Residues 1-51) is all helical, with the relative orientation of
helices I and Il similar to the of the helix-turn-helix motif (a2-a3 helices) of A Cro
repressor. The headpiece has a central hydrophobic core, stabilizing the structure of the
monomer in solution. No clear indication for a possible dimer interface region was seen in
the structure that could give information on the relative orientation of two headpiece
molecules when bound to DNA.

From analogy to the other helix-turn-helix proteins, it had been proposed that the
recoanition helix is positioned in the major groove of the DNA with the N-terminal end
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near the outer part of the operator (Matthews et al., 1982). For example, in the Cro-
operator complex tyrosine 26, at the N-terminus of the a3 recognition helix contacts bases
at +1 of the operator sequence, whereas His 35, in the middie of the helix, contacts
phosphates +4 or +5, and Arg 38, in the loop after the recognition helix contacts bases -6
and -7, close to the center of the operator (Figure I-9). This binding mode is also seen in
the crystal structure of the A repressor-operator complex (Figures 1-14 and I-15).
Positioning the Lac headpiece in a similar orientation would place Tyr 7 close to base-pairs
3 and 4, and His 29 to make contact near the center of the operator at base-pairs 9 or 10
(Figure 1-16).

Intermolecular NOE crosspeaks between the Lac repressor headpiece and DNA tell a
quite different story. NMR solution structure studies were carried out with a 56 residue Lac
headpiece-half operator complex and with the Lac headpiece-full operator (22 bp) complex
(Figure 1-16; Boelens et al., 1987; Lamerichs et al., 1989). The 3,5 protons of Tyr 7 make
a close contact to the H8 proton of G10, near the center of the operator. Additionally, a
NOE crosspeak is observed between the C2 proton of His 29 and the methyl protons of
both T3 and T4. The orientation of the recognition helix is reversed in the major groove as
compared 1o the recognition helices of the aforementioned repressors, with the N-terminai

end of the helix near to the center of the operator's two-fold syminetry.

-1 > zC pS 20
A TGGAATTGTGAGCGGATAACAATTTCA
ACCTTAACACTCGCCTATTGTTAAAGT
GAATTGTGAGCGC'ICACAAAT:
CTTAACACTOCGOC CSG G TGTTAAG

Ficure :-16 Operator DNA sequence of the lac operon

The DNA sequence of the operator site in the lac operon is shown in the upper sequence
(A).The numbers are used to denote base-pair position in the operator (from Lamerichs et
al., 1989). The half-opcrator used to form the protein-DNA compiex in the initial study
covered base-pairs -2 to 12. In B, the tight-binding fully symmetric lac operator is shown
with an arrow indicating the center of the operator.



The reverse orientation of the recognition helix is confirmed by other observed
intermolecular NOE crosspeaks, and is supported by genetic experiments of the intact Lac
repressor, and of the related Gal repressor (Lamerichs et al., 1989; Lehming et al., 1987).

The helix-turn-helix substructure is often used for DNA-binding, but not necessarily in
the same manner. In initial search of the Brookhaven Protein Data Bank failed to find any
similar two-helical ..nit (Takeda et al., 1983) in a protein that does not specifically bind
duplex DNA. However, subsequently backbone structures that correspond well to the
helix-turn-helix have been located in cytochrome ¢ peroxidase and in the L7/1.12 ribosomal
proteins (Brennan & Matthews, 1989a). Although the rms deviation (about 1.4 A) is not as
good as is observed with other helix-turn-helix DNA binding proteins (less than 1 A), the
structures found suggest that the helix-turn-helix is a structural motif of proteins, but not
necessarily one exclusively used for sequence-specific recognition of duplex DNA.

In summary, the recognition helix of the helix-turn-helix is a convenient way to present
the amino acid side chains of the protein so that they can make a reasonable number of
contacts within the major groove of DNA. This motif occurs as a pair in a dimeric protein,
and must align with the pair of affinity sites presents in each half of the operator DNA.
Different proteins use the motifs in different ways. The helix-turn-helix motif is not the
only structural unit capable of interacting and binding strongly to a specific site on DNA.
Other DNA-binding proteins, such as the EcoRI endonuclease and the Zn finger proteins

use quite different mechanisms.

5. The DNA-Eco RI endonuclease reconition complex

Some bacteria have a defence against the invasion of foreign DNA, such as the DNA of
viruses. Certain strains of E. coli produce enzymes with an endonuclease activity that
restrict the action of some bacteriophages. One of these enzymes, called EcoRI restriction
endonuclease recognizes a two-fold symmetric six base pair sequence (Figure 1-17) and
cleaves both strands between the guanine and adenine. The host bacterium protects its own
DNA by methylation of the central adenines of both strands at the exocyclic N6 amino
group. When either one or both groups are methylated, EcoRI no longer cleaves the DNA..
Therefore, not only does the endonuclease distinguish this hexanucleotide sequence from
all others, 1t also discriminates between different methylation states of the same nuc.eotide.
A lack of fidelity on the part of the host would result in cleavage of its own DNA. The
DNA repressors so far discussed had DNA binding sites extending from 14 to over 20
base-pairs. This recognition site is much more compact, so that thz protein must use a
different mechanism for DNA recognition.
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Figure I-17 Sequence specific interactions between DNA and EcoRI endonuclease
This figure shows a schematic representation of the sequence-specific interactions between
the protein EcoRI endonuclease and its DNA site based on the crystal structure (McClarin et

al., 1986). Nomenclature and symbols are given on Figure 1-9.



The endonuclease has identical subunits of 31kD and requires Mg+ for phosphodiester
bond hydrolysis. In the absence of Mg2+, the protein forms a stable sequence-specific
complex with DNA containing the cognate hexanucleotide sequence, with a dissociation
constant (in solution) on the order of 10-11 M-1. The 3 A resolution crystal structure of the
complex between EcoRI endonuclease and DNA provides yet another detailed example of
the structural basis of sequence-specific DNA-protein interactions.

The complex has a two-fold symmeiry, with the two fold axis coincident with the
center of symmetry of the DNA sequence. Each subunit of the protein is organized into an
o/p domain with a helices, a five strand P sheet, and an extension that wraps around the
DNA. As in Cro repressor, the B sheet forms the foundation for the a helices responsible
for sequence-specific recognition. The outer two guanines are recognized with bidentate
hydrogen bonds by an arginine side-chain of an a helix from each subunit (Figure 1-17).
The central AATT is recognized by separate a-helices, one from each subunit. In each
subunit a glumate and arginine form bidentate hydrogen bonds that bridge adjacent adenine
residues. These twelve hydrogen-bonds are sufficient for discrimination of the GAATTC
sequence because any base substitution would require rupture of at least one of the
hydrogen bonds.

Binding of the protein induces localized distortions in the DNA. They are not seen in
the crystal structure for the unbound DNA of nrearly identical sequence
[d(CGCGAATTCGCG)|» (Dick: » n & Drew, 1981) and are termed neo-kinks. The type
I neo-kink introduces a net unwinding of 25° into the DNA near the center of the sequence,
and aligns the adjacent adenine residues to reflect the geometry necessary for the glutamate
and arginines to bridge across the purines. Other neo-kinks occur at the edges of the six
base-pair recognition element (Figure 1-17).

The recognition geometry is stabilized by interactions between amino acid side-chains
in the protein, and includes electrostatic interactions between eppositely charged pairs
Gluja4-Argiss and Gluyag-Argooo. This is suggested (McClarin et al., 1986) to sharpen
the discrimination between cognate and noncognate sites in that the DNA interaction energy
is not a simple additive sum over the individual interactions (as with Cro, Figure 1-10).
Formation of some correct protein-base interactions facilitates the formation of additional
correct interactions, whereas incorrect interactions with non-cognate DNA sites would have
an inhibitory effect.

The very high specificity of EcoRI endonuclease derives from a series of sequence-
specific steps including DNA-binding to the correct site, and then allosteric activation to
induce the capability to hydrolyze the phosphodiester bond. Errors are corrected at each
step by dissociation of non-cognate DNA-protein compiexes, without activation of the
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enzyme resulting in a very low cleavage rate at non-cognate sites. McClarin et al. (1986)
suggest that an enzyme that covalently modifies DNA is intrinsically capable of achieving a
much higher level of sequence discrimination than is a simple binding protein.

The EcoRI recognition motif is clearly different from that of the aforementioned helix-
turn-helix DNA-binding proteins. This diffcrence may be due to the high snecificity
demanded of a restriction enzyme, or to the highly concentrated nature of the EcoRl
recognition site. Nonetheless, the difference shows that the helix-turn-helix is not a
universal DNA recognition element.

6. Zinc finger DNA-binding proteins

Recently, sequence analysis of TFIIla, a transcription factor protein required for correct
initiation of 5S RNA genes by RNA polymerase IlI, has led to ihe proposal of a distinct
DNA-binding motif, the zinc finger (Miller et al,, 1985). TFlila binds 7 to 11 zinc atoms
per molecule and contains nine repeating units oi approximately 30 residucs. Each unit is
composed of two invariant pairs of cysteines and histidines with the consensus sequence:
(Tyr-Phe)-X-Cys-X4—Cys—X3-Phe—X5-Leu-Xz-His-Xg,-His-Xz_é, where X is not a
conserved amino acid, and the cysteines and histidines are thought provide the ligends to
coordinate Zn2+ ions (Figure 1-18). Subsequently, similar units have been found in other
transcription factors, and in other nucleic acid binding proteins (reviewed in Klug &
Rhodes, 1987; Struhl, 1989).

P4rraga et al. (1988) have used a variety of spectroscopic techniques to characterize a
single zinc finger domain (residues 130-159) from yeast transcription factor, ADR1a
(Figure 1-18). ADR1 is a positive transcription regulator of the glucose-repressible alcohol
dehydrogenase gene in Saccharomyces cerevisiae. Sequence analysis of its 1323 amino
acid residues reveals two Zn finger domains between residues 100 and 160. Mutations
producing null alleles are clustered in this region and an ADR1(17-229)-B galactosidase
fusion protein footprints activator sequence DNA.

The single domain Zn finger also binds Co2+ with absorbance maxima characteristic for
tetrahedral coordination of the metal ion and thio-containing ligands. The Co2+ absorption
bond disappears when a slight molar excess of Zn2+ is added, suggesting that Zn2+
occupies the same metal pocket and ligand geometry as the Co?+ ion. Circular dichroism
(CD) spectra reveals zinc promoted a-helicity for approximately 10 residues of the 30
residue domain. Two-dimensional NMR nuclear Overhauser effect spectroscopy (NOESY)
shows crosspeaks between sequential amide protons for residues '35 to 137, and residues
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2DR1a

Figure 1-18 Zinc finger amino acid sequence
Shown is the amino acid sequence of one of the Zn finger DNA-binding domains, ADR1a,

of the yeast transcription activator, ADR1. Amino acids residues conserved between
different Zn fingers are circled. Histidine and cysteine residues coordinate the central Zn2+

ion (from Parraga et al., 1988).



146 to 153. A model has been proposed for which the Zn is tetrahedrally coordinated, with
residues 135 to 137 forming a short turn, followed by a loop, and then another three tums
of an a helix for residues 146-153 (Figure 1-18; Parraga et al., 1988). Although this single
30 residue domain is stably folded, it does not bind to a specific sequence of DNA. This
suggests that multiple fingers are required to contribute the correct number of base contacts
for sequence-specific binding, or that the single domain requires a larger protein context to
obtain a proper geometry for specific DNA-binding. The correspondence of the a-helix
seen for this single domain with the mutations that interfere with DNA-binding suggest that
the a-helix could take part in binding to the major groove in manner not entirely dissimilar
to that of the helix-turn-helix proteins. However, the exact mode of interaction of Zn
fingers with DNA is still poorly understood (Parraga et al., 1989).

D. The structural basis of DNA-protein recognition

1. General features of DNA-} >tein recognition

A number of different ways in which recognition of protein and DNA occur have been
presented. Other sequence sf « ific DNA recognition systems exist, such as those invoived
in replication {e. g. the Klenow fragment of DNA polymerase structure is known, Ollis et
al., 1985) and other DN A-recognition motifs have been studied. For example, the B sheet
residues of the P22 Arc repressor and the E.coli met repressor are responsible for the
specificity of operator DNA binding (recently reviewed in Bowie & Sauer, 1989; Rafferty
et al., 1989; see also Brennan & Matthews, 1989a; Struhl, 1988). Undoubtedly, new
methods of DNA-protein recognition are to follow. In the recognition between DNA and
proteins that regulate transcription, the DNA plays a mainly passive role by presenting a
pattern of hydrogen bond and van der Waals contacts to the protein and not by dramatically
altering its conformation in a unique fashion at the specific site of binding.

In other protein-DNA systems, the conformation of the DNA plays an important role
for weak site-specific recognition by proteins. For example, the binding of histones to
DNA to form nucleosomes is DNA sequence dependent (Richmond et al., 1984; Drew &
Travers, 1985; Travers, 1989). Nucleosome positioning corresponds to bending of DNA
around the histone octamer core, and as such the conformation of the DNA determines the
protein binding site. Certain sequences of DNA bend even in the absence of protein, &ad
the structural basis of DNA bending is beginning to be understood (for examples see
Travers, 1989; Nadeau & Caruthers, 1989).



In summary, the DNA binding domain has two important roles in transcriptional
regulation: (1) it brings the protein to the DNA such that they can interact to bring about a
functional transcriptional initiation complex; and (2), high specificity of protein-DNA
interaction provides a major mechanism by which genes are different”  :xpressed. In
regard to this function, the distinct DNA-binding sub-structures are often equivalent.

Amino acid side-chains are held in position by the rest of the protein to read the pattern
of possible hydrogen-bonds and van der Waals contacts presented by the DNA. Multiple
but roughly equivalent binding sub-sites are contained within the DNA operator that are
contacted by multiple sub-structures on the protein. In the case of helix-turn-helix repressor
proteins and the EcoRI endonuclease protein-DNA recognition systems, DNA, protein and
DNA -protein complex are all approximately two-fold symmetric. The half sites of the
protein and DNA must align properly for strong interaction between protein and DNA.
Many of the DNA- binding proteins are small and are good candidates for structural studies

in solution using nuclear magnetic resonance techniques.
2. Prospects for altering DNA-protein recognition

The introduction of molecules to regulate transcription at specific locations on DNA into
the cell is a means to control certair enzymatic activities associated with disease. One
example would be to suppress oncogene product levels in tumors, leading to more effective
ways of dealing with cancer. Alternatively, transcription of the appropriate genes is
required to correct inborn problems of metabolism caused by the lack of sufficient quantity
of a metabolic enzyme. The sequence-specific repressors include molecules administered as
drugs to a patient, such as some chemotherapeutic agents. The minor groove DNA-binding
drugs, and even unnatural DNA molecules (such as a-oligonucleotides, which have an
inversion of chirality about the C1' atom) show great progress in this regard. Progress
continues for use as therapeutic agents, especially with regard to delivery to the site of
action within the body, reducing toxic side-effects, and improving sequence specificity.

Gene therapy techniques are now beceming available that introduce foreign DNA into a
mammalian system and provide a means to produce proteins within the cell (for examples,
see the recent report (1989) on Genes in Medicine under the News and Comment section in
Science 242, 746-751). We have already seen that DNA-binding proteins efficiently
repress transcription in many biclogical processes. Can they be altered to bind to any
desired sequence to change the level of transcription?

A full appreciation of the complexi:y and individuality of each of the aforementioned

comp:. xes seems to be, at first, discouraging for anyone hoping to find simple answers to
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the recognition problem. However, there are clear examples of protein engineering having
been successfully applied to repressors of transcription. Here, T will outline two attempts to
change the specificity of helix-turn-helix DNA-binding proteins.

Wharton & Ptashne (1985) have replaced four amino acids on the solvent-exposed
surface of the recognition helix of 434 repressor with the corresponding amino acids from
the recognition helix of a different repressor, that encoded by the Salmonclla bacteriophage
P22. The P22 repressor is proposed to be a helix-turn-helix protein (Figure 1-10) and the
phage 22 is another close relative of the phages A and 434. Phage 434 repressor binds to
P22 operator DN/ only non-specifically and vice versa. The re-designed 434 repressor,
with the P22 recognition amino acids, has the binding specificity of P22 repressor, as
measured in vivo and in vitro. The specificity changed, for the most part, from that of the
434 sequence to that of the P22 sequence. The re-designed 434 repressor can no longer
bind specifically to 434 operator. These results suggest that a simple set of rules could be
devised to design a protein to bind to a desired DNA sequence using the foundation of a
given DNA-binding protein.

The Cro repressor has also been re-designed to recognize a new operator (Caruthers et
al., 1987). The affinity of wild type and site-specific mutants of Cro repressor was
measured for DNA containing an Or1 operator DNA sequence. Gln 27 of Cro is proposed
to make a hydrogen bond to the N7 and exocyclic N6 of the adenine at position 2 in each
half of the operator DNA (Figure I-9). If the A:T base-pair at this position is replaced by a
T:A base-pair (to create a Or1* operator), a greater than 40 fold loss in affinity occurs for
wild type Cro (Table I-1). Substituting the hydrophobic amino acids Cys, Leu, or Val for
Gln 27 lowers the affinity of Cro for Or1. However, these mutant repressors all have an
affinity to ORr1* approximately equal to the affinity of wild type protein for wild type Orl
operator DNA. Replacement of thymine 2 by uracil results in loss of affinity of the mutant
Cro repressors for Or1*. These results suggest that substituting a hydrophobic amino acid
at Gin 27 does not significantly alter the three-dimensional structure of Cro and that the
hydrophobic interaction proposed to be made to the thymine methyl group is approximately
equivalent to the hydrogen bonding interaction to adenine N7 in the wild-type Cro - wild
type operator system. Presumably these results would also hold true for binding to the Or3
and substituted Or3 operator DNA sequences. These re-engineered proteins recognize a
different DNA sequence and represent a first step towards the objective of being able to
construct a DNA-binding protein to interact with any desired DNA sequence.
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Table I-1 Interaction of Cro repressor with operator DNA

K4 (nM)
Orl1 Or1* OR 1*-uracil
Protein
Gin 27 (wild type) 2.5 >100 >100
Cys 27 20.0 2.0 35.0
Leu 27 4.5 1.5 11.0
Val 27 6.0 1.7 16.0

Equilibrium dissociation binding constants for the binding of the Cro repressor to operator
DNA were measured by a gel retardation assay. The Or1* sequence has a transversion of
the AT base-pair at position 2 in each half of the operator (using the nomenclature. of Figure
1-9). In OR 1*-uracil the thymines at position 2 are replaced by uracil. The wild type Cro
repressor protein has Gin at position 27 in its amino acid sequence. Site-specific mutants
contain different amino acids at position 27 (adapted from Caruthers et al., 1987).
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3. Qutline of the thesis

The structural basis of protein-DNA recognition has been reviewed in the introduction
to this thesis. Particular attention was paid to the family of proteins containing a helix-tum-
helix DNA-binding motif, which includes the Cro repressor protein from bacteriophage A.
Considerable attention in the literature has focussed on protein being the active participant
in the recognition process. Here, emphasis was placed on the structural role of DNA. The
groundwork for the determination of nucleic acid structure in solution using nuclear
magnetic resonance techniques is illustrated in Chapter II. Mathematical procedures for
distance determination, NOE data assessment, and NOE-based refinement are worked out
with a DNA decamer comprising the major sequence-specific binding site for the Cro
repressor protein. In Chapter IIl, these NMR methods are used to determine the solution
conformation of two self-complementary DNA octamers. The DNA duplexes are of
alternating purine-pyrimidine sequence and demonstrate the diversity of DNA structure. In
Chapter IV, we return to the more difficult DNA decamer, and determine its structure in
solution. The DNA decamer duplex comprises the left ten base-pairs of the Or3 operator
sequence from phage . The interaction of this half-operator with wild-type and mutant Cro
repressor proteins is detailed in Chapter V. The formation of the complex involving the left
ten base-pair half-operator and the native Cro repressor is studied in detail. Changes
induced in the conformation of the DNA by binding to protein are observed. The ORr3
operator sequence is pseudo-symmetric, with its symmetry axis co-existing with the two-
fold symmetry axis of the Cro protein. By characterizing the binding strengths and
stoichiometries of various half- and full-operator DNA sequences, the role of symmetry in
protein-DNA interaction is highlighted (Chapter V). In the last chapter, implications of
these studies into the DNA-Cro repressor system from bacteriophage A are discussed in
terms of general protein-DNA recognition.
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Distance Measuremant and Structure Refinement with NOE datal
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A. Introduction

In the first chapter of this thesis, a procedure was briefly described for the
determination of the structure of proteins in solution using nuclear magnetic resonance
techniques. In Chapters 11 and 1V, the solution structures are determined for three nucleic
. id molecuies. In this chapter, new methods are presented for estimating distances

etween protons and for assessing and refining structures with NOE data. These methods
are developed using the observed and calculated NOE intensities for a DNA duplex,
although they would apply equally well to other biological macromolecules, such as
proteins and carbohydrates.

The two-dimensional 'H NMR nuclear Overhauser experiment is a powerful method to
determine the spatial proximity of protons within a macromolecule. Computation of
molecular conformation can be based on a set of distances derived from NOESY cross-
peaks (Noggle & Shirmer, 1971; Havel & Wiithrich, 1985; Kaptein et al., 1985; Wiithrich,
1986). Often a cross-peak intensity is taken as inversely proportional to the sixth power of
the distance between two spins2. Distances so derived are only approximate since the
cross-peak intensity due to direct cross-relaxation between spins i and j is modified by
additional cross-relaxation with any spin k, especially if spin k exists such that rix <rjj or
Tjk < 1jj. Accuracy is improved with a proper correct.on for spin diffusion and since longer
distances are affected more than shorter ones, the range of distances can be extended to
better define the conformational space covered by the molecule. Spin diffusion effects can
be eliminated by two methods that involve the calculation of the NOE from a given
structure (Macura & Ernst, 1980; Bodenhausen & Ernst, 1982). Distances may be
corrected by back-transformation of a combined experimental and calculated NOE matrix
(Olejniczak et al., 1986; Boelens et ai., 1989). Aliernatively, calculated NOE intensities
may be compared direcily to observed intensities and the initial structure can be adjusted in
an iterative manner so as to minimize the difference between the two sets of NOEs (Suzuki
et al., 1986; Lefevre et al., 1987; Borgias & James, 1988). However, the computational
requirements for a complete NOE calculation are cumbersome and therefore approximate
distances have been most often used to determine molecular structure 1i1 solution by NMR
(Wiithrich, 1986; Lefevre et al., 1987).

The first section of Chapter Il evaluates three procedures for the best method to
determine interproton distances from NOE data. Using the method of highest performance,

2An cxample of a 'H NMR NOESY spectrum is given in Chapter 11 (Figure 111-2). The cioser that two
protons are, the stronger the resulting interaction and corresponding cross-peak between them.



interproton distances are then estimatzd for a DNA decamer, d(TCTATCACCG)
-d(CGGTGATAGA), which comprises the left ten base-pairs (L. 10) of the bacteriophage A
ORr3 operator. An initial structure is derived by using restrained molecular dynamics
calculations (Nilges et al., 1987) with the basis set of approximate distances, and with a set
of allowed t~rsion angles.

The second part of the chapter describes the incorporation of NOE-based refinement
into NMR structure determination. The direct comparison between calculated and observed
NOE intensities is used as an effective energy potential in a restrained molecular mechanics
calculation. The calculated NOE:s are evaluated using a full matrix analysis procedure, and
include the effects of spin diffusion and differential motion within the molecule. Encrgy
minimization results in structures which are in agreement with the experimental data, as

evaluated by an R factor analogous to the standard crystallographic R factor (Baleja &
Sykes, 1988; Gupta et al., 1988).

B. Theory

Measurement of the 'H NMR nuclear Overhauser effect probes the extent of the
relaxation pathways between protons. Relaxation processes describe the return of the
magnetizatior to equilibrium after a perturbation has been applied to populations in the
nuclear spin system. The theory of NMR relaxation has been extensivrly charactenized
(Abragam, 1961; Solomon, 1955; Slichter. 1978; Harris, 1983; Ernst et al., 1987) and is
oniy briefly described here.

Homonuclear dipolar relaxation for a molecule tumbling isotropicaliy in solution can be
described by (Solomon, 1955; Abragam, 1961):

dA
- = -R-A (1)

for which A is the matrix of magnetizations3 and R is the cross-relaxation matrix with
diagonal elements:

1 :

Rjj = % —_ Jo(w) + 3J(w) + 6 Jywm 2
i Q (%)) l’ij6 [ Jo(w) () 5 It | (2)
and off-diagonal elements:

3The difference between the component of the magnctization along the z dircction and its cquilibrium valuc

(M- M),



Ry = % [ 600 - Jo@] 3)

where Q is equal to 0.1¥4#2, and the spectral densities, J,(®), take the form:

Tjj

Tn(®) 1+ (nwotij)?

4)

with Tjj, the rotational correlation time of the interproton vector between i and j, and @y, the
Larmor frequency. Cross correlation terms between different pair-wise dipolar interactions
{Bull. 1987) and other relaxation mechanisms, such as external relaxation, are considered
to be negligible.

Equation (1) can be solved as (Bodenhausen & Emst, 1982):

A(tm) = X eexp(-Atn) *» &1« A(Q) (5)

where X is the matrix of eigenvectors of the relaxation matrix R, A is the diagonal matrix of
eigenvalues, and T, is the mixing time. Calculation of the NOE involves evaluating the
dipolar interactions between all 185 non-exchangeable protons of the L10 DNA decamer.
Tte computational time required to diagonalize the compiete relaxation rate matrix R to
obtain the eigenvector and eigenvalue matrices of equation 5 is therefore quite long {about
63 seconds on an Amdahi 3680 mainframe). Since this time is approximalely proportioiil
to the dimension of the matrix cubed, a two-fold reduction in time is made by creating
proton subsets, calculating cross-relaxation from protons within an 8 A sphere to a proton
of interest and including spin diffusion within the sphere. An additional factor of about two
can be saved by using the minimal number of spheres needsd to cover all observed
crosspeaks. For example, if a sphere centered on i is used to calculate A;j, no sphere is
necessary on spin j since matrix A is real and symmetric (A;; = Aj;). The problem is
reduced from diagonalizing a 185 by 185 matrix to about 85 25 by 25 matrices
(approximately 25 protons within a given 8 A sphere), retaining the accuracy of the NOE
calculation. Test calculations sztisfacionly reproduce NOE build-up curves from Borgias &
James (1988).
Alternatively, the NOESY intensities can be calculated from (Macura & Ernst, 1980):

A(m) = exp (-R1p) - A(0) {6)



and the exponential term: can be expanded in a Taylor series:
exp ('R’tm) = l = R'tm + 0.5 Rszz + ... (7)

and NOE peak intensitiecs may be caiculated as:

Ay = 6

j ij - Rij Tm T 0.5 {‘ RikRkj Tm2 + ... (8)

This series does not converge rapidly for large molecules that tumble slowly in solution
with greater cross-relaxation rates and when the mixing time is long. The matrix analysis

procedure is not only generally applicable, but also is often computationally more efficient.

C. Distance determination procedures

In order to emphasize methods of distance determination without the problems of low
signal to noise ratios and spectral artifacts in the NOESY experiment (Williamson &
Neuhaus, 1987), three procedures are considered with calculated NOEs as idealized data.
NOE intensities are simulated using the matrix analysis calculation for varisus proton pairs
from a model of L10 in a B-DNA confonmation (Arnott & Hukins, 1972) with a correlation
time of 3 nanoseconds and a spectrometer frequency of 500 MHz. The distance
determination methods are applied to the data calculated for mixing times of 50, 100, and
150 milliseconds. Reflecting the experimental conditions, the methods are evaluaicd for
reliability and their ease of implemcntation.

1. Methods of distance deterination using calculated NOE intensities

Method 1. At a sufficiently short mixing time. the NOESY cross-peak intensity is
represented by the term linear in 1y of equation 8, which is directly proportional to the
inverse sixth power of the distance separating a pair of protons. However, the intensity of
any given NOE crosspeak can be affected by spectral artifacts, especially in spectra with
low signal to noise ratios and with possible contributions from zero quantum coherence at
short mixing times. Therefore, NOE intensities are commonly measured as a function of
mixing time with the slope of a line starting at zero and going through the NOEs
determining a build-up rate, K. To determine distances, initial NOE build-up rates are

typically calibrated with a reference build-up rate of a proton pair of krown separation:

1%}

'h



Kij = Kjjgen ( %E )6 %)

Figure II-1 shows buildup curves based upon calculated NOE data. In Figure 1I-1A, the
initial rates are indicated by straight lines fitted through NOEs at 50, 100, and 150
milliseconds, except for the 2', 2" proton pair where tite intensity past 100 milliseconds is
not used since the non-linearity of the build-up curve indicates that the isolated spin pair
approximation is inappropriate. This is not apparent fs:¢ NOI curves of lower intensity,
especially in the presence of some spectral noise. The cytosine base H5-H6 NOE with a
distance of 2.46 A is used for calibration of build-up rate; in order to estimate the other
interproton distances.

Method 2. The build-up of the NOE with 1, can be fitted with a second order
polynomial (equation 8). This procedure uses the term linear in T, of the 2 term fit to the
NOE datia to represent the initial build-up rate of the NOE (Hyberts & Wagner, 1989).
Calibration of the initial rates using the reference leads to distances that have had some
correction for spin diffusion. The two-term polynomial representation better reproduces the
NOE data in Figure II-1A up to 2 mixing time of 150 milliseconds. Evaluation with yet «
higher order polynomial is most often not feasible experimentally because of inaccuracies in
determining cross-peak intensities and rzstrictions on the number of time points that can be
collected during the available spectrometer time. Build-up rates from Methods 1 and 2 are
summarized in Table II-1.

Table 1I-1 Initial NOE buildup rates (s-1) of selected proton pairs for L10 DNA

Proton pairs
Ay 2'<->2" CgH5<->H6 A4 1'<->TsH6 A4 H8<->T3H6
method 1 158 48 20 2.6
method 2 388 48 31 09
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Figure 1I-1 Evaluation of distance determination methods based on simulated NOEs

NOE intensities are simulated at mixing times of 50, 100, and 150 milliseconds for: A}
2'<->2" (B ); Cg H6<->HS (A); Ay 1'<->Ts H6 (@ ); and Ay HB8<->TgH6 (0 ) ina
central portion of L10 in a B-DNA conformation. In A, the dotied lines represent the
calculated NOE build-up curves. Initial build-up rates for a single term fit (isolated spin-
pair approximation) are illustrated by dashed lines. The two-term fit is shown with a solid
line. In B, distances are derived at each mixing time by comparing the NOE intensity to that
of the reference. The horizontal line represents the reference cytosine H6-HS at 2.46 A.
Linear extrapolation of derived distances to zero mixing time gives an estimate of the
distance in each proton pair.
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Method 3. A third procedure is the distance extrapolation method (Figure 11-1B). The
NOE for a given proton pair is compared to the reference NOE at each mixing time and the
distance is derived at that mixing time:

1
lim lim [ NOErftm) *Iref(Tm)® } s
Tm—0 Gj(tm) = Tm—~0 NOE;j(Tm)

fjj = (10)
Distances at short mixing times are most accurate, and deviate uni-directionally from the
correct value at long mixing times because of spin diffusion. Therefore, extrapolation to
zero mixing time gives an estimate of the interproton separation. The method is similar to
Figure 2 of Nilges et al. (1987), except that they define a reference NOE intensity as the
product of an initial slope estimate and the mixing time. In Figure II-1B, the tendency to
similar NOEs and therefore calculated distances is seen at long mixing times where spin
diffusion is important. A positive slope indicates a loss of magnetization to other spins
faster than the reference cytosine H5-H6 pair, whereas a negative slope indicates a relative
gain in cross-peak intensity via spin diffusion. A polynomial fit through the distances
would increase the accuracy of the calculation, although insufficient data points are taken to
warrant such a procedure experimentally.

The results for interproton distances derived by these methods are summarized in Table
I1-2. The distance extrapolation method is clearly better than the 1-term method and is
generally as good as distances derived from the NOE build-up rate approximated by the
linear term of a two term fit to the build-up curve. Since the distance extrapclation method
is also self-correcting for changes in instrument gain between NOESY experiments of
different mixing time and more directly demonstrates the effects of spin diffusion on
derived distances, it is a method of choice, at least for the proton pairs represented in
Figure Il-1.

Table 1I-2 Distance estimates (A) based on simulated NOE data for L10 DNA

Proton pairs
Ay 2'<->2" CeH5<->H6 A4 1'<>TsH6 A4 H8<->T5H6

Correct distance 1.76 2.46 2.80 5.20
method 1 1.95 (2.46) 2.85 3.99
method 2 1.85 (2.46) 2.81 5.09

method 3 1.77 (2.46) 2.80 4.89
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In Figure 1I-2, distances estimated from the three procedures are compared to the
correct distances found for all the intra-residue and inter-residue proton pairs that are
commonly observed by NMR in the NOESY spectrum of a B-type DNA duplex4.
Distances longer than the reference 2.46 A are systematically underestimated, especiaily
with the isolated spin-pair approximation method. The two poorest distance estimates are
near 3.8 A. These are the intranucleotide aromatic base<->2" and the internucl: »tide 2'<->
aromatic base (n+1) proton pairs. They represent the near linear arrangements of protons
spaced about 2 A apart for the aromatic base proton, the methylene 2' and 2" sugar protons
of that nucleotide(n), and the base proton of the succeeding 3' (n+1) nucleotide. This
geometry is most troublesome for analysis of NOE data (Landy & Nageswara Rao, 1989).

2. Distance and initial structure determination using observed NOE intensities

The distance extrapolation method is now used on real experimentally measured NOE
data to derive interproton distances which then form a basis set for structural determination.
NOESY spectra were obtained at 20°C on a Varian VXR-500 spectrometer for a 4 mM
sample of L10 at average mixing times of 50, 100, 150, and 250 milliseconds with a
randomization of +10 milliseconds to suppress quantum coherences. Volume integration of
cross-peaks up to 150 milliseconds gave the NOE intensities used for distance
determination, except for the longest distances for which an NOE could not be observed at
shorter mixing times. For these proton pairs, a distance estimate was made by also
considering the derived distance at 250 milliseconds. In Figure 1I-3, NOE build-up curves
and distance extrapolations are illustrated for the same proton pairs as were used above to
illustrate the behavior of the distance determination methods. Because the experimental
structure is different than canonical B DNA, the A4 1'<->T 5 H6 distance, for example,
appears longer. Upper and lower bounds on the distances are estimated from assuming an
error of approximately 20% in the NOE measurementi (see below).

292 experimentally determined distances are used in a restrained molecular dynamics
(MD) simulation to generate & structure consistent with the distance restraint set. The
calculazions were performed with the GROMOS program (Kaptein et al., 1985; de Vlieg et
al., 1986), following a procedure for oligonucleotides (Nilges et al., 1987), that will be

4Intranucleotide (for Adenine 4): 1'<->2", 230 A; 1'e->2', 2.98 A; I'<>3', 3.80 A; 1'<->4', 3.60 A; I'
<->H2, 4.51: 1'c->H8, 3.86 A; 2<->2", 1.76 A; 2'<->3', 2.37 A; 2'<->H8, 2.16 A; 2"<->3', 2.69 A;
2"<->H8, 3.60 A: 3'<->4", 2.70 A; 3<->5', 3.71; 3'<->5", 2.81; 3'<->H8, 4.15 A: 4'<->H8, 4.80 A; and
internuclcotidc ti<->i+1; Adeninc 4 - Thymine 5): I'<->H6, 2.80 A; 1'<->1', 494 A; 2'<->H6, 3.87 A;
2"<->H6, 2.%5 A; 3<->H6, 4.97 A; H8<->H6, 5.20 A.



(9
J
o—x

D
]
a

1
—0

i

(U8]
L
3
[3—©

Distance estimate (A)

1 M 4 e ¥ v T v 1 v | A A1

4 5
Correct distance (A)

&
o8

Figure II-2 Distance estimate comparisons for .10 in a B-DNA conformation

NOE intensities are first calculated using a full matrix analysis procedure. Distances
estimated from the simulated NOE intensities vsing the three distance determination
methods are compared to the correct distances for proton pairs commonly observed in the
NOESY spectrum of a DNA duplex in a B-DNA conformation. Intra-residue proton pairs
are illustrated for Adeniney and inter-residue pairs are represented by the Adeniney <->
Thymines base step: Initial build-up rate from a single term fit to the NOE build-up curve
( O); Term linear in 1, from a two-term fit, A T, + B 142, ( X ); Derived distance
extrapolation (0).
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Figure 11-3 Distance determination from experimentally observed NOEs in L10
The measured NQE intensities up to a mixing time of 250 milliseconds are presented in A
for Ay 2'<->2" (B ); Cg Ho<->HS5 (A); Ay 1'<->T5s H6 (@ ); and A4 HE8<->T5H6 (0).

In B, distances are derived at each mixing time by comparing the NOE intensity to thatof

the reference (C H6-HS5, 2.46 A). Linear extrapolation of derived distances to zero mixing

time gives an estimate of the distance in each proton pair.
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more completely described in Chapters 11T and IV. For the purposes of this discussion, we
consider results from a 20 picosecond MD run starting from canonical A DNA. In the first
half of the MD run, force parameters were increased from 500 to 10000 kJemol-! nm-2 for
the distance restraints. Averaging coordinates over the last 5 picoseconds the MD run yields
MD structure 1.

Molecular dynamics procedures were chosen over other structure generating methods
(e.g. distance geometry, Havel & Wiithrich, 1985) since the MD programs we-e¢ readily
available and most completely incorporated general concepts of molecular forces such as
electrostatic and van der Waals forces. Although approximate, inclusion of a MD force field
should give more accurate structures than the neglect of the interatomic interactions,
especially when the number of observablcs from NMR is small (Chapter III, Nilges et al.,
1987).

D. NOE-based refinement

In the second part of this manuscript, MD structure I is refined by comparing the
experimentally observed NOEs to those calculated from the structure using the matrix
analysis procedure. Since experimentally observed NOE cross-peaks are measured in
arbitrary units, they are first scaled to calculated NOE intensit.es by multiplying with a
scaling factor (XNOEgps / ENOE,1c). NOE-based refinement is accomplished by replacing
the distance target function in the total energy description of the decamer DNA system with
an NOE potential term:

Enog =0.5* CNOE * 2 [ NOEgps - NOEqgc 12 (11)

where CNOE is a force constant set equal to 2000 kJ*mol-! (ANOE)-2. Forces from the
NOE potential are evaluated at the first step and are subsequently evaluated every ten steps
during the molecular mechanics run. Spheres are again used, first to select all protons
within 8 A “a given proton i. The force on proton i is then calculated using only observed
NOEs involving protons within the 8 A sphere. Derivatives of the NOE with respect to a
change in each Cartesian coordinate of i are evaluated numerically by changing the
coordinate slightly (by 0.01 A) and re-calculating the NOE:

JE JNOE
Fy; = -_EQE = CNOE * E[NOEobs - NOEcgc 1 * —

(12
9x; ox; 12)



Evaluation of the functio.” i repeated for each proton in the molecule. These NG~ ‘energy’
gradients include both diteci forces, waare twe prowns. i and j, are pushed closer tc_.cther
if the calculated NOE; is tco weak, or streiched apait i too strong, and indirect forces that
result from the effect of moving proton i on NOEy . Note thu although proton i may not be
observed ai all as an NOE, information on its position is known because of the effect on
nearby NOEs (Landy & Nageswara Rao, 1989; Fejzo et al., 1989} Here, the pseudo-
energy forces are calculated for NOE :atensiues between non-exchangeable protons for
mixing times of 150 and 250 mill.seconds, ithough, if desired, the algorithm {Appendix 1)
could be easily extended to take into account all mixing times.

A residual factor R monitors the fit of the NOEs calculated from the structure to
observed NOE intensities:

¥ | NOEgps - NOEcalc |

R (13)
p> NOEobs

where the summation runs over the number of observables. Tu keep an analogy with the
standard crystallographic R factor, weighting factors based on the standard deviation in the
NOE intensity are not included. R factors are presented in Table 11-3 for mixing times of
150 and 250 milliseconds which is a compromise between less signal-to-noise at shorter
mixing times, and greater spin diffusion effects at long times. The observed NOE
intensities are tabulated for all assigned, non-overlapping NOE cross-peaks and are here
divided into three groups: (1), strong NOEs that correspond to distances of less than about
2.8 A; (2), strong and medium NOEs for distances of less than about 3.6 A; and (3), all
NOE intensities. Table 1I-3 indicates higher R values for data that includes the weaker
intensities. After 100 steps of energy minimization, the R factor is reduced to 0.19 (for all
observed NOEs at mixing times of 150 and 250 milliseconds), indicating a close agreement
between structure and observed data. The refined structure II has an overall atomic rms
deviation of 1.3 A from canonical B DNA and is depicted in Figure 1I-4.
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Table -3 R factors for observed NOE intensites of 1,10

sirong NOEs sirong and nwedium NOES all NOEs
# of observationsd 234 394 603
A DNA model 0.<3 0.61 0.69
B DNA model 0.21 0.38 0.42
MD structure 10 0.22 0.26 0.27
MD structure I¢ 0.19 0.23 0.24
Refined structure 11 0.15 0.18 0.19

4294 NOE intensities in otal were observed at a mix:ng time of 150 milliseconds and 309
intensities at 250 milliseconds. ? Structure produced after 20) picoseconds of molecular
dynamics restained with approximate distances derived by extrapolation to zero mixing
time. € MD structure 1 with correlation time reduction factors. d Structure after 100 cycles of

energy miaimization with observed NOEs and including differential motion.

Ay L

Figure -1 Stercoview of the retined structure o0 7 1O DN A
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Calculation of the limiting R factor to be expected for a . ructure was
determined by first assessing the experimentai uncertainties in observe. S~OE intensitics.
Two sets of NOE intensities were available from two 50 millisecond mixing time NOESY
spectra of L10 which had been collected several days apart. The absolute value of the
difference for each cross-peak intensity in the two sets increase with the size of the cross-
peak (Figure II-5), and this relative error can be estimated as about 20 % of the cross-peak
intensity. The relative error represents effects, such as t} and tp streaking and baseline
distortion, that are approximately proportional to the cross-peak intensity. In addition, there
is an absolute error component of 15 (in arbitrary units of measured NOE intensities) which
represents the random noise for the NOESY spectrum.

NOE intensities were calculated for L10 at 150 and 250 milliseconds mixing tme in a
known structure, namely that of a B-DNA conformation. Random errors were added> to
these NOEs with the standard deviations set on a Gaussian distribution function assuming a
relative error of 20%, and an absolute error contribution of 15 (i.e., 0.20*NOEcac + 15).
The R factor for the B-DNA NOE intensities with added errors is (.17, which represents a
fimit at which the structure is consistent with the NGE data.

During refinement of the structure, correlation time adjust—ent factors were assigned to
each proton in the DNA molecule. These are used o locally reduce correlation times for
certain proton pairs and introduce a differential motion model for DNA:

- - - *
“1j - e

o~
1

*
n
~ o

{14

The product, (Si*S;) =S;j?, relates to the order parameter, S2, of Lipari and Szabo (1982),
and can vary between 0 and i. A value ~f one indicares thai the correlation time of the
interproton vector is the samme as the overall tumbling time of the macromolecule; a value of
zero indicates compleie motional freedons. Most protons have an adjustment factor of one.
Reduced correlation times might be expected for groups of protons associated with local
internal motion in DNA, such as thymire methyl rotation, and flexibility about the sugar 2'
methylene. Adc .ional motion should be expected for protons of the 5' and 3' terminal

residues (Clore & Gronenborn, 1984; Hogan & Jardetzky, 1980; Keepers & James,
1982).

5 NOE values with random crrors of Gaussian distribution were gencrated with the desired standard deviation
using the GAUSS subroutiuc of the GROMOS molccular dynamics simulation program package.
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Figu=e 11-5 Error estimatinn in observed NOE intensities

T-wo separate 50 millisecond mixing time NOESY experiments were taken sev. -1i days
apari. Cross-peak :atensities for both were measured and tabulated. The NOE intensities
were corrected for changes in instrument gain and sample over the measurement period.
The first set of intensities was overall approximately 8% lower than the second set. The
absolute difference between the first and second measurement (after correction) is plotted
against the average MOE intensity for each measured cross-peak (0). Errors were estimted
to have a relative error of approximately 20% and an absolute error of 15 units {(when
scaled to calculated NOE intensities, an absolute error of 0.005). Assuming thece values, a
corresponding sev of randon eirrors was constructed on a Gaussian distribation for the
averaged NOE intensity. The absolute value of ti ese errors is plotted against the averaged
NO intensity for cach cross-peak (+).
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The addition of correlation time adjustment factors do not take into account that the
NOE between protons not fixed by covalent geometry can be modified by distance
fluctuations. The observed cross-peak is an approximate r® weighted average, and is
therefore dominated by the close approach of the atoms. Therefore, the incorporation of
differentiai correiation times is first examined for proton pairs of fixed length (Figure 11-6).
These include the covalently bound proton pairs (the methylene 2'<->2", 1.76 A and the
cytosine H5<->H6, 2.46 A) and proton pairs of nearly invariant length (the sugar ring 1'<-
>2" which is 2.330.1 A for all sugar ring corformations and the thymine H6<->CHj3
(center), 3.0 A). To improve signal-to-noise in Figure 11-6, crosspeak intensities
(excepting the 5' aud 3’ termini) were averaged for each type of proton pair (2'<->2",
H5<->H6, 1'<->2", and H6 <->CH3).

In Figure 11-6A, NOE intensities are calculated using the same correlation time, 2.8
nanoseconds, for all interproton vectors. The calculated values for the average 2'<->2"
and thymine H6<->CH3 NOE intensities are clearly too large and the cytosine H5<->H6
and sugar 1'<->2" intensities too low. These errors are larger than those expected for small
errors in the internuclear distances used. The NOE R factor (over individual NOE
intensities) is 0.19. The NOE for the corresponding H6<->CH3 cross-peak is merely the
sum of the three individual H6<->methyl proton crosspeuaks. with the methy! group in a
fixed conformation. Since methyl groups often nearly freely rotate, the neglect of internal
motion here is clearly inaporopriate {(Rowan et al., 1974). Internal motion has also been
neglected in Figure II-6A for motion of the 2' and 2" protons of DNA (Lefevre et al.,
1987; Clore & Gronenborn, 19384).

In Figure 11-6B, NOE intensities are re-calculated using correlation time adjustment
factors allowing different correlation times for each class of proton pair. The best fit is
given with a slower correlation time for the cytosine H5<->H6 vectors and faster
correlation times for the remuainder of the interproton vectors. Here, NOE intensities are
calculated using correlation time adjustment factors of 0.5 and 0.8 for the thymine methyl
and methylene protons on the 2' carbon, respectively, and 1.0 for the other protons, with a
molecular correlation time, 1., of 3.8 nanoseconds. The average interproton vector
correlation time is same as before—?2 8 nanoseconds. The NOE R factor is reduced to 0.11
vy allowing differential motion.

The calculated NOE intensities still do not match observed NOE intensities well in
Figure 1I-6B for the average thymine H6<->CH3 crosspeak. Although inclusion of a
shorter correlation time for the interproton vector is convenient, a more sophisticated
model, such as jumping between allowed methyl rotor states (Rowan et al., 1974), could

be mo ¢ accurate. The agreement between observed and calculated 1'<->2" intensities
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Figure 11-6 Nuclear Overhauser effect build-up curves for proton pairs of invariant length
Volume integrals of two-dimensional NOE cross-peaks were averaged for each class of
proton pair: sugar ring 2'<->2" ( ® ), cytosine H5<->H6 ( 0 }, sugar ning 1'<->2" ( &),
thymine 116<->CH3 ( x ). The lines show NOE intensities calculated using a full matrix
analysis procedure: sugar ring 2'<->2" (—, upper), cytosine H5<->H6 (- - ), sugar ring
1'<->2" (—, lower), thymine H6<->CH3 (----). For ease of comparison vetween the
panels, caleulated NOE intensities are fit to the observed NOE intensities although,
normally, observed NOE intensities are instead scaled to those calculated. In Panzl A, NOE
cress-peaks are computed using the same correlation time, 2.8 naroseconds, for all
interproton vectors. A differential motion model is used to calculate NOE intensitics in
panel B resulting in the following correlation times (in nsec.): sugar ring 2'<->2" (2.4),
cviosine HS<->H6 (3.8) , sugar ring 1'<->2" (3.0), thy ane H6<->CHj3 (1.8).
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could be improved by choosing different adjustment factor components for the 2" and 2"
protons (0.85 and 0.75, respectively, instead of 0.80 for  1th), although the improvement
would be small, and the disiinction in motion between e 2' and 2" protons difficult to
justify on physiochemical grounds. Other small deviations between observed and calculated
intensities most likely result from experimental errors in the observed intensities, such as
those caused by limited digital resolution and spectral overlap, and from errors arising by
the neglect of incomplete relaxation between scans and of non-dipolar sources of relaxation
such as external relaxation caused by paramagnetic ions. In addition, fluctuations in atomic
positions for protons that have an indirect influence on the covalent proton pairs (such as
movement of the 3' protons) are not included. Anisotropic motion likely plays no
significant role in modifying NOE intensities since a DNA duplex ten base-pairs long 1s
nearly gobular (approximately a cylinder 30 A long and 24 A in diameter) and the
improvement in the NOE R factor upon incorporation of the differential motion model is
noted to be mor  or less equal for more globular DNA octamer duplexes (Chapter I11).

The inclusion of correlation time adjustment factors also improves the overall
comparison between observed and .alculated NOE intensities for the 150 and 250
millisecond mixing time NOE intensities used for structure refinement. Here, values of
0.65, 0.85 and 0.9 are used empirically to reflect the increased motion of all thymine
methyl groups, sugar  and 2" methylene protons, and the 5" and 3' terminal residues,
respectively (Clore & Gronenborn, 1984; Keepers & James, 1984), with an overall
correlation time of 3.8 nanoseconds®. The incorporation of order parameters for MD
structure | improves the NOE R factor from 0.27 to 0.24 (Table 111-3}.

The loc.! correlation time reduction factors improve the comparison between observed
and calculatcd NOE intensities mainly by taking into account fast motions that locally
reduce the rotational correlation time for a.. iaterproton vector. Methods treating the
ubservation of slower motional processes by NMR have been recently reviewed (van de
Vie.. & Hilbers, 1988, Wiiliams, 1989). ! .ongitudinal T and uansverse T relaxation times
have been traditionally measured to demonsurate internal mobility in macromolecules. The
homonuclear NOE may also be used not only to determine the structure of a molecule in

solution, but also to quantitatively describc some of its dynamics of motion.

6In the abscnce of corrclation time adjustment factors, the best agreement between observed and calculation
NOE intensitics for the 50-250 millisccond NOEs between protons in fixed geomctrics occurs with a
molecular correlation time, T¢, of 2.8 nanoscconds. For all 150 and 250 miilisccond NOE intensities uscd
for structure refinement the best fit is with a 7 ot 3 nsec. Likewisc, the correlation time adjustment factnrs
are slightly different for the two groups of NOE inicnsitics.
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A more sophisticated model of motion could be 1sed (Noggie & Shirmer, 1971; Lipari
& Szabo, 1982; Keepers & James, 1984; Rowan et al., 1974), but the incorporation of
model-free empirical parameters here is sufficient with respect to the precision of the IVOE
data experimentally collected. The incorporation of empirical correlation time reduction
factors can be viewed as an-'ogous to the addition of thermal factors used in refinement of
structures from X-ray crystallographic data.

Although it may be preferable to use NOE intensities directly in a long reswrained MD
run, thereby performing a better search of conformational space and eliminating the step of
making rather approximate distance dcterminations, the computational time would be
cumbersome. Much more time would be required on the Amdah! (approximately 30 hours)
when compared to the two hours needed for a molecular dynamics run restrained with
distances. Moreover, it is unclear whether the structure produced by using the NOE direcily
in D e, vould be essentially more correct than that produced using approximate
it aices, - dlicwed by refinement with NOEs, given an:- inadequacies in the motional
L LOEEe . vere.

;¢ L.c of NOE data will be facilitated by further improvements in caiculational
strategy (Yip & Case, 1989), a more complete description of molecular motion, and by the
availability of faster computers. Often at long mixing times, NOE cross-peak. 2n be
observed between protons even 6 and 7 A apart, but this information is lost since it cannot
be directly related to a distance. These NOE calculation methods indicate a way to obtain
more parameters that cover a greater range of conformation space, and to better determine

structures in solution bv " IR.
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Chapter 1li

The Solution Conformation of Purine-pyrimidira DNA Octamers
using Nuclear Magnetic Resonance, Restrained Molecular Dynamics,
and NOE-based Refinement



A. Introduction

Although DNA displays considerable structural diversity, deoxyoligonucleotides cai: be
classified into one of several distinct conformational families. The relative stability of
possible conformations is dependent upon both base sequence and external factors such as
solution media composition and the presence of superhelical torsion forces. NMR
experiments (Cohen, 1987; Gronenborn & Clore, 1985; Patel et al, 1982),
crystallographic determinations (Wang et al. 1979, Dickerson & Drew, 1981), and
enzymatic studies (McLean & Wells, 1988; Naylor et al., 1986) of the right-handed * ond
B-type helical forms, and the left-handed Z form exemplify the heterogeieity within n
major structural class. Z conformations are found in sequences with a regular alte
purine and pyrimidine residues which are mostly guanine and cytosine, aithough thei.
been some exceptions (Fe’ ~on et al.,, 1985; MclLean & W-lls, 1988). Alternating aden.
thymiine tracts, however, adopt right-handed conformations in solution (Lomonassoff et
ai., 1981; Suzuki et al., 1986). Intermediary sequences of 50% GC content are of interest
not only because these sequences appear in genomes, -uch as in the anti-Z DNA antibody
binding regions of SV40 viral DNA (Hagen et al., 1935; Nordheim & Rich, 1983), but
also because of the exhibition of conformational polymorphism (Z-DNA tract formation
versus cruciform extrusion) as a response to diff _rent conditions of superhelical stress
when cloned into supercoiled plasmids (McLean & Wells, 1988; Naylor et al., 1988). To
understand the predisposition of these sequences in promoting the B-Z transition, a
determination of the structaral details of [d(G-T-A-C-G-T-A-C)], and [d(C-A-T-G-C-A-T-
G)]7 as linear duplexes without effects of superhelical stress was undertaken herein.

Two dimensional 1H NMR techniques yield data that can provide high-resolution
molecular structures in solution. In particular, the nuclear Overhauser effect results from
the spatial proximity of nuclear spins and can be used to determine their separation (Noggle
& Shirmer, 1971; Havel & Wiithrich, 1985; Patel et al, 1987). This data can be
supplemented with irements of counling constants (J), which provide quantitative
estimates of torsion ......cs (Rinkel & Altona, 1987; Chary et al., 1988). Sets of interproten
and dihedral measurements are then used as a basis for structure determination by
incorporation of these restraints as effective potentials into the total energy function of the
system in restrained molecular dynamics simulations (Behling et al., 1987; Kaptein et al.,
1985). The empirical energy function ensures that structures which satisfy the experimental
restraints still have approximately correct locsl stereochemistry and non-bended interactions
(Nilsson al., 1986; Nilsson & Karplus, 1986).
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The distance between two spins is often estimated from NOE data by assuming inverse
proportionclity to the sixth root of the NOE cross-peak intensity. Distances 50 derived are
only approximate since the cross-peak intensity due to direct cross-relaxation between spins
i and j is mndified by additional cross-relaxation with any spin k, especially if spin k exists
such that rjy < Tjj Or Tjk <Tijj. However, NOE cross-peak intensities may be predicted from
the structures produced by a molecular dynamics simulation and compared directly to the
observed intensities, eliminating approximate distance calculation. The structures resulting
from restrained molecular dynamics calculations can be refined in an iterative manner so as
to minimize the difference between the two sets of NOEs (Chapter II, Baleja et al., 1990a).

In this chapter, the solution structures of two self-complementary alternating purine-
pyrimidine DNA oligonucleotides [d(G-T-A-C-G-T-A-C)]2 and [d(C-A-T-G-C-A-T-G)]2
are inveiigated. After sequential assignment of all the nonexchangeable protons,
approximate interproton distances are obtained by extrapolating distances derived from
time-dependent NOE measurements to zero mixing time (Chapter II). Estimates of coupling
constants from one and two-dimensional spectra enable us to limit the conformational space
for all glycosidic torsion angles. For each oligonucleotide, restrained molecular dynam:=s
simulations are started from A and from B DNA (atomic rms difference of 4.3 A) and
converge 1o structures that satisfy the experimental restraints. For [d(G-T-A-C-G-T-A-C),
and [d(C-A-T-G-C-A-T-G)],, the atomic rms difference beiween the averaged dynamics
structures (0.66 and 0.65 A, respectively) is comparable to the rms fluctuatiors of the
atoms about their average positions. The resulting structures are refined by comparing
observed NOE intensities to the NOE intensities calculated using a full matrix analysis
procedure and minimizing the difference between the tvvo sets of NOEs (Chapter II). Final
structures have NOE R factors of 0.19 for [d(G-T-4-C-G-T-A-C)}2 and 0.23 for [d(C-
A-T-G-C-A-T-G)l,, each of which represent a high quality of fit to the experimental data.
Conformational parameters of the structures are analyzed with respect to base-sequence
dependence and chain termination effects. In general, they reflect B-DNA type features,
qualitatively in agreement with previous IH NMR studies of related sequences (Lown et
al., 1984; Nilges et al., 1987; Nilsson et al., 1986; Searle et al., 1988; Stevens et al.,
1988).
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B. Experimental Procedures
1. Sample preparation

Deoxyoligonucleotides, 5' d(G-T-A-C-G-T-A-C) and 5" d(C-A-T-G-C-A-T-G), were
prepared (by M. W. Germann & J. H. van de Sande, University of Calgary) on an Applied
BicSystems Model 380A DNA synthesizer using phosphoramidate chemistry (Beaucage &
Caruthers, 1981). After deblocking and detritylation, synthesis products were purified by
anion-exchange chromatography at pH 13.0 on NACS-20 (Germann et al., 1985).
Aliquots of the purified oligonucleotides, which were 5'-end labelled with ly—32Pl
adenosine triphosphate and T4 polynucleotide kinase (Chaconas & van de Sande, 1980),
gave a single band on 20% denaturing polyacrylamide gels for each product.

The purified oligonucleotides were de-salted (at the University of Alberta) by G25
chromatography and were iyophilized. By heating each sample in 1.3 ml of 10 mM
Na-phosphate buffer, pH 7.0, 0.1 M NaCl, and 25 pM EDTA 1o 85°C, and allowing the

solutions to cool to room temperature over several hours, sirands annealed to form the
duplexes:

5(G; pT2 pA3 pCs pGs pTg pA7 pCy) 3 GTAC
3 (Cg pA7 pTe PGs pCa pA3 pT2 pGp 5’

an”
- 1 pA2 pT3 pGs pCs pAs pT7 pGg) 3’ CATG
3'(Gs pT7 pAs PCs pGs pT3 pA2 pCy) 5

GTAC and CATG are abbreviations for [d(G-T-A-C-G-T-A-C)] and [d(C-A-T-G-C-A-T-
G)]a, respectively. Solutions were passed over the Nat form of Chelex 100 to remove
paramagnetic metal ions prior to lyophilization. Samples were dissolved and re-lyophilized
three times in increasing grades of D20, and finally taken up in 0.65 ml of 99.997% D,0.
Product homogeneity was also checked by 'H NMR spectroscepy (Figure HI-1). Final
buffer concentrations for botk samples were 0.2 M NaCl, 20 mM Na-phosphate, pH 7.3
«direct meter reading), and 50 pM EDTA. Duplex concentrations were 0.3 and 0.6 mM for
CATG and GTAC, respectively.
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2. Nuclear magnetic resonance spectroscopy

All NMR spectra were obtained on a Varian XL 400 NMR spectrometer with an
operational frequency of 40G MHz for protons. Experiments were taken witk 2K data
points along tp and with 256 1; incroments, The spectral width employed was
approximately 3400 Hz, with a rei~xaiioi Jelay time of 2.0 seconds. Streaking along tj
was reduced by multiplying the * st domain time point by a factor optimized near 0.5
(Otting et al., 1986). Absoluie . -iv t.SY spectra (Nagayamu et al., 1980) were recorded

at 26°. The appropriate phase - ~as used for quadvature detection and to eliminate

axial peaks, and in the case . N ( spectra, single and multiple quantum coherences.
Phase-sensitive NOESY s . .... (States et al., 1982) were collected at 20°C, which was

optimal for spectral resolv'"~ .. und was » compromise between broader lines at lower

temperatures and duplex fr "3 at higher temperatures. Average mixing times of 100, 200,
400, and 500 millisecoi... were used. A random declay of between -10 and +10
milliseconds was incorporated to suppress zero quantum coherences. Spectra with the
longer mixing times were mainly used for resonance assignment. Although spin diffusion
was apparent, it did not interfere with the sequential assignment procedure. Low sample
concentration:s precluded the use of shorter mixing times.

Prior. to two-dimensional Fourier transformation, the data were zero-filled 1o 2048
points along the tj dimension. COSY and NCESY data were weighted by both exp(t/ RE)
and exp{-t2/ AF2) functions in each dimension. Values of RE (to effect resolution
enhancement) and AF (an apodization function to suppress truncation artifacts) were
chosen so that for COSY spectra, the data were nearly nulled at the first and last time points
(1), and were maximized at a point that corresponded to an acquisition: time of about 1/
(2*J}, where J is an average coupling constant (approximately 8 Hz.) best suited to observe
most correlations. For phase-sensitive NOESY spectra, RE values were chosen to give
slight resolution enhancement, and an AF value smali enough to avoid truncation effects.
Such a procedure reduces tailing about the diagonal with lite change in cross-peax
intensity. Final symmetrized two-dimensional spectra were (K by 1K data points,
representing a resolution of approximately 3.4 Hz per point. NOESY intensities were
quantified by determining the volume integral of each cross-peak. Noininally empty areas

perpendicularly adjacent to each :ross-peak were examined for baseline correction.
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Figure V-11 CD spectra of native and V55C Cro repressor proteins
Circular dichroism spectra are shown for native Cro repressor (— ), ata concentration of
27 uM, and V55C Cro (@), at a concentration of 18 uM, in standard buffer at 4.7°C.



Overall, the similar CD and TH NMR. spectra reflect the similarity in structure. Since the
two proteins have approximately the same line-widths (and the same T3 relaxation time
constants, not shown), they also have the same metional properties on the nanosecond time
scale. The results below will show, however, that there are differences in flexibility
between the two proteins and that these changes lead to an alteration in function.

2. Differences in structure and dynamics

a. Differences in thermal stability

The CD band intensity at 222 nm., reflecting mainly the helical content of the protein,
was monitored as the temperature was allowed to rise. A drop in the magnitude of intensity
reflects the loss of helical content of the two proteins. The intensity of well-resolved 1H
NMR resonances was also monitored as the temperature increased (Figure V-12). The loss
of NMR intensity coincides with the loss of the interaction of chemical groups with the
observed proton (mairly carbonyl groups and aromatic rings) that cause spectral
dispersion. The NMR peaks reappear (in sfow exchange) at the chemical shifts expected for
the protein in random corformations (Bundi & Wiithrich, 1979). Results from CD and
NMR? are summarized in Figure V-13. All melting curves were fully reversible and
exhibited no hysteresis.

The increased stability for the cross-linked nrotein is quite apparent—the helical content
of wild-type melts at 47°, V55C has its midpoint at 67°. By NMR, the wild-type protein
also melts at 47°, but the V55C Cro protein melts 2t 58°. All NMR resonance lines give the
same melting temperature to within experimental error. The cross-linked protein exists in a
state between 58 and 67° with the a helices mainly intact, but without the interaction of
chemical groups that cause spectral dispersion. The presence of the disulfide cross-link
raises the melting temperature of Cro, presumably by de- stabilization of the unfolded staie
(Wetzel, 1987).

5 Thermial mid-points are calculated assuming a N to D equilibrium, where N i the folded protein, and D is
the denatured state. They are therefore defined as the temperature =t ihe midpoint between the signal
intensity of the folded state (after a linear correction of changes in signal intensity prior to the transition)
and the signal intensity of the unfolded state. More accurately, the denaitration follows a Ny to 2D
cquilibrium, and a proper description requircs a protein concentration study. Such a study would also permit
a bettcr understanding of the enthaipic and entropic contributions to the denainration process. Thermal
denaturation has been monitored by NMR with approximately 2 iimes higher protein concentrations, The
melting temperatures were the same within experimental error. Since the D and NMR protein

concentrations are not very diffcrent, the melting temperatures, as determined, can b directly compared.
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Figure V-12 Observation of thermal denaturation by NMR
Shown are 'H NMR spectra »f the arvmatic side-chains of wild-type and V55C Cro

proteins illustrating denaturation by heat. Proteins were 40 M in standard buffer.
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Figure V-13 Thermal stabilities of native and V55C Cro repressor proteins

Thermal denaturatic.i profiles are shown for Cro protein. Samples were in standard buffer
and proteins concentrations were: NMR/wild type, 40 uM; NMR/V55C, 40 uM; CD/wild
type, 27 uM; CD/VS5C, 18 uM. Thermal denaturation temperatures are defined as the
midpoint between signal intensities corresponding to folded and denatured states.



b. Differences in amide proton-deuterium exchange rates

In Figure V-9, a COSY spectrum of V55 Cro shows cross-peaks between amide and
o protons. The spectrum was taken approxini. icly 24 hours after dissolving the protonated
protein in D20 at 30°C. Under these conditions, wild-type Cro loses all amide proton
intensity within an hour of dissolving the lyophilized protein in D20. and therefore the
spectrum shown in Figure V-9 would appear blank, even if spectral acquisition (about 18
hours) were initiated immediately after solvating wild-type Cro. The V55C Cro amide
proton exchange rate is up to a thousand times slower than wild-type Cro (see also Chapter
VII, Table VII-1), suggesting that V55C Cro cannot undergo the motion necessary for
effective amide exchange.

Under conditions of low protein concentration (approximately 0.3 uM) and low ionic
strength (0.05 M KCl), wild-type Cro exists as 2 monomer in solution. At slightly higher
protein concentrations or ionic strengths the dimer form predominates (Boschelli, 1982).
Even at the ionic strength and protein concentrations used in this study (0.2 M KCl, 40 pM
protein) enough monomers (perhaps unfolded) of Cro may be transiently forming to allow
solvent penetration and effective amide exchange. Not only is the cross-linked V55C Cro
protein less flexible, it cannot have a monomer-dimer equilibrium, and is therefore resistant
to amide proton exchange.

In summary, the cross-linked V55C Cro protein has qualitatively the same structure as
the wild type protein. However, its increased thermal stability and resistance to amide
proton exchange suggest lowered flexibility in the protein.

3. DNA-binding characteristics

a. Interaction with OR3 operator DNA

Initial DNA-binding studies of the wild-type and cross-linked Cro repressors were
carried out with the 17 base-pair Or3 operator DNA. In Figure V-14, the CD spectra are
compared tcr protein-DNA complexes. A slight molar excess of wild-type Cro was added
to the operator DNA, producing a characteristic spectral change. The maximum difference
occurs at 280 nm., which has been attributed to changes in the geometry of environment
around the DNA bases (Anderson et al., 1983a), or alternatively, to an induced CD of a
tyrosine residue (probably Tyr 26; Kirpichnikov et al., 1985). A nearly three fold molar
excess of V55C Cro protein was added in order to generate the same magnitude in the
maximum of the calculated difference spectrum, which also occurred at 280 nm.. This
indicates that the wild type and V55C Cro protein interact with DNA in an similar manner.
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Figure V-14 CD spectra of Cro-operator DNA complexes

Circular dichroism spectra are shown foi the 17 base-pair Or3 sequences (solid line), the
wild-type Cro-ORr3 complex (- ® -), the V55C Cro-ORr3 complex (- @ -), and their
respective calculated difference spectra (- O - and - 0 - ). The concentration of DNA used
was 2 UM, wild type protein was 2.5 uM, and V55C Cro was 5.7 uM. Proteins and DNA
were in standard buffer, at 25°C.



b. Interactions with ORr3 left half-operator DNA

Binding studies of the wild type and V55C Cro proteins were carried out in detail with
the L10 half-operator DNA. The binding strengths and stoichiometry of protein-DNA
complex formation were measured by monitoring the NMR chemical shift changes in the
imino protons of the DNA (Figure V-15) as wild type or V55C Cro protein was added. The
chemical shift changes of any imino proton yield the same binding constant for a given
protein-DNA titration. For the binding of wild type Cro to L10 at 22°, chemical shift
changes for thymine H3 are inaccurate because of the large line-widths due to exchange
broadening (see below). Although titration data are shown in Figure V-16 for guanine H1
imino proton shifts, binding constants are calculated with the sum of all measurable
chemical shifts in order to attain more reliable data.

Even so, the data could not be analyzed with differing Smax1 and Spax2 values (equation
6), so it was assumed that the change in signal intensity of the DNA bound was the same in
both complexes (Omax1 = Smax2 )- The data cannot fit 1:1 binding of the Cro dimer to L10
DNA. Subsequent titrations have confirmed 1:2 binding (see below and Chapter VI).
Cooperativity effects could not be determined, although the cooperativity constant, ¢, was
not more than 2. The binding curve fits well by assuming that the two DNA binding sites
for L10 on the Cro dimer are non-interacting with ¢ equal to 1.

The microscopic dissociation equilibrium binding constant for wild-type Cro to L10
DNA is 1943 x 10-6 M at 22°C. When concentrations of DNA and protein are within an
order of magnitude of each other there are significant populations of both LP and LPL
species of DNA-protein complex. As protein is added to DNA, first the LPL form is
favoured; at higher protein concentrations the LP form predominates. Because the LP
complex tends to be insoluble, higher protein concentrations forcing the LP complex and
completely deleting populations of free DNA were not used. At concentrations of 40 pM
Cro (dimer) and 40 uM DNA, (Py/Lo = 1:1), the approximate concentrations are: free
DNA, 16 ub; free Cro, 19.6 uM; Cro:L10, 16.8 pM; and Cro:L.102, 3.6 uM. The relative
magnitude and direction of the imino chemical shift changes at this ratio (Figure V-17) are
the same as observed in the titration of the full 17 Hase-pair Or3 operator by wild-type Cro
(Lee et al., 1987), indicating that approximately the s.me changes are occurring in DNA
structure when complexing with protein. The induced chemical shifts are caused by
changes in the electronic environment surrounding the nucleus from hydrogen-bonding by
the protein and from small alterations in DNA conformation (£ 0.2 A Scheek et al., 1983).
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Figure V-15 Imino proton NMR resonances of free and complexed DNA

The imino proton 'H NMR resonances of 41 uM L10 DNA in standard buff- . 85% HyO/
15% D20 are shown. Numbers indicate the assignment to DNA base-pair (as defined in
Chapter 1V). The bottom spectrum is unbound DNA. The middle and top spectra show the
imino protens when in complex with V55C and wild-type Cro proteins, respectively. The
top spectrum is the sum of 8192 scans. The bottom two are 1024 scans.
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Figure V-16 Titration curves of L10 half-operator by Cro proteins

Shown are the sum of guanine imino proton chemical shift changes (nucleotides 12, 13,
15, and 19) in L10 on the addition of wild-type Cro (1) and V55C Cro ( < ). The initial
DNA concentration is 41 pM. Cro concentrations are for the dimeric form of the protein.



At 22°, wild-type Cro binds to L10 DNA about 8 times stronger than V55C Cro, which
has a microscopic equilibrium dissociation constant of 160130 uM. At 35°, the binding
behavior of V55C is unchanged (Kg = 150 + 50 pM). However, the binding strength of
wild-type Cro substantially reduces, with Ky values changing from 19£3 to 45+10 pM.
This is an indication that wild-type Cro is beginning to denature and that the cross-linked
protein is functionally thermally stable. Higher temperatures could not be used, since free
L10 DNA also begins to melt above 35°. With other more stable DNA sequences, it could
be expected at a high enough temperature, the V55C Cro protein would bind more tightly
than wild type.

At room temperature, the decrease in binding for the cross-linked protein indicates the
protein may have changed conformation from the wild-type Cro even ir. the absence of
DNA. Alternatively, the lack of flexibility in the V55C Cro may be related to an inability to
make the conformational changes required in the protein monomeric unit for the interaction
with one DNA half-site. In Figure V-18, the available protein signals for the wild type and
V55C Cro proteins are shown both in the absence and presence of L10 DNA. In the
protein-DNA complex, the molar excess of DNA over protein dimer is about 4 so that more
than 90% of the protein is bound by DNA in both cases. These spectra represent 10 uM
protein (dimer). Since the H2O signal was diminished by binomial suppression, protein
signals nearer to the water could not be easily seen, because of baseline distortions and
non-excitation of the NMR signal. The wild-type methyl resonances change from their
positions in the absence of protein. V55C Cro protein methyl resonances shift less.

Lee et al. (1987) have also shown changes in protein methyl resonances for the binding
of wild type Cro to the 17 base-pair Or3 operator DNA. They assert that these changes
occur because of a conformational change in Cro required for the monomeric units to bind
both halves of the operator simultaneously. The same changes occur for the binding of wild
type Cro to the L10 half-operator. Therefore, these alterations in structure for residues 40
and 42 in the monomer-monomer interface region of Cro occur mainly because they are
required for strong specific binding to DNA, and not only for the Cro dimer to stretch into
two successive grooves of DNA.

The role of flexibility in protein-DNA interactions has been shown to be important in
other DNA-protein recognition systems. The dimeric phage 434 repressor aligns the two
operator DNA half-sites for binding with its two recognition helices. Although the protein
does not contact the central base-pairs, the base-composition near the center of the operator
affects its affinity for repressor by aitering the ease with which operator DNA can be
deformed into the optimal configuration for complex formation (Koudelka et al., 1988a,b).
Introducing a single strand nick at the central phosphodiester bond of the operator increases
the flexibility of the operator, and enhances protein-DNA binding. A more flexible mutant

184



1 2 3 4 5 6 7 8 9 1011121314 15 16 17 18 19 20 21

|1_||l.'ﬂlrJ,Tl :

Figure V-17 Observed magnitude of imino chemical shift changes upon complex formation
(2), Induced chemical shifts for the corresponding imino protons of 17 base-pair Or3 DNA
when complexed with wild-type Cro protein (adapted from Lee et al., 1987); (b), Induced
chemical shifts in imino proton signals of L10 DNA when complexed to wild-type Cro
protein; (c), Induced imino proton shifts when complexed with V55C Cro.

Two L10 molecules are shown. Initial DNA concentration for L10 complex formation was
41 uM in standard buffer at 22°. Or3 complex formation had an initial DNA concentration
nf 200 pM in 0.3 M KCJ, at 20°C. The largest arrow corresponds to a chemical shift
change £ 0.28 ppm. Note that complexes of L10 with wild type and V55C Cro are non-
stoichiometric, and the observed chemical shift changes at a ratio of 1:1 Cro (dimer) 1,0
DNA are shown here. Calculated Smax values are approximately 50% higher. Terminal
imino protons (at positions 3/19 for the 17mer, 1/10 and 12/21 for L10) are not observed
and therefore no chemical shift changes are recorded for these protons.
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Figure V-18 Comparisen of wild-type and V55C Cro proteins in protein:DNA complexes
Shown are the 1H NMR signals of the upfield field methyl resonances of Ile 40 and Leu 42
of wild-type Cro (ieft) and V55C Cro (right) in the absence (lower) and presence (upper) of
a four molar excess of L10 half-operator DNA. Spectra have been apodized with 2 Hz line
broadening. The protein concentrations in the lower spectra are 40 uM. One of the broad
signals at O ppm is probably due to an impurity associated with silicone grease during
lyophilization procedures. The protein concentration in protein:DNA complexes (upper
spectra, MW 28,000) is 10 uM protein. All saripics were in standard buffer at 22°C.



protein, having reduced interaction between protein monomers, is less sensitive to changes
in flexibility of the operator.

In summary, the wild-type and V55C Cro proteins have nearly the same structure in the
absence of DNA, although the cross-linked protein is more thermally stable and is resistant
to backbone amide exchange. The reduction in the binding of DNA by the V55C Cro
protein occurs in conjunction with its lowered flexibility.

D. Formation and structural details of the Cro-L10 DNA complex

A preliminary investigation has been made into detailed structural studies of the wild
type Cro-[L10 half-operator]; protein:DNA complex. The goai of this project was to
determine the structure of the L10 half-operator when bound to Cro repressor and to
compare it to the structure of the free DNA (Chapter IV). After assignment of both the
DNA and protein signals in the complex, it may be possible to assign inter-molecular NOEs
between the protein and DNA, thereby obtaining a detailed knowledge of the interactions in
the Cro protein-DNA complex.

Figure V-19 shows a region of the 1H NMR spectra of L10 DNA, Cro repressor
protein, and their complex. DNA aromatic H6/H8 protons resonate between 7 and 8.5
ppm., and cytosine H5 and sugar 1' protons are between approximately 5.2 ppm and 6.2
ppm.. Most of the protein resonances conveniently fall into the region between 6.2 ppm
and 7 ppm, and a proton resonances are below 5.5 ppm. The spectrum of the complex
shown is a molar ratio of protein (dimer) to DNA of 1:14. Some DNA resonance lines are
very broad due to exchange broadening.

The titration of DNA by Cro repressor is shown in more detail in Figure V-20. At no
time did any substantial amount of precipitate form during the titration, although the
solution became viscous as the concentration of protein reached stoichiometric proportions.
Some resonances did not appreciably broaden beyond that expected for the complex
(molecular weight 28,000) and the increased viscosity of the solution. These resonances
were in fast exchange, with the chemical shift observed for these line intermediate between
that of free DNA and that in the protein:DNA complex. In Figure V-21, the combined shift
of some of these resonances are plotted against the protein:DNA ratio. As indicated before
with the titration at lower initial ['NA concentrations, 2 L10 molecules can bind to the Cro
dimer.
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Fiaure V-19 1H NMR spectra of Cro, L10 DNA, and the protein:DNA complex

Shown are the IH NMR spectra between 5.2 and 8.5 ppm of Cro repressor (bottom), L.10
DNA (top) and their complex (middle). The Cro protein concentration was 40 uM (dimer)
in standard buffcr at 20°C. DNA concentration was 2.2 mM, in 0.18 M KCl, 10 mM
KoHPO4, 10 mM KHyPOy4, 50 uM EDTA, pH 7.9, at 20°C. The complex is 2.1 mM

DNA, 0.15 mM Cro protein (dimer) in the same 0.18 M KCl buffer at 20°C.
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Figure V-20 Spectral changes ir L10 DNA H6/H8 resonances upon addition of Cro
Shown are the 1H NMR spectra between 6.5 and 8.5 ppm of DNA with increasing
amounts of Cro protein added (from bottom to top). The molar ratios of protein (dimer) to
L10 DN are: (a), 0.00; (b), 0.03; (c), 0.07; (d), 0.10; (e), 0.18; (f), 0.69. The numbers
indicate residue assignments for the H6 and H8 proton of the DNA on spectrum (), the 12
protons of the DNA on spectrum (b), and the resolved proton peaks of Cro protein in
spectrum (d). Buffer conditions are 0.18 M KCl, 10 mM KHPO4, 10 mM KH2PO4, 50
uM EDTA, pH 7.0, at 20°C.



All of the resonances that remained in fast exchange exhibited extra broadening due to
chemical exchange. Two of the resonance lines, for the Ayg H2 and the combined A7 and
A6 H2 protons, were sufficiently narrow and spectrally disperse throughout the titration
so that linewidths could be accurately measured and exchange broadening contributions
analyzed. The calculations assumed that there are two non-interacting sites for binding of
L10 on the Cro dimer. In fast exchange, the observed linewidth at half-height of the
resonance, Avgpg, is given by (Sykes & Scott, 1972):

2 AVGhs = fr (Avp) + fp (Avp) + f2 2 (A8)2 (¢ + 1) 9

where frand fy, are fractions free and bound, Avr and Avy, refer to the linewidths of the free
and bound DNA (in radians s-1), A9, is the chemical shift difference (in radians s-1)
between bound and unbound forms, and 1r and 1}, are the lifetimes of the free and bound
forms. Since the populations are related to the lifetimes by:

= e and fry = —2— (10)
U+Th 1+

equation 9 can be re-written as:

21 Avops = fr (Avp) + fiy (Avp) + 2 fiy (AS)2 Ela' a1

where ky is the ¢ issociation rate constant (= t1).

The observed linewidths for the Ao H2 and A7/A16 H2 IH NMR resonance lines are
plotted against fp in Figure V-22. Since the complex is stoichiometric at this concentration
of DNA, f = Po/Lo. The best fit through the experimental points gives a kg of 1000 M-1 s-
1. Assuming an association rate constantt of 3 x 103 M-! 51, the calculated equilibrium
dissociation constant (in 0.18 M KCI) is 3.3 uM, which is consistent with the K4 measured

6 The measured association rate constant for the binding of 21 base-pair Or3 DNA to Cro is approximately
3 x 108 M-1 51 in 0.1 M KCl at 0°C (Kim et al., 1987). This rate is about 5 times faster than that
expected from simple diffusion, presumably due to an electrostatic interaction between the positively
charged protein and the negatively charged DNA. The measurements with the 10 base-pair O3 half-operator
are at higher tempcerature, which would increase the rate, but at higher salt, which would tend to decrease the
clectrostatic interaction between Cro and DNA. The association rate constant is assumed to be
approximately the same in 0.2 M KCl at 22°C.,
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Figure V-21 Titration of L10 DNA by Cro repressor

Shown are changes in chemical shift of L10 DNA (combined shifis of A2 H2, Ao HS,
A7/16 H2 and A7 HB8) illustrating that 2 L10 molecules bind to the Cro dimer and that the
complex is stoichiometric.



by following imino chemical shift changes at higher ionic strengths (1943 pM in 0.20 M
KCl). Other resonance lines cannot be analyzed in the same manner as these H2 resonances
since they can not be followed throughout the titration to obtain the linewidth and chemical
shift information for the protein bound complex.

Since the broadening by chemical exchange is dominating, the square root of initial
increase of the linewidth of the DNA 1H NMR resonances is approximately proportional to
the chemical shift difference between the free and bound forms of the DNA. Several
spectral lines (for A7 H8, Cg HS, A7/16 H2, A1g H8, Gj9 H8, App H2, and Ayg HS)
are sufficiently resolved and narrow to measure the initial increase in line width (plotted as
in Figure V-22) and to determine the chemical shift of the bound form. There is a
reasonable correspondence between the square root of the initial increase in line width and
the chemical shift difference between free and bound forms of the DNA (Figure V-23).

Initial slopes were also measured for all aromatic base H6 and H8 resonance lines
plotted as in Figure V-22. The square root of this slope is very approximately proportional
to the chemical shift difference between the free and bound forms of DNA. Although it was
difficult to discern the direction of the chemical shift change for the broader lines in the
spectrum presented as Figure V-20, these ‘chemical shifts' are shown in Figure V-24. The
chemical shifts are only approximate since they require all resonances to be in fast exchange
between free and bound forms?. The H6 and H8 protons of the DNA were chosen since
they cover the entire molecule, their IH NMR lines were reasonably well resolved, and the
protons occupy roughly analogous positions in DNA, at least for unbound form (Chapter
IV). In Figure V-24, there is a correspondence between the magnitude of the approximate
chemical shifts and positions of proposed contacts made by Cro repressor (Ohiendorf et
al., 1982). Parts of the DNA helix predicted to be not contacted by protein, such as the
TCA segment of the top strand and the TAGA segment of strand 2, show little change in
their H6/H8 proton chemical shifts on complexation by protein. Sequence-specific van der
Waals contacts made by Cro to thymine bases appear to alter the chemical

7 For example, the H8 proton of nucleotide A4 is predicted to shift about 0.3 ppm. However, fast exchange
requires (AS / kg )2 << 1 (AJ in radians s-1) and 0.3 ppm = 150 Hz = 950 radian s-1. Since kq is on the
order of 1000 s-1, this condition is not met. Fast exchange also would predict that, for example, in
spectrum (c) of Figure V-21, the A4 H8 resonance to have shifted approximately fb*Ad = 0.14*0.3 ppm =
0.045 ppm. The observed shift is closer to +0.006 ppm. The line width for this spectrum is however
calculated correctly by using the measured free line width of 7.4 Hz and assuming a bound line width equal
to that of the observed protein lines (about 25 Hz). The square root of the initial slope is a less accurate

measure fior large changes in chemical shift.
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Figure V-22 Linewidth changes in DNA upon addition of Cro repressor

Shown are changes in the linewidths for the resonances of A2o H2 (@) and A7116 (O)
protons of L10 DNA upon addition of Cro repressor protein. The line shows the calculated
linewidth with a dissociation rate constant of 1000 s-! (see text). Sample conditions are

given in Figure V-21.
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Figure V-23 Estimation of differences in chemical shift

The square rooi of the initial slope of the linewidth of the 1H NMR resonance lines for A7
H8, Cg H5, A716 H2, A1 H8, G19 H8, Azp H2, and Ao HS is plotted against the
observed change in chemical shift between free and bound forms of L10 DNA (see text).
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Figure V-24 DNA aromatic base chemical shift changes upon addition Cro repressor
Shown are approximate changes in chemical shift of the H6 and H8 protons of L10 DNA
between the unbound form and when in complex with Cro repressor. The direction of the
chemical saift change is uncertain for shifts of large magnitude. Bases proposed in the
model by Ohlendorf et al. (1982) to be hydrogen-bonded by the protein are circled. Van der
Waals contacts to thymine methyl groups are underlined. Proposed non-specific contacts
between protein and DNA have not been included.

shift less than hydrogen bonds. Structural changes nearer the center of the operator (base-
pairs 9 and 10 of L10 DNA) are reflected in chemical shift changes here, despite the lack of
direct protein contact. Unlike the full operator containing two half-sites, L10 DNA is not
required to bend to fit the Cro dimer for alignment of the two half-sites of the DNA with the
two recognition helices of Cro. This indicates that the structural changes seen in the crystal
structure of the Cro:Or3 complex (Brennan & Matthews, 1989b) do not completely arise
from the requirement for aligning two half-sites of DNA for binding to the dimer but at
least partially from changes induced by the hydrogen bonds and van der Waals contacts
made by Cro at the consensus binding site (the circled DNA residues of Figure V-24).
From the linewidths of the stoichiometric complex of 2 L10 and Cro (Figure V-20) it is
obvious that full resonance assignment and structural determination will be very difficult
since NOESY and especially COSY experiments are even more sensitive to losses in signal
intensity than one-dimensional spectra (Weiss et al., 1984). Even structure determination of
the DNA with a small amount of Cro (e.g., a 1:14 Cro dimer:DNA ratio) will not be easy,
as spectral lines are affected differently by exchange broadening contributions. NOESY
spectra corresponding to the one-dimensional spectra in Figure V-20 are shown in Figure
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IV-2 (of Chapter 1V) for free DNA, Figure V-25 for unbound Cro repressor, and Figure */-
26 for the DNA:protein complex.

In Figure V-26, some NOESY cross-peaks are visible showing the close contacts made
by protons within the bound protein. These include interaction of the Phe 14 and Tyr 10
rings, and all three Tyr ortho-meta ring cross-peaks. In comparison to the NOESY
spectrum of the unbound protein, it is easily seen that from the lack of changes in NOE
cross-peaks and chemical shifts the protein retains at least part of its unbound structure in
the complex with DNA. A notable exception is Tyr 26, whose meta protons shift downfield
about 0.25 ppm and ortho protons about 0.35 ppm. The resonance position shifts for Tyr
26 (and His 35) are approximately the same in the L10-Cro complex as in the 17 base-pair
ORr3 DNA:Cro complex (Lee et al., 1987) and a different half-operator (L.9):Cro complex
(see also Chapter VI). The Tyr ortho-meta cross-peaks are confirmed in the COSY
spectrum (not shown).

NOESY spectra with the 1:14 Cro (dimer):DNA ratio offers a number of advantages in
studying protein-nucleic acid interactions using NMR techniques. At this protein
concentration, the solution is not much more viscous than that of free Cro protein, unlike
the situation with the 1:2 Cro:DNA complex. Also, since the fraction of bound DNA is
2*1/14, (about 0.14), the resonance positions of the DNA are nearly the same as the
uncomplexed DNA. Unfortunately, no inter-molecular NOE cross-peaks can yet be
distinguished between Cro and L10 DNA, which would confirm the Ohlendorf et al.
(1982) model, and be complementary to the X-ray structural work in progress. For
example, the peak at 7.07 and 8.12 ppm (in the F1 and F2 PPM dimensions, respectively),
is likely between the H8 proton of A g and the H6 proton of Tj7 and is not between protein
and DNA. Without doubt, parts of the DNA contacted by the protein are altered in structure
and large chemical shift changes occur. Under non-stoichiometric conditions, exchange
broadening produces excessive linewidths and cross peaks would be of exceptionally low
signal to noise in the NOESY spectrum. The stoichiometric complex cannot be easily
studied since at higher protein:DNA ratios significant populations of the single DNA:Cro
dimer complex forms, leading to sample aggregation and broad resonance lines. For
example, in Figure V-20, the His 35 proton on the C2 carbon of the aromatic side-chain
becomes very broad at higher protein:DNA ratios (see also Chapter VI). The key to a
complete structure determination of a Cro:DNA complex using NMR techniques will be to
change the equilibrium dissociation constant by an order of magnitude to force the complex
to either show resonance lines in fast exchange or in slow exchange, and to design the
system so that aggregation does not occur. Heteronuclear techniques, such as 19F
incorporation into the DNA and 15N isotope incorporation into protein simplify the NMR
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Figure V-25 NOESY spectrum of unbound Cro repressor

The region of the NOESY spectrum shown includes the aromatic side-chain resonances of
Cro repressor and includes an empty area where DNA H6/H8 base-sugar 1' protons
NOESY cross-peaks would occur (see Figure V-26). The protein was 0.75 mM in 50 mM
KCl, 10 mM KoHPOj4, 10 mM KHsPOy4, 75 pM EDTA, pH 6.9. Tyr ortho-meta cross-
peaks are circled and cross-peaks illustrating the interaction within and between the
aromatic side-chains of Tyr 10 and Phe 14 are boxed.
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Figure V-26 NOESY spectrum of the Cro:DNA (1:14) complex

Shown region of the NOESY spectrum showing the aromatic side-chains of Cro protein,
and the aromatic base and sugar 1' protons of L10 DNA. Protein was 0.15 mM (dimer)
and L10 DNA was 2.1 mM in 0.18 KCI, 10 mM K3HPO4, 10 mM KH2POQy4, 50 uM
EDTA, pH 7.0 at 20°C. Assignment of the DNA aromatic and 1' sugar protons is
illustrated in Figure IV-2 of Chapter IV. Tyr ortho-meta cross-peaks are circled and cross-
peaks illustrating the interaction within and between the aromatic side-chains of Tyr 10 and
Phe 14 are boxed.



spectrum, and have been used to study Cro-DNA interaction (Metzler & Lu, 1989;
Leighton & Lu, 1987). The most detailed study of a protein-nucleic acid system to date
using NMR techniques has been with the Lac repressor headpiece for which the DNA-
binding domain has sufficiently weak DNA affinity so that NMR lines remain in fast
exchange and components of the system are sufficiently soluble so that high concentrations
can be used without appreciable aggregation (Lamerichs et al., 1989).

In summary, the specific complex between DNA and Cro repressor protein has been
studied by IH NMR and CD spectroscopies. The structures of wild-type phage A Cro and a
mutant V55C Cro were found to be similar in the absence of DNA and at room
temperature. However, the cross-linked V55C Cro is less flexible than wild-type and binds
L10 DNA less tightly. L10 DNA is shown to bind to wild-type Cro in a ratio of 2 DNA
duplexes per Cro dimer. Linewidth changes induced by exchange broadening indicate a
dissociation rate constant of 1000 s-1, consistent with an equilibrium dissociation constant
of 3.3 uM and an association rate constant of about 3 x 108 M-1 5-1, IH NMR spectral line-
width broadening in the DNA approximately ccrresponds to the base-pairs proposed by the
Ohlendorf et al. (1982) mode’ to be contacted by the Cro repressor protein. Techniques
needed for a detailed structure determination of the DNA within the Cro-DNA complex
were indicated and include avoidance of intermediate chemical shift exchange regimes and
aggregation of the protein-DNA complex.
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Chapter VI

Asymmetry in the Structure and Function of Phage A OR3 Operator DNA



A. Introduction

The Cro repressor, like many regulators of transcription, is a dimeric protein composed
of identical subunits that recognizes and binds to a specific site on DNA (Schlief, 1988;
Pabo & Sauer, 1984). The dimeric protein binding site, the operator, has two-fold
symmetry in its sequence, and can be thought of being composed from two nearly identical
half-operators (cf. Figure I-4). The X-ray crystallographic determination of the Cro
repressor revealed two symmetry-related o-helices protruding from the protein molecule
that were in a proper geometry for binding into two successive major grooves of DNA
(Anderson et al., 1981). A model was proposed consistent with the protein structure and
available chemical modification and biochemical data in which the two-fold symmetry axis
of the protein coincided with that of the DNA and preserved two-fold symmetry in the
protein-DNA complex (Ohlendorf et al., 1982). This initial model predicted essentially
identical protein-DNA interactions and conformations for the protein and DNA in both
halves of the protein-DNA complex.

The basic features of this model, in so far that two recognition helices hydrogen-bond
and make van der Waals contacts within two successive major grooves of B-form DNA
have been verified by the structural work on protein-DNA complexes of related proteins
(Wolberger et al., 1988; Aggarwal et al., 1988; Jordan & Pabo, 1988; Otwinoski et al.,
1988; Lamerichs et al., 1989) and have been reported in a preliminary account of the
structure for a Cro protein-operator DNA complex (Brennan & Matthews, 1989). The
complexes retain the general two-fold symmetry properties of the unbound DNA and
protein. However, none of the six Cro and A repressor binding sites in the Og and Og
DNA regions of phage A DNA are perfectly symmetric!. For binding to A repressor, the
asymmetry of the Op1 and Or1 operator DNA sequences is sufficient to effect different
results for base-pair substitutions at symmetry related positions in the operator DNA (Sarai
& Takeda, 1989) and to observe slightly different conformations of the protein in each half
of the protein-DNA complex (Jordan & Pabo, 1988).

1 The phage A Of, and OR operators cannot ever be truly symmetric since they contain an odd number of
base-pairs. With the same sequence on either side of the central base-pair, an operator composed of an odd
number of base-pairs could be functionally symmetric if the central base-pair played no role in the structure
of the free or complexed DNA. However, this is unlikely since from known structures of DNA (e. g.
Chapter 1V; Dickerson, 1983) the conformation is observed to be dependent on base-sequence, which
thercfore destroys the symmetry of the full operator, especially for the base-pairs immediately adjacent to
the central basc-pair.
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In this chapter, it is asked how the base-pair differences between the two halves of the
OR3 operator affect the binding of Cro repressor protein. Cro repressor protein is titrated
with a right half-operator, termed R9, which is different from the L10 half-operator
(Chapters IV and V; Figure VI-1). Binding strengths and the conformation of the Cro
repressor are compared in the two protein-DNA complexes. Differences between the Cro-
R9 and Cro-L10 protein-DNA complexes suggest some similarities to aspects of
asymmetry found in the A repressor-DNA complex. Mechanisms for the recognition of the
Cro transcriptional regulatory protein have considered only interactions between a single
Cro monomer and a consensus half-operator site, with the assumption that the interactions
in the remaining half-site are related by the two fold symmetry of the complex. A revised
model is suggested which allows asymmetry in the two halves of the protein-DNA
complex.

1 2 34 5 6 7 8 91011121314151617181920 21

¢

L L9 i
r Al
Or3 T CTATC CACCGCA ARAGGGATA AR AR
AGATAGTGGCGTTCCCTATTT
{7 L10 = R9 JI
Ro T ATCLCTTG
A TAGGGAaAAC

Figure VI-1 DNA half-operator sequences

Tlustrated are DNA half-operator sequences from the Or3 operator of phage A. The arrow
indicates the center of approximate two fold symmetry. In the lower part of the figure, the
R9 sequence has been rotated to shows the correspondence to the left half-operator. Base-
pair changes from the left half are underlined. Base-pair composition corresponding to the
center of the operator (at positions 10-12) is not expected to appreciably affect the affinity
for Cro repressor protein (Figure I-12;.
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B. Experimental Procedures

Cro protein was prepared as discussed in Chapter V using the pTR214/K802 Cro
expression system. The initial concentrations of proteins for both titrations with DNA were
75 uM. All protein concentrations quoted refer to the dimeric form of Cro. The
concentration of R9 duplex DNA (gift from Dr. W. Anderson) was determined using the
snake venom phosphodiesterase assay (Chapter IV). L10 DNA was prepared as indicated
in Chapter IV. Stock solutions of DNA were 3-4 mM. Buffers used were 0.06 M KCl, 10
mM K;HPOj4, 10 mM KH2POyg, pH 7.1 (direct meter reading), S0 uM EDTA, in D20 at
30°C.

Two titrations of the protein were performed by adding aliquots of DNA. The first
titration used .10 DNA, the second, R9 DNA. NMR spectra were recorded at each titration
point on a Varian XL-400 spectrometer, with an operational frequency of 400 MHz for
protons. 2400 transients were summed into 8K data points with a spectral width of 4000
Hz and a delay time between scans of 1.5 seconds. Chemical shifts were measured relative
to DSS.

C. Results

Figure VI-2 shows the aromatic region of the IH NMR spectrum for Cro repressor
protein as DNA is titrated in. The resonance lines for His 35 H2 and Tyr 26 3,5 protons are
indicated for the unbound protein. The chemical shift positions for these protons are given
for the Cro-L10 DNA complex from Chapter V. The His 35 and Tyr 26 resonance lines
behaved differently on the addition of R9 DNA and their upfield changes in chemical shift
could be monitored as a function of DNA:protein ratio. These and other methyl proton
changes in chemical shift are given in Table VI-1 and are shown combined in Figure VI-3.
The addition of R9 past a 1:1 ratio of DNA to protein produced no significant changes in
the NMR spectrum of the protein. The data is consistent with only one R9 half-operator
binding with appreciable strength to the Cro dimer. One step binding of protein, P, and R9
DNA, R, to form a protein-DNA complex, PR, can be expressed as:

P R'-“aPR 1
+ =
kq 1)

and the equilibrium dissociation constant, Ky, for this reaction is:
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Figure VI-2 Titration of Cro aromatic side-chain IH NMR resonances with DNA
Titration of Cro repressor protein with a left half-operator, L10 DNA, and a right half-
operator, R9 DNA. Shown are 6.4 to 8.4 ppm regions of IH NMR spectra taken at 30°C,
in 0.06 M KCl, pH 7. On the left is the titration with L10 DNA, on the right is the titration
with R9 DNA. The molar ratios of DNA to protein (dimer) are: (a), 0.00; (b), 0.19; (¢),
0.38 for L10, 0.27 for R9; (d), 0.57; (e), 1.03; and (f), 2.0. The numbers indicate the
resonance lines for the H2 proton of His 35 and the 3,5 protons of Tyr 26.
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Figure VI-3 Titration shifts of Cro 1H NMR resonances with R9 DNA

Titration shifts of IH NMR resonances of Cro repressor protein upon addition of the right
half-operator DNA, R9. The line drawn through the points is calculated with an equilibrium
dissociation constant of 3 uM. The initial protein concentration is 75 pM (dimer).
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Table VI-1  Chemical shift changes in Cro repressor upon addition of DNA2

Nucleus Position in ‘ Changein
Free Cro (ppm) Chemical Shift (ppm)

L10 R9 L9 ORr3
His 35 2H 7.78 +0.48 +0.025 +0.30 +0.32
Tyr 26 3,5 6.89 +0.35 -0.088 >+0.1 >+0.1
Tyr 51 3,5 6.78 +0.02 0.00 0.00 0.00
Tyr 10 3,5 6.52 +0.10 0.00 0.00 +0.04
Phe 14 2,6 6.49 +0.01 0.00 -0.02 +0.01
Ala 29 CH3b 1.61 d +0.02 d d
Ala 33 CH3P 1.52 d - 0.02 d d
Thr 64,65 CH3¢ 1.21 -0.05 0.00 d d
Val 25 CH3 0.63 -0.02 -0.02 d d
Leu 42 62 CH3 0.53 +0.01 0.00 0.00 +0.01
Ile 40 yCH3 0.31 - 0.02 0.00 - 0.03 - 0.04
Leu 42 61 CH3 0.01 +0.05 0.00 +0.02 +0.04
Ile 40 6 CH3 -0.26 +0.06 0.00 +0.11 +0.14

aData for L9 is from Kirpichnikov et al. (1984) and data for Or3 is compiled from Lee et
al. (1987). The numbers indicate the observed change in chemical shift for the Cro:protein
complexes at 20-22°, except for R9 (30°).
b Tentative assignment.
¢ The doublets of Thr 64 and Thr 65 methy! resonances overlap. The reported chemical
shift is their center.

d No chemical shift change is available.
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Witk P, = [P] + [PR] and Rp = {R] + [PR]}, Kgis:

_ {Po-[PR]} {Ro-[PR]}
Kd = [PR] (3)

Since the chemical shift changes are in fast exchange, dops = Of ff + Op fh, Where the
symbols are as defined in Chapter V. The observed change in the observed chemical shift,
Ad, is:

a8 = ERL5,- 3 @
0

As described in Chapter V, the titration data was fit by adjusting Kq and (8p - 0¢), and
solving equations (3) and (4) with a quadratic function. The equilibrium dissociation
cons:iant calculated for the binding ¢f R9 to Cro is 31 uM.

A more complex situation arose when titrating Cro with L10 DNA. At DNA:protein
(dimer) ratios of greater than 0.3, the sotution became cloudy. Maximum precipitate was
noted at a DNA:protein ratio of 1.0. At a DNA:protein ratio of approximately 1.5, the
solution turbidity was noted to diminish. At a DNA:protein ratios close to 2.0, the solution
was clear. Note the increase in NMR signal for the 2 to 1 complex over the 1 to 1 complex.
This suggests that at these ionic strengths the 1:1 L10:Cro complex is insoluble and that the
2:1 [L10]2:Cro form is soluble and that, of course, two .10 DNA molecules bind to the
Cro ¢imer. What is observed in the NMR spectrum is mostly the free protein and the
[L10]2:Cro species, and only a small amount of the 1:1 DNA:protein complex.

Adding more complexity to the situation is that any observable titration shifts for L10
would probably be in slow or intermediate exchange. The R9 DNA sequence contains a
few non-consensus base-pairs (Figure VI-1) that would be expected to decrease binding.
Using the graph of Figure I-12, the binding of L10 DNA for Cro should be approximately
1.8 Kcal/mole better, which corresponds to a Kq of about 40 times stronger than R9, or
about 0.1 pM. Assuming a association rate constant, ka, of approximately 4 x 108 M-15-1
(corrected for temperature, from Kim et al., 1987), the dissociation rate constant would
then be about 40 s-!. Fast exchange would only be expected for resonances that shift by
considerably less than (kq/27)*400 MHz = 0.013 ppm. Since His 35 €H and Tyr 26 J,5
protons shift by about +0.3 ppm, they would be observed in slow exchange, if the 1:1
DNA protein complex were soluble.
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D. Discussion
1. The asymmetry of Or3 operator DNA

The stoichiometry of the binding of the haif-operators to the Cro dimer is critically
dependent on the presence of the central base-pair. Without this base-pair, two half-
operators can bind to the Cro dimer, without any large cooperativity effects. If the middle
base-pair is present, the binding of a second half-operator is severely hindered. 1:1 binding
has also been observed by monitoring both the CD signal of the DNA and the IH NMR
signal of the protein for binding of the analogous L9 half-operator DNA to Cro
(Kirpichnikov et al., 1984; Kirpichnikov et al., 1985). Consistent with the half-operator
binding data, insertion of an extra base-pair into the Or3 sequence allows only non-specific
binding of Cro to DNA but deletion of the central base-pair still allows specific binding,
although affinity is decreased 1000-fold (Takeda et al., 1989).

The Tyr 26 3,5 protons of Cro shift downfield 0.23 ppm when forming the [L.10]7:Cro
complex but shift upfield 0.088 ppm in the R9:Cro complex (Table VI-1). These observed
chemical shift changes are presumably an average between the signal from the Cro
monomer without bound DNA and the signal from the Cro monomer complexed to R9
DNA. The Ohlendorf et al. (1982) model predicts that the two Tyr 26 residues of the Cro
dimer make sequence-specific hydrogen contacts to the thymine 04 oxygens of ba-« -pairs
3 and 19 (Figure VI-1). The systematic base-substitution experiments of Sarai & Takeda
(1989) suggest additional hydrogen bonds to the thymine oxygens at base-pairs 4 and 18
(one of which is presumably water mediated). The results presented here argue against the
same interactions in both halves of the full operator.

In the 17 base-pair Or3 operator sequence, the last four base-pairs are related cxactly
by a two-fold symmetry axis (corresponding to base-pairs 3-6 and 16-19 in Figure VI-1,
respectively). The assignment of the 1H NMR spectrum of Or3 shows the same chemical
shifts for the outer two symmetry related base-pairs (within £0.03 ppm; Wemmer et al.,
1984; Hahn et al., 1985). Likewise, in the 17 base-pair Or3 operator for which thymine is
replaced by 5-fluszouracil, the fluorines in symmetry related pairs have the same chemical
shift in the absence of Cro protein (Metzler & Lu, 1989). However, when Cro is added the
chemical shifts of symmetry related fluorines differ. The fluorire in base-pair 3 (replacing
the methyl of the thymine) shifts downfield about 0.3 ppm but the symmetry-related
fluorine in base-pair 19 does not shift. In addition, the fluorine in base-pair 4 shifts about
0.1 ppm upfield but the fluorine in base-pair 18 shifts 0.3 ppm upfield. The shifts for the
adjacent fluorines towards the center of Or3 (base-pairs 5 and 17) are the same. Therefore,



there is an asymmetry in the environment at the two ends of the operator, despite the fact
that the base-pairs involved and the Cro repressor dimer are symmetric. This asyrumetry is
reflected in the different behavior of the Tyr 3,5 protons on complex formation with the
different half-operators. The differential chemical shifts of Tyr 26 on binding the left and
right half-operators is not due to the extra two base-pairs at base-pair positions 1 and 2 of
L10 which 2-e missing in R9. A similar titration has been made with a left-half L9 (see
Figure VI-1) operator DNA for which the same chemicai shift changes as in the titration
with L10 are observed for the Tyr 26 3,5 protons and His 35 2H upon complex formation
with Cro repressor (Kirpichnikov et al., 1984).

Likewise, the His 35 2H IH NMR signal behaves differently when the two different
DNA duplexes are added. When L10 DNA is added the His 35 2H reappears at 0.48 ppm
further downfield at 8.24 ppm. Kirpichnikov et al. (1984) have observed the same shift in
we L9:Cro complex, and have shown that the change mainly results from a different pKa
for the histidine sic:-chain. The ionization constant increases from about 6.3 to 6.9,
indicating de-protonization of the histidine, consistent with the Ohlendorf et al. (1982)
model which places the His 35 side-chain in the vicinity of a phosphate, which is likely the
phosphate between base-pair 6 and 7 or between 7 and 8 of the upper strand in the
consensus half of the Ogr3 operator (Figure VI-1). A downfield shift of less than 0.1 ppm
was noted for the His 35 2H chemical shifts corresponding to the protonated and
deprotonated states. In the titration with R9 DNA, the His 35 H2 proton shifts downfield
0.025 ppm. Therefore, in the non-consensus right-half of the operator, this histidine does
not appear to be interacting with the phosphate. In the right half-operator base-pair 7 is a
CG base-pair, not an AT base-pair as in the left or consensus half-operator. Also base-pair
9 is an AT, whereas it is a GC in the left half. The different base-pair compositions at
positions 10 and 11 likely play only a small role in the binding of Cro to operator DNA
(Sarai & Takeda, 1989). Because key base-pairs are different in the right half-operator, the
position of the recognition helix of Cro is likely changed. resulting in His 35 and Tyr 26
near the ends of the helix making different interactions with the DNA.

Closer inspection of the base-substitution experiments of Takeda et al. (1989) also
reveals asymmetry for the binding of Cro to the Or1 operator, and by analogy, the Or3
operator. Figure I-12 shows the changes in free energy upon base-substitution for only the
consensus half of the Or1 operator (which has the same sequence as base-pairs 3-10 of
L10). Changes for the base-pairs related by two-fold symmetry are similar, but not quite
the same. For example, the base-pair at positions 4 and the symmetry-related position 18 of
the Or1 operator is T:A. The initial model by Ohlendorf et al. (1982) would predict the
same interactions between each half of the Cro dimer and operator DNA, and therefore the

214



same loss of binding upon replacement by base-pair substitution in each side of the full
operator. This is not the case. Replacement of the T:A at position 4 by any other base-pair
results in about a 240-fold weaker equilibrium dissociation binding constant or about 3
Kcalemol-1 loss in free binding energy. Replacement of the T:A at position 18 results in
only 40-fold weaker binding, or about a 2 Kcalemol-! loss in free binding energy.
Therefore, although Cro is two-fold symmetric in the absence of DNA, the protein is not
making exactly the same interactions in both sides of the full operator.

The upfield shifts of Tyr 26 3,5 protons are also observed for the interaction of the 26-
39 fragment of Cro with a non-operator DNA decamer, suggesting that the R9 DNA:Cro
complex is non-specific (Mayer et al., 1983). However, if non-specific DNA binding were
occurring, i’ s:.0uld be possible for two R9 DNA molecules to bind to the Cro dimer.
Stoichiometric 1:1 bindiag is ubserved for the interaction of R9 DNA and Cro, as is
observed with the analogous L9 DNA. Secondly, the non-specific binding equilibrium
dissociation constant for the binding of full operator DNA to Cro is estimated to be about 5
x 10-8 M (Takeda et al., 1986; Takeda et al., 1989). This corresponds to a free energy
change of akout -10 Kcalemol-1. Assuming about one half the interaction energy for the
interaction of a half-operator to Cro, the Kq should be about 2 x 104 M. The observed
binding is a hundred fold stronger.

The temperatures used in this study may be sufficiently high to cause thermal
denaturation for a significant population of the DNA. However, the melting temperatures of
the R9 and L 10 sequences (about 40°C in 0.06 M KCl) should not be very different so that
their binding to Cro should remain comparable. More importantly, the denaturation
temperature of Cro protein is about 45° at this ionic strength (42°C in 20 mM phosphate
buffer, Iwahashi et al., 1982; 47°C in 0.2 M KCl, Chapter V) and denaturation
temperatures of protein-nucleic acid complexes are usually higher than that of their
components. The complexes of Cro and half-operator DNA are therefore expected to be
stable2 at 30°C.

The TH NMR resonances of methyl groups of Cro also indicat« a difference in the
u..iding of the left and right operators (Figure VI-4). The Thr 64, Thr 65, Leu 42 and Ile 40
side-chain methyl group chemical shifts all change for the addition of L10 DNA, but not for
the addition of R9 DNA. Some chemical shift changes are the same however, such as

2 A preliminary titration of Cro protein was performed with R9 DNA at 15° in a buffer containiny 0.08
KCl, 10 mM KHPOy4, 10 mM KHPOy4, pH 7.0£0.1, 500 uM EDTA. The equilibrium dissociation
binding constant was 14+10 uM, but more importantly, the same chemical shift changes are observed in

the protein at this lower temperature.
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Figure VI-4 Titration of Cro methyl 1H NMR resonances with DNA

Titration of Cro repressor protein with a left half-operator, L10, and a right half-operator,
R9. Shown are the -0.45 to 1.25 ppm regions of !H NMR spectra taken at 30°C, in 0.06
M KCIl, pH 7. On the left is the titration with L10 DNA, on the right is the titration with R9
DNA. The molar ratios of DNA to protein (dimer) are: (a), 0.00; (b), 0.19; (c), 0.38 for
L10, 0.27 for R9; (d), 0.57; (e), 1.03; and (f), 2.0. The numbers indicate the assignment
of resonance lines to specific residues of the protein.



observed shift for the methyl group at 0.63 ppm (Val 25), indicating that the R9 and L10
DNA do have some of the same interactions between Cro and DNA.

Although the Cro repressor protein in the absence of DNA is symmeric, its major
binding site on phage A DNA is not. Correspondingly, the protein:DNA complex is not
perfectly symmetric which results in different interactions between the Cro monomer and
left-half operator DNA from those between Cro monomer and right-half operator DNA.

2. Model for Cro-DNA aggregation

In solutions of ionic strengths of approximately 0.2 M, the 1:1 L10:Cro dimer complex
did not result in the formation of a precipitate, despite the titration being performed at 20
fold higher protein and DNA concentrations (Chapter V). A model can be proposed to
explain the aggregation phenomena of Cro-nucleic acid complexes (Figure ¥1-5) based on
the observations presented in this chapter for the interaction of half-operators with Cro, and
observations that non-specific DNA interactions are favoured by low ionic strengths
(Boschelli, 1982). In the 1:1 complex, one site of the protein is still available for binding to
DNA. In this model, the unoccupied Cro monomer binds non-specifically to DNA already
present in a protein:DNA complex. Furthermore, it binds mainly to the back-side of the
consensus part of the DNA (base-pairs 3-8) and to the two base-pair extension of the half-
operator (base-pairs 1 and 2 of Figure VI-1). When both sites of Cro dimer are occupied,
as in the [L10]p:Cro complex or the Or3:Cro complex, aggregation cannot occur as
readily. Likewise, when the ionic strength of the solution is high, extensive non-specific
interaction between DNA and protein, z:d the resulting precipitation of DNA-protein
complexes does not occur.

The precipitation event should also take into account the net ionic strengths of the Cro
and DNA. The fully charged amino acid residues of a Cro monomer are 8 lysines, 3
arginines, 3 glutamates and 3 aspartates. In addition, the N-terminal amino group and His
35 are partially protonated. The net charge of a Cro dimer is therefore about +12. L10 DNA
has 18 phosphate groups (terminal ends are hydroxylated) and therefore a charge of -18.
R9 DNA has a net charge of -16. Although the net charge of the protein:DNA complex can
be only estimated since all species are surrounded by a excess of counter-ions (K+, Cl-,
PO4") which are displaced from the surface of the protein and DNA on their interaction and
it is difficult to predict the effect on charge by the interaction of non-charged groups with
charged ones, the net charge on both half-operator:Cro and [half-operator]>:Cro complexes
is probably sufficiently negative to avoid precipitation by being at an isoelectric point. In
any case an ionic charge explanation is insufficient to account for the differences in
solubility between the R9:Cro and L10:Cro complexes, since both should carry net
negative charge, with the L10:Cro complex being of higher net charge.
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COCD

Figure VI-5 Model for the aggregation of 1:1 L10 DNA:Cro protein complexes.

Shown on the left is a model for the aggregation of the 1:1 protein:DNA complex of L10
DNA and Cro repressor. The Cro dimer is represented by the two-fold symmetric protein
globule and L10 DNA is represented by the rectangle divided into 10 parts representing the
ten base-pairs of the DNA. Specific interaction between protein and DNA is indicated by
their close association. Extensive non-specific interactions (* * ¢ ) lead to precipitation. On
the right are shown 1:1 DNA:protein complexes with R9 DNA. Non-specific interactions
do not form as readily as with the 1:1 L10:Cro complex.
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R9 DNA:Cro complexes do not form protein:DNA precipitates since the R9 DNA does
not have the corresponding two base-pair extension and the binding of one R9 DNA to the
Cro dimer partially occludes the second binding site. L9 DNA should, by this model,
display the same solubility characteristics as R9. Although L9 DNA Cro formation was
coincident with additional broadening of all spectral lines because of non-specific
interaction, no precipitation of the L9:Cro complex was noted (Kirpichnikov, 1984).

3. The interaction of Cro with Or3 operator DNA

Some caution should be exercised in extending the results of titrations with left and
right half-operators too literally to the interaction of Cro with the full operator. Exactly the
same complex as with the full operator would not be formed if a left and a right operator
were added simultaneously to the Cro dimer as they contain a double strand break at the
center of the operator. Although the identity of the central base-pair is not very important
for the binding of Cro to operator DNA (Takeda et al., 1989), the preliminary
crystallographic determination of the Cro-Or3 operator complex indicates change in DNA
conformation at the center of the operator (Brennan & Matthews, 1989), as is also indicated
by the large chemical shift ckange for the imino proton of the central base-pair
(Kirpichnikov et al., 1984). Moreover, the available IH NMR chemical shift changes of the
protein in the OR3 complex indicate a conformation more like that of the left half-operator
protein:DNA complex, and not the intermediate (if observed in fast exchange) expected for
the average of the R9:Cro and L10:Cro complexes.

Since the chemical shift changes of the protein on interaction with left-half operator
DNA are larger, and the binding strength stronger, than on interaction with right-half
operator, a revised model for the binding of Cro to operator DNA would include
asymmetry in the two halves of the operator. The left half is more tightly associated with
Cro than the right half, with greater distortions in structure from that of the unbound
protein. A similar non-symmetric situation is seen in the crystal structure of the A repressor
N-terminal DNA-binding domain complexed with full operator DNA (Jordan & Pabo,
1988; Sarai & Takeda, 1989). As discussed in Chapter 1, the asymmetry with A repressor
is more severe than in Cro. Base-substitution experiments with Cro give more or less
symmetric results (Takeda et al., 1989) but are very asymmetric with 7. represscr. The
asymmetry with A repressor probably results from monomer-monomer CONtacCts prev enting;
the same conformation of the protein when binding simultaneously to the two half-site.s
presented in a full operator. In Cro, the asymmetry is more subtle and is caused miain!> by

differences in base-pair composition between the two half-sites.
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Chapter VII

The Structural Basis of Operator DNA-Cro Repressor Protein Recognition



A. Summary

This thesis has described the structural basis of the Cro repressor protein-Or3 operator
interaction from bacteriophage A. The major technique used here to investigate the
mechanisms by which protein and DNA recognize each other has been nuclear magnetic
resonance Spectroscopy.

In Chapter II, methods are given for improving the accuracy of macromolecular
structure determination in solution using NMR techniques. The extrapolation of derived
interproton distances to initial NOE mixing times is convenient and reliable. The major
error in all distance determination methods arises through relayed NOE effects. The NOE-
based refinement technique circumvents this problem. A proposal was made for the use of
an NOE R factor to gauge the fit of observed NOE data to the experimertally determined
structure. The NOE-based refinement technique allowed for local correlation time reduction
factors analogous to the incorporation of thermal factors used in X-ray crystallography and
mainly reflect the internal motions of macromolecules.

In Chapters III and IV, these methods are applied to three DNA duplexes. DNA
octamers of alternating purine-pyrimidine sequence, [d(G-T-A-C-G-T-A-C)]z and [d(C-A-
T-G-C-A-T-G)];, adopted a B-DNA type conformation in solution in the absence of
external forces such as proteins being bound. The function of purine-pyrimidine sequences
in biology was suggested by the observed base-stacking pattern to originate from
dinucleotide structural units. The structure of the left ten base-pairs of the Or3 operator
from bacteriophage A, d(T-C-T-A-T-C-A-C-C-G)*d(C-G-G-T-G-A-T-A-G-A), L10, was
also determined to be B-type DNA.

At first it may seem that the NMR techniques were incapable of generating anything but
a rather ordinary B-type DNA structures. Much of the biology of the three DNA duplexes
could be well explained with Arnott & Hukins (1972) B DNA model, or more accurately,
with the average features observed in one the first B DNA crystal structures (Dickerson &
Drew, 1981). Recently, NMR studies of certain DNA sequences were shown not to be in
regular conformation (e. g., the Bell restriction endonuclease recognition site, Banks et al.,
1989; bent DNA, Nadeau & Caruthers, 1989). But unlike the sequences studied here, these
DNA molecules exhibited both unusual 1H NMR chemical shifts and NOESY cross-peaks.
The DNA studied in this thesis have more usual NMR parameters and just have sequences
which adopt regular B type conformation.

The confirmation in the validity of the NMR methodology used here comes with the
comparison of the L10 sequence to the corresponding base-pairs of a DNA-protein
complex determined by established X-ray crystallographic techniques (Jordan & Pabo,



1988). The protein here was not Cro, but the N-terminal domain of a related protein, the A
or I repressor. Both the A and Cro repressor proteins recognize and bind preferentially to
the same six sites on bacteriophage A DNA. Their differing affinities for these six sites
regulate the life cycle of the phage. There was good agreement between the DNA structure
determined using NMR techniques and that using crystallographic techniques, except in
regions of the DNA contacted by the protein. Therefore, the result indicates that not only
can NMR be used to determine structures in solution with high precision, but for the
transcriptional regulatory proteins of phage A, the DNA plays a rather passive role. For the
interaction of a protein monomer with the site present on one half of the operator, the DNA
mainly presents a pattern of hydrogen bond donors and acceptors and van der Waals
contacts to be read by the recognition o helix of the protein.

In Chapters V and VI studies were undertaken of the interaction of the Cro repressor
with L10 and other DNA sequences. The presence of a disulfide cross-link in a site-specific
mutant of Cro does not appreciably alter its structure, but greatly increases the thermal
stability of the protein and its resistance to amide proton exchange by deuterium. The less
flexible protein has a five-fold loss in affinity for L10 half-operator DNA. The results
suggest that flexibility is not only required for dimeric Cro to simultaneously bind to both
DNA-binding sites presented in each half of the full Or3 operator, but also for the
monomer subunit to undergo the conformational changes required to bind DNA.

The 1H NMR resonances of DNA broaden differentially on adding Cro protein. The
degree of line-width broadening is shown to correspond to the contacts made to the DNA
by protein consistent with the Ohlendorf et al. (1982) model. Experimnental conditions
needed to study protein-nucleic acid complexes using 1H NMR techniques include ensuring
that the interaction of protein and DNA are well defined within NMR chemical exchange
regimes and that the protein:DNA complex remains soluble. Particularly useful are higher
ionic strengths to force the system to display fast exchange behavior and keeping
concentrations of protein and DNA low. A model is presented for the aggregation of
Cro:DNA complexes which will help to avoid solubility problems in the future. The
binding strengths and stoichicmetries of the interactions for the left and a right half-operator
DNA with Cro repressor were measured. Small deviations from true symmetry for both
halves of the Or3 operator result in different protein conformations in each half of the Cro
dimer:Or3 complex.

The results of this thesis suggest several aspects of the recognition of DNA and protein
that would be useful for design of mutant transcription regulatory proteins to have a desired
characteristic or to understand a particular detail in the interaction between protein and
DNA: (1), the DNA has a B type conformation, at least for the consensus half-operators in
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the regulatory region of phage A DNA; (2), flexibility in the protein is necessary for DNA
binding, although a disulfide cross-link could be introduced into a repressor to allow the
protein to work at a higher temperature (under oxidizing conditions) than the original; and
(3), although a repressor protein may be two-fold symmetric in the absence of DNA, and
the DNA may be nearly symmetric in its base sequence, a few base-pair changes between
the halves of the DNA-binding protein site may be sufficient to cause different interactions
in each half of the DNA:protein complex.

Recognition between the correct DNA operator site and the Cro repressor protein is
initiated by Cro first binding to the B type DNA, and since the number of possible non-
operator sites is much larger than the number of operator sites, at a non-operator DNA
sequence. When bound to non-specific DNA, the Cro exists in an open conformation
capable of reading the pattern of hydrogen-bonding and van der Waals contacts presented
in major groove of the DNA (Takeda et al., 1986) and preferentially moves in a direction
along the DNA (Kim et al., 1987), although occasionally dissociating from it. Whenever a
large number of favorable contacts can occur between Cro and DNA, the association
between protein and DNA tightens and the dissociation rate decreases. With the operator
DNA sequence, an optimal number of hydrogen bonds and van der Waals contacts can
form between the amino acid side-chains of the recognition helix of the monomer in each
half of the Cro dimer with the base-pairs in each half of the operator DNA, thvs forming a
functional DNA-protein complex. The steric fit and conformation and flexibility of protein
and DNA are binding modulators of the hydrogen-bond matrix that lays the foundation for
specific recognition between Cro and operator DNA (Berg & von Hippel, 1988). The
operator DNA may bend at the center, but generally retains a B DNA structure in each half
of the nearly two-fold symme.:ic sequence. The flexible Cro protein also undergoes
conformational change for optimal interaction with operator DNA. Since the base-pair
sequence is not precisely the same in each half of the operator, the protein adopts different
conformations in each half of the protein dimer-operator DNA complex.

The described improvements in lH NMR methodology to determine macromolecular
structure in solution are of greater general significance for contributing to the field of
biochemistry. Future structurz determinations will circumvent the approximate distance
determination procedures entirely by directly using the comparison between experimentally
determined NOE intensities and the calculated values. Further progress will include a more
precise description of the dynamics of these molecules. To date, the chemical shift has not
been used for detailed structure determinations. A sufficient empirical data basis and
computing resources are now beginning to be available to allow the incorporation of
chemical shift values for structure determination. Better accuracy in the force field used for
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restrained molecular dynamics calculations would also improve NMR structure
determinations. For nucleic acids, additional experimental data is required to give a better
description of the conformation about the phosphate. This would likely incorporate the
stereospecific assignment of the 5' and 5" protons, with strong coupling effects taken into
account. Assignment of the 3P NMR resonance signals would yield more information (see
below), probably by measuring coupling constants to protons of the DNA backbone.
Incorporation of other heteronuclei (13C, 15N, 170, 19F) at defined positions in the DNA
or protein are being used for spectral simplification, although the proton will remain, at
least in the short term, the winning nucleus for structure determination.

B. Future studies of protein:DNA recognition using NMR spectroscopy

In this section, I shall present some NMR observations relating to protein:DNA
recognition not yet discussed in this thesis. These studies are either of a preliminary nature
or are of limited scope. Experiments necessary for completion are briefly described.

1. Amide exchange studies of Cro repressor

Despite indications to the contrary (Weber et al., 1985), amide exchange measurements
with Cro repressor are possible. Amide proton exchange has been measured at 10°C with
one-dimensional 'H NMR spectra. Only two resonances, Leu 42 and Glu 54 are fully
resolved in one-dimensional experiments. Two-dimensional experiments will be necessary
to obtain accurate exchange rates for the remaining amide proton resonances. At 10° and
pH of 4.8, Leu 42 and Glu 54 have exchange rates of 0.015 and 0.11 hr, respectively. In
a buffer containing 0.5 M KCl, Cro amide protons exchange about 4 times slower than at
0.06 M KCl, indicating that higher ionic strengths increase the stability of the protein.
Future experiments would measure amide exchange of the protein while bound to DNA.

Amide exchange rates were also measured for wild type and V55C Cro proteins at
20°C. The direct comparison is difficult since the wild type protein exchanges very rapidly
(t1/2 < 5 hrs), while the V55C Cro exchanges quite slowly (ty2 = 500 hours). The
exchange rates measureable from one-dimensional spectra are shown in Table VII-1.
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Table VII-1  Amide proton exchange rates in Cro repressors

Wild type V55C

Leu 42 10011 2.610.1 (x 103 Hr 1)
Glu 54 490+40 0.210.1

Lys 56 110431 0.7+0.2

Tle 34/ Ala 36 107420 2.410.9

Proteins were approximately 0.2 mM (dimer) in 0.2 M KCl, 10 mM KH7PO4, K2HPO4,
50 uM EDTA, pH 5, 20°C.

2. 31P NMR of DNA

Figure VI-1 shows the 121 MHz 3!P NMR spectrum of L10 DNA. Assignment of
these well resolved resonances would enable a detailed study of the interactions that Cro
(and A) repressors make with the phosphates of DNA, and a more precise description of
the conformation of the DNA backbone. However, initial heteronuclear COSY experiments
have been unsuccessful, probably since the line-widths of the resonznces are large
compared to the spin-spin coupling constant used to generate the COSY cross-peak.
Preliminary 31P NMR spectra of R9 DNA have also been obtained in the absence and in the
presence of Cro protein. Although the signal to noise ratic was poor for the titration of the
DNA with Cro, it could be observed that some resonance lines changed in chemical shift
(fast exchange), and others lost intensity (intermediate or slow exchange).

3. Interaction of Cro repressor with other half-operators

The crude synthesis products of other half-operator sequences of the Or3 operator have
been obtained (from T. Atkinson and M. Smith, University of British Columbia). A DNA
fragment corresponding to the right half version of L10 (R10) and L9 (see Chapter VI)
have been purified using NACS-20 column chromatography procedures (described in
Chapters III and IV). Preliminary !H NMR spectra have been taken. Insufficient quantities
were made for an easy detailed structural analysis, but the amounts should be sufficient to
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Figure VII-1 31P NMR spectrum of L10 DNA

The 121 MHz 3P NMR spectrum of L10 DNA was taken at 30°C with proton decoupling.
The sample was approximately 0.4 mM DNA in 50 mM KCl, 5 mM KyHPOy, pH 7.3, 0.3
mM EDTA buffer. 4096 transients were accumulated with an acquisition time of 2.0
seconds and a relaxation delay time of 0.5 seconds. The numbers count the number of
phosphate resonances (L10 has 18 phosphates) and do not indicate assignment to a

pasticular nucleotide. The resonance line for reference inorganic phosphate is at -110.6
piwm.
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measure DNA binding to Cro. R10 should bind to the Cro dimer at a ratio of 2 to 1, display
the same aggregation characteristics as L10, but have the binding strength of R9.

Other operator fragments are available in crude form. These include a nine base-pair
segment encompassing the center of the operator and an R8 sequence, which is missing the
outermost two base-pairs of R10. R8 should also bind at a 2 to 1 ratio, with the binding
strength of R9, but without the two base-pair extension, the R8:Cro complex may not
aggregate as strongly as the 1.10:Cro complex.

4. RNA polymerase tail peptide

The eukaryotic RNA polymerase II amino acid sequence contains a long repeating
heptapeptide unit (-Ser-Pro-Ser-Tyr-Ser-Pro-Thr-)y, at the carboxy terminus of the enzyme
(Allison et al., 1985). Removal of this 'tail' sequence results in incorrect initiation of
transcription. A peptide containing five of the repeat units has been characterized by 'H
NMR spectroscopy. Exchange rates and the chemical shift temperature dependence of the
amide protons and are the same as unstructured peptides. Therefore, the amide protons of
this segment do not participate in hydrogen bonding. The addition of monovalent cations
(K#), divalent c~i~ns (Mg2+), or calf thymus DNA did not stabilize the structure. NOESY
experiments - ere cc sistent with a unstructured conformation, with the o angles of both
proline trans. . b~ .ne repeating peptide needs to be in a larger protein context to adopt a
defined conformation or the function of the tail requires it to be unstructured.

o
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Appendix 1 FORTRAN code for NOE-based structure refinement
This code was added to the energy minimization section of the GROMOS

molecular simulation package. This code is also applicable for molecular
dynamics calculations.

A, Common block, ‘em.common.2?®

COMMON /NOER/ ILDR(220),NILDR,PM(250),NPRFL(250),
TMIX, TAUC, RADIUS, VOMEGA, NPROT,
IDR3(650), JDR3(650),0BS0 (650) , CNOE,
DBYD (1918) , NOEDV, TMIX2, NNR1, NNR2,
NOM, MGRP (5) ,MGRPC (5)

b WwN

B. Changes made to the main energy minimization program to read in NOE
files, find the non-exchangeable protons from the coordinates and
molecular topology program.

C
INCLUDE 'em.common.2'
C
WRITE (6,28) 'Noe restraint file (mix time 1)........ : ',FORT20
WRITE (6,28) 'Noe restraint file (mix time 2)........ s+ ',FORT21
28 FORMAT (A41,A31)
C
Chxxkk
C READ IN NOE RESTRAINT FILES (NO. OF NOE RES FILES=NNRF)
C TAUC IN NANOSECONDS, RADIUS IN NANOMETERS,
C NOEDV IS NOE DERIVATIVE PROCEDURE-CAN BE ZERO TO APPROX.-
C OTHERWISE IS TYPICALLY SET TO 5 OR 10
Cc
READ (4, 39) NNRF, CNOE, RADIUS, TAUC, NOEDV, NOM
IF (NOM.GT.0) READ (4,37) (MGRP (I),I=1,NOM)
IF (NOM.GT.0) READ(4,37) (MGRPC (1), I=1,NOM)
C
37 FORMAT (10I5)
o
65 FORMAT (1X,I10,F10.3,2F10.5,21.0)
C

C*****READ COORDINATES, PRINT TITLE
READ (18, 40) TITLEl
READ (18, 92) NATOM
IF (NATOM.LT.NR) GOTO 1034
13=0
N=0
c Set full NOE derivatives to zero
DO 76 J=1,NR
DO 777 M=1,3
DBYD (I13+M)=0.0
777 CONTINUE
C Find non-exchangeable protons, read in correlation time
C adjustment factor.
IF(IAC(J).EQ.38) GO TO 78
READ (18, 92) KK, K, (X(I3+M),M=1,3)
I3=I3+3
GO TO 76
78 N=N+1



76

92

READ (18, 92) KK, K, (X(I3+M),M=1,3),PM(N)
IF (PM(N) .EQ.0) PM(N)=1.000

NPRFL (N) =J

I3=I3+3

CONTINUE

NPROT=N

GOTO 100

FORMAT (I5,10X,IS5,3F8.3,3F8.4)

C Read in observed NOE intensities

Cc
231

240

235
C

IF(NNRF.EQ.0) GO TO 261
TAUC=TAUC*1.E-9

READ (20, 40) TITLEl

READ (20, 219) NNR1, TMIX,VOMEGA
VOMEGA=VOMEGA*2.0E6*3.1415927

I=1

READ (20, 228) IDR3(1),JDR3(1),0BS0(1)
ILDR(1)=IDR3(1)

DO 235 N=2,NNR1

READ (20, 228) IDR3(N),JDR3(N),OBSO0 (N)
M=0

M=M+1

IF (IDR3(N) .EQ.ILDR(M)) GO TO 235
IF(M.NE.I) GO TO 240

I=I+1

ILDR(I)=IDR3(N)

CONTINUE

C Read in Second observed NOE intensities file, if necessary

250

245
246

9046
226
221
228

IF(NNRF.LT.2) GO TQ 246

WRITE (6, 22€)

READ (21, 40) TITLEL

WRITE (6,31) TITLEl

READ (21, 219) NNR2, TMIX2

WRITE (6,227) NNR2,TMIX2

NNRTOT=NNR1+NNR2

DO 245 N=NNR1+1, NNRTOT

READ (21, 228) IDR3(N),JDR3(N),OBSO (N)

M=0

M=M+1

IF (IDR3(N) .EQ.ILDR{(M)) GO TO 245
IF(M.NE.I) GO TO 250

I=I+1

ILDR(I)=IDR3(N)

CONTINUE

NILDR=I

WRITE (6, 9046) NILDR

FORMAT (' # OF PROTON SUBSETS WILL BE',I5)
FORMAT(/,1X,' 9. RESTRAINED NOES ')
FORMAT (/,1X,15,1X, '"NOE RESTRAINTS AT MIX TIME ',F10.5,' SECS')
FORMAT (215,F6. 3)



C. NOE calculation subroutine

SUBROUTINE NOERE (NB, IB,JB,NM,NAM,CB,BO, NTH,BOX,BETA, X, F,
2 EB, XB0, EB0, NSTEP. NUEREL)

[eXe]

CCCCC J. BALEJA, EDMONTON (ADAPTED ¥ROM DISRE ROUTINE) CCCCCCCCCCC
SUBROUTINE NOERE (MB, IB,JB,NM,Nani,CE, B0, NTB,BOX,BETA, X, F,
2 EB, XB0, EB0, N¢” EP, NOERPT)
NOERE WILL SUPPLY THE DISTANCE RESTRAINT ENERGIES AND FORCES

FOR A HARMONIC POTENTIAL V(NOE) = SUM OVER ALL SPECIFIED ATOM
PAIRS I-J for
VDIS (NOE) = 0.5*CNOE* (NOE— RNOEQ)**2

PFRIODIC BOUNDARY CONDITIONS CANNOT BE TAKEN INTO ACCOUNT
ONLY ONE IDENTICAL MOLECULE CAN BE CONSIDERED.
NB = TOTAL NUMBER OF NOE RESTRAINTS PER MOLECULE

C
C
C
c
C
C
C
C
c
C

c

C

C

o

C

o

C
IB,JB(1l..NB) = ATOMS FORM:ING NOE RESTRAINT PAIR I-J C
NM = NUMBER OF IDENTICAL MOLECULES WITH NB NOE RESTRAINTS Cc
NAM = NUMBER OF ATOMS PER MOLECULE (NAM>1) Cc
CB = FORCE CONSTANT CNOE c
BO(1..NB) = OBSO, SEE ABOVE Cc
BD(1..NB) = NOE {CALCULATED FROM PRESENT STRUCTURE) C
X(l.. ) = ATOM CARTES1AN COORDINATES; X- AND Y-AXES C
F(l.. ) = DELIVERED WITE THE NOE RESTRAINT FORCES ADLED TO F C
EB = DELIVERED WITH THE TOTAL DISTANCE RESTRAINT ENERGY c
C

(

c

Cc

C

Cc

C

Cc

C

C

C

C

C

C

C

C

C

C

C

(NF=CAN ONLY BE 0 FOR NOERE)
NF = 0 : TOTAL ENERGY AND FORCES ARE DELIVERED
ILDR INTEGER LIST IN NOE RESTRAINT
NILDR NUMBER IN LIST
PM PROTON MOTION FACTOR
NPRFL NUMBER IN PROTON FILE LIST
TMIX, TMIX2 MIXING TIMES
NNR1, NNR2Z NUMBER OF RESTRAINTS
TAUC CORRELATION TIME
RADIUS INCLUSION RADIUS
VOMEGA SPECTROMETER FREQUENCY
NPROT NUMBER OF PROTONS
DBYD PROPER DERIVATIVE FORCES
NOEDV NOEDV DERIVATIVE PROCEDURE
(0=FAST, Approx. >0=SLOW,Correct)
NSTEP Do full derivative every NSTEP steps
NOERPT 0O=off l=on (report calculated and observed NOEs)

EDMONTON, MARCH 6, 1989 PRESENTLY, THE FILE WILL ONLY WORK C
WITH NON-EXCHANGEABLE PROTONS WITH IAC CODE OF '3%' C
THIS SUBROUTINE ALLOWS A FULL DERIVATIVE C
CCCCCECCCCCCCCCCCCCECCCLCCCCCCECCCCCCCCCCCCCCCCCCCCLiCCCCCCTCCCCCCCC

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO(’)OOOOOOOOOO

REAL RELAX (150,150}, WW0(150,150), WWl(150,150), SPECTD({3)



Q aaooaooonaan

aaa

aQ Qo

c
C
C

REAL WW2(150,150), XY2S(150,3)

REAL XYZ(250,3), DIST(250,250), XPEAKM(250,250)

REAL UPTRI (11325), RESULT (22500), LINV(22500)

REAL VECTOR(150,150), VECINV(150,150),DISTS (150,150)
REAL EXDIAR(150), VEC(150)

REAL TD(159), XPEAK(150), DUMI1 (150), DUM2(150},BD(65C)
INTEGER PRSFL(150), NPROTS, MAXPRS, MAXPKS

REAL PMS(150), TC, TDM(150,150), XPEAKS(150,150)

REAL XPRAKX (150,150, 4) ,XPEAKT (150), XP2AKJ(150) , XPEAF) (150)
REAL XPEAKZ (250,250)

REAL XPKX2(15C,150,4),XPKI2(! "0),XPKJ2(150),XPK02(150)
Ensure that MAXPRS (MAX nur ¢ protons in subset)

is compatible with array ze~ (change MATMLT as well)
Ensure that MAXPKS (MAX n. o: .peaks in subset)

is compatible with array sz

Check values of NPROTS for MAXPRS and NPROT for 250
and MAXPKS > NOXP1+NOXP2

INCLUDE ‘em.common.2'

DIMENSION IB(1),JB(1),B0(1),BOX(1),X(1),F{1},XB0(1),
2 EBO(1),XIJ(3)

MAXPRS=150
MAXPKS=99
EB=0.EO
NN=0

CALCULATION OF CONSTANTS
QCONST=HBAR*GAMMA IN CGS*1E42, SET UP W MATRIX

10
20

QCONST= 5.671E+04

READ N COORDINATES FOR PROTONS IN NMETERS
DISTANCES ARE IN NANOMETERS FOR OUTPUT
NPROTS=0

GET COORS USING PROTON FILE
J=0
DO 20 1I=1,NPROT
J=NPRFL (1)
DO 10 M=1,3
XYZ (1,M)=X(3*(J-1)+M)
CONTINUE
CONTINUE

CALCULATE ALL INTERPROTON DISTANCES

30
40

42
45

D

DO 40 I=1,NPROT

DO 30 J=1,NPROT

DIST (I,J)=SQRT ((XYZ(I,1)-XYZ2(J,1))**2+(XYZ(I,2)~XYZ(J,2))**2+
@ (XYZ (I,3)-XYZ(J,3))**2)
CONTINUE

CONTINUE

DO 45 I=1,NPROT

DO 42 J=1,NPROT
XPEAKM(I, J)=0.0
CONTINUE

CONTINUE

O 'FALSE' BUT QUICK DIRECT NOE DERIVATIVE
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SET UP LIST OF PROTONS NEAR REFERENCE PROTON (M)
AND CALCULATE DISTANCES, XPFEPKS TO THAT PROTON

QO0aO0

IF {NOERPT .LT. 0) WRITE(6,3000) NSTEP
3000 FORMAT (' NSTEP IS: ',I5)
DO 290 M=1, K NPROT

c
c CHECK IF Proton M IS ON DIS RESTRAINT FILE
C
I=0
82 I=I+1

IF (NPRFL (M) .EQ.ILDR(I)) GO TO 54
IF(I.NE.NILDR) GO TO 52
GO TO 290
54 1I3=3*(NPRFL(M)-1)

XY2S(1,1)=XYZ (M, 1)
XYZS (1, 2)=XYZ (M, 2)
XYZS (1, 3)=XYZ (M, 3)
I=1
NPRSFL (L) =NPRFL (M)
PMS (L) =PM (M)
1=2
DO 60 J=1,NPROT
DSCK=DIST (M, J)
IF (DSCK.GT.RADIUS) GO TO 60
IF (DSCK.EQ.0.0) GO TO 60
DO 50 K=1,3
XYZS (L, K)=XYZ (J,K)

50 CONTINUE
NPRSFL (L) =NPRFL {J)
PHMS (L) =PM(J)
I=L+1

60 CONTINUE
NPROTS=L~1
IF (NPROTS.GT.MAXPRS) THEN

WRITE (6, *) *NPROTS > MAXPRS (NOEDV>0)', NPROTS, MAXPRS

STOP

ENDIF
c CALCULATE INTERPROTON DISTANCES IN SUBSET

DO 80 I=1,NPROTS
DO 70 J=1,NPROTS
DISTS (I,J)=SQRT ((XYZS(I,1)-XYZ25(J,1))**2+
@ (XYZS (I, 2)-XYZS (J,2) ) **2+ (XYZS (I, 3) -XYZS (J, 3) ) **2)

70 CONTINUE

80 CONTINUE

DO 100 I=1,NPROTS

DO 90 J=1,NPROTS

IF (J.EQ.I) GO TO 90

TC=TAUC*PMS (I) *PMS (J)

SPECTD (1)=TC

SPECTD (2) =TC/ (1+ (VOMEGA*TC) **2)

SPECTD (3)=TC/ (1+ (2*VOMEGA*TC) **2)

WWO (I, J)=QCONST*SPECTD (1) / (DTSTS(I,J))**6

WW1 (I, J)=1.5*QCONST*SPECTD (2) / (DISTS(I,J))**6
WW2 (I, J)=6.0*QCONST*SPECTD (3) / {DISTS(I,J))**6

o
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90 CONTINUE
100 CONTINUE
SETUP RELAXATION MATRIX
DO 140 I=1,NPROTS
DO 130 J=1,NPROTS
RELAX (X, J)=0.0
IF (I.NE.J) GO TO 120
DO 110 K=1,NPROTS
IF (I.EQ.K) GOTO 110
RELAX (I, I)=RELAX (I, I)+WWO0 (I, K)+2*WW1 (I, K)+¥W2(I,K)
110 CONTINUE
GO TO 130
120 RELAX(I,J)=WW2 (I, J)-WWO(I,J)
130 CONTINUE
140 CONTINUE
SETUP UPPER TRIANGLE COLUMNWISE
1=1
DO 160 I=1,Nr'ROTS
DO 150 J=1,1I
UPTRI (L)=RELAX(I, J)
L=L+1
150 CONTINUE
160 CONTINUE
CALCULATE DIAGONAL
CALL EIGEN (UPTRI, RESULT,NPROTS, 0)
PUT RESULT INTO MATRIX FORM
=1
DO 180 I=1,NPROTS
DO 170 J=1,NPROTS
VECTOR (J, I)=RESULT (L)
L=L+1
170 CONTINUE
180 CONTINUE
CALCULATE THE INVERSE FOR VECTOR AND PUT IN VECINV
=1
DO 200 I=1,NPROTS
DO 190 J=1,NPROTS
LINV(L)=VECTOR(I, J)
L=L+1
190 CONTINUE
200 CONTINUE
CALL MINV(LINV,NPROTS,D,DUM1,DUMZ2)
=1
DO 220 I=1,NPROTS
DO 210 J=1,NPROTS
VECINV (I, J)=LINV (L)
L=L+1
210 CONTINUE
220 CONTINUE
CALCULATE CROSS PERKS
I=1
DO 230 I=1,NPROTS
II=I*(I+1)/2
EXDIAR(L)=EXP (-1*UPTRI (II) *TMIX)
L=L+1
230 CONTINUE
DO 240 K=1,NPROTS
VEC (K) =VECTOR(1, K)
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QOO0

QOO0

240

245

260

250

255

265

270

280
290

300

305
340

370

CONTINUE

DO 250 J=1,NPROTS

DISCK=DISTS(1,J)

1F (DISCK.EQ.0.0) GO TO 250

XPERK (J)=0.0

DO 245 L=1,NPROTS

TD (L) =VEC (L) *EXDIAR (L)

XPEAK (J) =XPEAK (J) +7'D (L) *VECINV (L, J)
CONTINUE

k=0

£=K+1

IF (NPRFL(K).NE.NPRSFL(J)) GOTO 260
NPRF=K

XPEAKM (M, NPRF ) =XPEAK (J)

CONTINUE

IF (NNR1.EQ.NB) GO TO 290

=1

DO 255 I=1,NPROTS

II=I*(I+1)/2

EXDIAR (L) =EXP (-1*UPTRI (II)*TMIX2)
L=L+1

CONTINUE

DO 280 J=1,NPROTS

DISCK=DISTS (1, J)

IF (DISCK.EQ.0.0) GO TO 280

XPEAK (J)=0.0

DO 265 L=1,NPROTS

TD (L) =VEC (L) *EXDIAR (L)

XPEAK (J) =XPEAK (J) +TD (L) *VECINV (L, J)
CONTINUE

K=0

K=K+1

IF (NPRFL (K) .NE.NPRSFL(J)) GOTO 270
NPRF=K

XPERK2 (M, NPRF) =XPEAK (J)

CONTINUE

CONTINUE

IM=NN*NAM-1
NNB=NN*NB
NN=NN+1

N=0
RFACTR=0.0
BOTOT=0.0
BDTOT=0.0

CALCULATE NOE SCALING FACTOR

N=N+1

I=0

I=I+1

IF (NPRFL(I) .NE.IB(N)) GOTO 340
NPRFI=I

I=0

I=I+1

IF (NPRFL(I) .NE.JB(N)) GOTO 370

o



373

375

3003
3004
1002

325

330

335

383

385

1052

345
310

313

315

238

NPRFJ=I
BD (N) =XPEAKM (NPRFI, NPRFJ)

DO 373 K=1,NOM

IF (NPRFL (NPRFI).EQ.MGRP (K)) BD (N)=BD (N)+XPEAKM (NPRFI+1, NPRFJ)
@+XPEAKM (NPRFI+2, NPRFJ)

CONTINUE

DO 375 K=1,NOM

IF (NPRFL (NPRFJ) .EQ.MGRP (K)) BD (N)=BD (N) +XPEAKM (NPRFI, NPRFJ+1)
@+XPEAKM (NPRFI, NPRFJ+2)

CONTINUE

IF(BD(N).EQ.0.0) WRITE(#6,3004)

IF (DIST (NPRFI,NPRFJ) .LT.RADIUS) GOTO 1002

WRITE (6, 3003) N,NFRFI,NPRFJ,DIST (NPRFI,NPRFJ),RADIUS
WRITE(6,*) 'IB, JB,',IB(N),JB(N),NPRFL(NPRFI), NPRFL (NPRFJ)
FORMAT ('DIST GT RADIUS N,I,J,DIST, &RADIUS ARE:',3I4,2F6.3)
FORMAT (' CALC OR STORED NOE IS EQUAIL TO ZERO')
BOTOT=BOTOT+BO (N)

BDTOT=BDTOT+BD (N)

IF(N.LT.NNR1) GOTO 305

IF (NB.EQ.NNR1) GOTO 345

N=N+1

I=0

I=I+1

IF (NPRFL(I) .NE.IB(N)) GOTO 330

NPRFI=I

I=0

I=T+1

IF (NPRFL(I) .NE.JB(N)) GOTO 335

NPRFJ=I

BD (N) =XPEAK2 (NPRFI, NPRFJ)

DO 383 K=1,NOM

IF (NPRFL (NPRFI).EQ.MGRP (K)) BD (N)=RD (N)+XPEAKM (NPRFI+1, NPRFJ)
@+XPEAKM (NPRFI+2, NPRF.J)

CONTINUE

DO 385 K=1,NOM

IF (NPRFL (NPRFJ) .EQ.MGRP (K)) BD (N)=BD (N} +XPEAKM (NPRFI, NPRFJ+1)
@+XPEAKM (NPRFI, NPRFJ+2)

CONTINUE

IF (BD(N).EQ.0.0) WRITE(6,3004)

IF (DIST (NPRFI,NPRFJ) .LT.RADIUS) GOTO 1052

WRITE(6,3003) N,NPRFI,NPRFJ,DIST(NPRFI,NPRFJ),RADIUS
WRITE(6,*) 'IB, JB,',IB(N),JB(N),NPRFL (NPRFI), NPRFL (NPRFJ)
BOTOT=BOTOT+B0 (N)

BDTOT=BDTOT+BD 7%}

IF(N.LT.NB) GO0 324

SFNOE=BDTOT/BUTIL

N=0

N=N+1

£3=3* (IB(N)+IM)

) 313 K=1,NOM

LF(IB(N) .EQ.MGRP(K)) I3=3*(MGRPC(K)-1)

CONTINUE

J3=3* (JB (N} +7M)

DO 315 K=],%0M

IF (JB(N) .¥{;. MGRP (K)) J3=3* (MGRPC (K)-1)

CONTINUE

RNOEO=BO0 (N) *SFNOE

RNOE=BD (N)



C

380

RIJ2=0.EQ

DO 380 M=1,3

XIJ (M) =X (I3+M) =X (J3+M)

RIJ2=RIJ2+XIJ (M) **2

RIJ= SQRT(RIJ2)

DBF=(1.0/ (RNOE**0.167))-(1.0/ (RNOE0O**0.167))
DB=RNOE-RNOEO

C ADDING NOERPT June 30 89

aOaao

3005
381

440
441

1023

3001

450

IF (NOERPT .NE. 1) GOTC 381

WRITE (6, 3005) i,IB(N),JB(N},RNOEO,RNOE,DB
FORMAT (' N, I,J,0BS,CALC,DIFF ARE:', 314, 3F7.4)
DF=0.EQ

EBH=0.EO

DF=CB*DBF

EBH=CB*DB*L'B

RFACTR=RFACTR+ABS (DB)

EB=EB+EBH

IF (NOEDV.NE.0) GO TO 441
DF=DF/RIJ

DO 440 M=1,3

XH=XIJ (M) *DF

F (I3+M)=F (I3+M)-XH
F(J3+M)=F (J3+M) +XH
CONTINUE

IF (N.LT.NB) GOTO 310
RFACTR=RFACTR/ (BOTOT*SFNOE)
WRITE (6,1023) SFNOE,RFACTR
FORMAT (1X, '"NOE SCALING AND R FACTOR ARE:', 2F8.4)
IF (NN.LT.NM) GOTO 300
EB=EB/2.E0Q

IF (NOEDV.EQ.0) GO TO %00

NOW DO PROPER DERIVATIVE AT THE ZERO AND EVERY NOEDV STEPS

IF (NSTEP.NE.NSTEP/NOEDV*NOEDV) GO TO 3900
DO 890 M=1,NPROT

IF (NOERPT .LT. 0) WRITE(6,3001) NSTEP,M
FORMAT ( '*NSTEP, M are :',2I5)

XYZS(1,1)=XYZ(M,1)

XYZS (1, 2)=XYZ (M, 2)

XYZS (1, 3)=XYZ (M, 3)

=1

NPRSFL (L) =NPRFL (M)

PMS (L) =PM (M)

1=2

DO 460 J=1,NPROT
DSCK=DIST (M, J)

IF (DSCK.GT.RADIUS) GO TO 460
IF (DSCK.EQ.0.0) GO TO 460
DO 450 K=1,3

XYZS (L, K)=XYZ (J, K)
CONTINUE
NPRSFL (L) =NPRFL (J)

PMS (L) =PM(J)

L=L+1
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460 CONTINUE
NPROTS=L-1
IF (NPROTS.GT.MAXPRS) THEN
WRITE (6, *) '"NPROTS > MAXPRS (NOEDV>0)', NPROTS, MRXPRS
STOP
ENDIF
NOXP=0
NOXP2=0
DO 5u2 I=1,NB
DO 501 K=1,NPROTS
IF (NPRSFL(K) .EQ.IB(I))GO TO 503
501 CONTINUE
GO TO 502
503 CONTINUE
DO 504 L=1, NPROTS
IF (NPRSFL (L) .EQ.JB(I) )GO TO 505
504 CCNTINUE
GO TO 502
505 IF (I.GT.NNR1l) GOTO 1507
NOXP=NOXP+1
XPEAKI (NOXP) =K
XPEAKJ (NOXP) =L
XPEAKO (NOXP)=BO0 (I) *SFNOE
GOTO 502
1505 NOXP2=NOXP2+1
XPKI2 (NOXPZ2)=K
XPKJ2 (NOXP2)=L
XPK02 (NOXP2)=B0 (I) *SFNOE
502 CONTINUE
IF (NOXP.EQ. J.AND.NOXP2.EQ.0) GOTO 890
IF (NOXP.GT.MAXPKS.OR.NOXP2.GT.MAXPKS) THEN
WRITE (6,*) "NOXP or NOXP2 > MAXPKS'
WRITE (6, 3002) NSTEP, NOXP, NOXP2,M

STOP
3002 FORMAT (' NSTEP, noxp, noxp2, m are:',4I5)
ENDIF
c
Cc SET UP COORD FILE FOR DERIVATIVE, CORRECT IF NECESSARY
NDV=4

IF(NDV.EQ.4) GO TO 568
565 XYZS(1,1)=XYZ(M,1)
XY2S (1, 2)=XYZ (M, 2)
XYZ2S (1, 3)=XYZ (M, 3)
XYZS(1,NDV)=XYZ (M, NDV) +0.0010
568 CONTINUE
C CALCULATE INTERPROTON DISTANCES IN SUBSET
DO 580 I=1,NPROTS
DO 570 J=1,NPROTS
DISTS(I,J)=SQRT ((XYZS(I,1)-XYZS(J,1))**2+
@ (XYZS (I, 2)-XY2S(J,2) ) **2+ (XYZS(I, 3) -XYZ5(J, 3) ) **2)
570 CONTINUE
580 CONTINUE
C
C
DO 600 I=1, NPROTS
DO 590 J=1, NPROTS
IF (J.EQ.I) GO TO 590
TC=TAUC*PMS (I) *PMS (J)
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SPECTD (1) =TC
SPECTD (2) =TC/ (1+ (VOMEGA*TC) **2)
SPECTD (3)=TC/ (1+ (2*VOMEGA*TC) **2)
Ww0 (I, J)=QCONST*SPECTD (1) / (DISTS (I, J)) **6
WW1 (I, J)=1.5*QCONST*SPECTD (2) / (DISTS(I,J) ) **6
WW2 (I,J)=6.0*QCONST*SPECTD (3) / (DISTS(I,J))**6
590 CONTINUE
600 CONTINUE
C SETUP RELAXATION MATRIX
DO 640 I=1,NPROTS
DO 630 J=1,NPROTS
RELAX(I,J)=0.0
IF (I.NE.J) GO TO 620
D¢ 610 K=1,NPROTS
IF (I.EQ.K) GOTO 610
RELAX (I, I)=RELAX (I, I)+WWO (I,K)+2*WWl (I,K)+WW2(I,K)
610 CONTINUE
GO TO 630
620 RELAX(I,J)=wwW2(I,J)-WWO0(I,J)
630 CONTINUE
640 CONTINUE
c SETUP UPPER TRIANGLE COLUMNWISE
I=1
DO 660 I=1,NPROTS
DO 650 J=1,1
UPTRI (L) =RELAX (I, J)
L=L+1
650 CONTINUE
660 CONTINUE
C CALCUL2TE DIAGONAL
CALL EIGEN (UPTRI,RESULT,NPROTS,0)
C PUT RESULT INTO MATRIX FORM
=1
DO 680 I=1,NPROTS
DO 670 J=1,NPROTS
VECTOR (J, I)=RESULT (L)
L=L+1
670 CONTINUE
680 CONTINUE
C CALCULATE THE INVERSE FOR VECTOR AND PUT IN VECINV
1=1
DO 700 I=1,NPROTS
DO 690 J=1,NPROTS
LINV (L) =" wCTOR(1, J)
L=L+1
690 CONTTNUE
700 CONSUINUE
CAXL MINV (LINV,NPROTS,D,DUM1, DUM2)
T=1
~O 720 I=1,NPROTS
DO 710 J=1,NPROTS
VECINV (I, J)=LINV (L)
L=L+1
710 CONTINUE
720 CONTINUE
C TALCULATE CROSS PEARKS
=1

DO 73C I=1,NPROTS



C

730

762
764

780
785

II=I*(I+1)/2

EXDIAR(L)=EXP (~1*UPTRI (II)*TMIX)
L=L+1

CONTINUE

DO 764 T=1,NPROTS

DC 762 i, MNPROTS

TDM(I,., V".CTOR(I,J)*EXDIAR(J)
CONTINUE

CONTINUE

CALL MATMLT (TTWM, VECINV, X2EAKS, NPROTS)
DO 785 I=1,NF:OTS

DO 780 J=1,NPROTS

IF (J.EQ.I) GO TO 780

XPEAKX (I, J, NDV)=XPEAKS (I, J)
CONTINUE

CONTINUE

C Calculate NOE for secc ‘xing time.

C

C

1730

1762
1764

1780
1785
1786

801

IF (NNR1.EQ.NB) GO TO 1786

L=1

DO 1730 I=1,NPROTS
II=I*(I+1)/2

EXDIAR (L) =EXP (-1*UPTRI (II) *TMIX2)
L=L+1

CONTINUE

DO 1764 I=1,NPROTS

DO 1762 J=1,NPROTS

TDM (I, J) =VECTOR (I, J) *EXDIAR (J)
CONTINUE

CONTINUE

CALL MATMLT (TDM, VECINV, XPEAKS, NPROTS)
DO 1785 I=1,NPROTS

DO 1780 J=1,NPROTS

IF (J.EQ.I) GO TO 1780

XPKX2 (I, J, NDV)=XPEAKS (I, J)
CONTINUE

CONTINUE

NDV=NDV-1

IF (NDV.NE.O) GO TO 565

SUM PEAKS, CALCULATE DERIVATIV-
I3=3* (NPRFL (M) -1)

DO 802 I~i,3

DBYD (I3+L)=0.0

DO 801 K=1,NOXP

I=XPEAKT (K)

J=XPEAKJ (K)

DBYD (I3+L}=DBYD(I3+L)+CB*1000* (XPEAKX (I, J, 4) ~XPEAKO (K))
@* (XPEAKY. (I, J, 4) -XPEAKX (I, J, L))
CONTINUE

IF (NNR1.EQ.NB) GO TO 802

C Calculating derivative for second set of Noes.

C

DO 1801 K=1,NOXP2
I=XPKI2 (K)
J=XPKJ2 (K)
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C
C

1801
802
890

900

930

920
940

DBYD (I3+1L)=DBYD (I3+L)+CB*1000* (XPKX2 (I, J, 4) -XPKO02 (K} )
@* (XPKX2 (I, J,4) -XPKX2(I,J,L))

CONTINUE

CONTINUE

CONTINUE

CALC FORCES

CONTINUE

DO 940 I=1,NPROT

13=3* (NPRFL(I)-1)

DO 930 K=1,NOM

IF (NPRFL(I) .EQ.MGRP (K)) I3=3* (MGRPC(K)-1)
CONTINUE

DO 920 J=1,3

F (I3+J)=F (I3+J)+DBYD(I3+J)

CONTINUE

CONTINUE

RETURN

END

SUBROUTINE MATMLT (VMAT1,VMATZ,RMAT, N)

REAT, VMAT1 (150,150), VMAT2(150,150), RMAT(150,150), TOT
po 3 I=1,N

DO 2 J=1,N

1

2
3

TOT = 0.0
DO 1 K=1,N
TOT=TOT+VMAT1 (I, K) *VMAT2 (K, J)
CONTINUE

RMAT (I, J)=TOT

CONTINUE

CONTINUE

RETURN

END

(%)



Appendix 2 Interproton distances in right-handed helices

Distance to 2nd nucleus (A)

Nuclei A DNA B DNA

1st 2nd i-1 i i+l i-1 i i+l
XHB XHB 4.7 na 4.7 5.0 na 5.0
XHB XH1' 4.1 2.8 > 2.8 3.8 >
XHB XH2' 1.6 3.7 > 3.8 2.0 >
XHB XH2'! 3.2 4.6 > 2.3 3.6 >
XHB XH3! 3.4 2.7 > 5.0 4.0 >
XHB XH4? > 4.1 > > 4.6 >
XHB XH5! > 3.4 > > 3.4 >
XHB XH5'!' > 4.1 > > 4,2 >
XHB TCH3 > 2.7 3.1 > 2.7 3.1
XHB CHS > 2.5 3.8 > 2.4 3.8
AH2 XH1! > 4.6 4.0 > 4.5 4.6
AH2 XHB > > 4,7 > >

AH2 XH2'! > 5.0 4.7 > >

AR2 CH5 > > 5.0 > > >
AH2 AH2 4.9 na 4.9 3.8 na 3.8
CHS CH5 3.8 na 3.8 4.6 na 4.6
CH5 XH1! 4.8 > 3.7 > >
cH5 XH2'! 4.8 > 2.8 > >
CHS XH2' 3.0 > 3.3 4.2 >
CH5 XH3! 3.6 4.5 > > > >
CH5 TCH3 4.3 na 2.9 > > 3.9
XH1! XH1' > na > 4.9 na 4.9
XH1! XH2'! > 2.3 > > 2.3 >
XH1!' XH2! 4.6 2.7 > > 3.0 4.1
XH1! XH3! > 3.8 > > 3.9 4.9
XH1' XH4'! > 3.3 > > 3.6 4.2
XH1!' XHS! > 4.6 3.8 > 4.5 1.8
XH1! XH5'! > > > > > 3.3



XH1? TCH3 > > 4.7 > > 3.9
XH2" XH2? > 1.8 > > 3.8
XH2" XH3! > 3.0 4.6 > . 5.0
XH2" XH4! > 2.8 4.1 > >
XH2" XHS5! > 4.9 1.7 > 3.4
XH2" XHg5'?! > 4.7 3.3 > 4.9 4.1
XH2" TCH3 > > 4.6 > > 2
XH2! XH3"* > 2.4 3.7 > 2.4 >
XH2' XH4* > 3.8 4.3 > 3.8
XH2' XHS! > 2.6 > 3.8 4.5
XH2! XH5'! > 3.8 > 3.9 >
XH2! TCH3 > 2.8 > 4.5 2.8
XH3! XH4? > 3.0 > > 2.7 >
XH3! XHS! > 3.6 4.2 > ) 4
XH3! XH5'! > 3.1 4.9 > 8 4.8
XH3! TCH3 > 4.9 2.7 > > 4.8
XHA4! XHS5! > 2.5 4.1 > 3.8
XH4? XHS*'' > 2.4 > > 2.3 4.2
XH5' TCH3 > > > > > >
o S T Lo s S T
AH2 AH2 > > 4.9 4.1 > 3.6
AH2 XH1? > > 4.7 > > >
3.9 > >

Protons were placed in geometrically reasonable positions assuming a
C-H bond length of 1.08 A on the A and B forms of DNA (Arnott & Hukins,
1972). Because of small differences between distances associated with
prrine and pyrimidines, these distances are accurate to approximately
0.2 A. All distances are given in Angstroms (= 0.1 nm.). The
nomenclature for designating protons is that used in any standard text.

wp" refers to the H6 or H8 base proton. A distance to a thymine methyl

2
wn



246

(M) is shown as r6 weighted average. Data is included here for non-

exchangeable protons only. A > sign indicates that the distance is

greater than 5 A.

Nucleotides are given an i (or j) +/- 1 designation in a 5'-3!

orientation:
5°¢ (i -1y - (1) - ({1 + 1) 3
3! (i +1) - (1) - (3 -1 St

Arnott, S., & Hukins, D. W. L. (1972) Biochem. Biophys. Res. Commun.

47,1504-1509.




Appendix 3 Experimental restraints and coordinates for GTAC?

A. NOE intensities and distances

Distance

Mixing time (sec.) estimate (nm.)

Proton pair

0.100 9.200 0.500 0.500 Lower Upper

1 Resolved cross-peaks

0.408 0.830 0.939 0.911 0.270 0.310 1dG 1' - 1dG 2'
0.936 1.579 1.363 1.553 0.230 1dG 1' - 1dG 2"
0.081 0.299 0.403 0.464 0.350 0.420 1dG 1' - 2dT H6
0.123 0.489 0.393 0.400 0.550 1dG 1' - 2dT HM

0.194 1dG 2" - 2dr 2

0.469 0.767 0.690 0.619 0.260 0.290 1dG 2" - 2dT H6
0.149 0.887 0.684 0.400 0.560 1dG 2" - 2dT HM

0.573 0.060% 1.200 0.230 0.260 1dG 2' - 1dG 3
0.179 0.404 0.802 0.564 0.320 0.380 1dG 4' - 1dG 1!
0.000 0.063 0.149 1dG 4* - 1dG B8
0.224 0.436 0.472 0.360 0.420 1dG H8 - 1dG 1'

0.093 0.260 0.540 0.501 0.350 0.430 1dG H8 - 1dG 2¢
0.513 1.076 1.164 1.049 0.250 0.290 1dG H8 - 1dG 2'
0.309 0.576 0.876 0.836 0.330 0.410 1dG H8 - 2dT HM
1.612 160 2.375 2.243 0.230 2dT 1' - 2dT 2"
0.043 0.376 0.871 0.729 0.370 0.440 2dT 1' - 2dT H6
0.052 0.182 0.471 0.424 0.390 0.440 2dT 1' - 3dA H8
0.455 1.111 1.464 1.445 0.260 0.360 2dT 2" - 2dT H6
0.365 0.702 0.735 0.642 0.270 0.320 2dT 2" - 3dA H8
0.614 1.013 1.653 1.435 0.260 0.285 2dT 2' - 2dT 1'
1.489 1.844 1.752 1.747 0.220 0.240 2dT 2' - 2dT 3!
2.489 2.924 2.240 1.712 0.200 0.220 2dT 2' - 2dT H6
0.355 2dT 2' - 2dT HM

0.125 0.346 0.346 ©.355 0.3.0 0.380 2dT 2' - 3dA H8
0.000 0.085 0.503 0.750 2dT 3' - 2dT 1°
0.057 0.525 1.146 0.839 0.350 0.500 2dT 3' - 2dT H6
0.076 0.238 0.248 0.340 0.440 2dT 3' - 3dA H8
0.211 0.671 1.038 1.050 0.290 0.360 2dT 4' - 24T 1'
0.563 0.360 2dT 4' - 2dT 2"

0.475 0.270 24T 4' - 24T 2'

0.809 1.187 1.947 1.742 0.250 0.340 2dT 4' - 2dT 3'
0.000 0.065 0.382 0.331 0.400 0.560 2dT 4' - 2dT H6
0.318 0.570 0.577 0.43%9 0.280 0.360 2dT H6 - 1dG 2'
0.000 0.159 0.182 2dT H6 - 3dA H8
0.326 1.064 0.857 0.370 0.500 2dT HM - 1dG 2'

0.160 0.795 0.723 0.370 0.500 3dA 1' - 3dA H8

0.000 0.239 0.145 3dA 1' - 4dC 1!
0.123 0.335 0.365 0.380 0.480 3dA 1' - 4dC HS

0.073 0.346 0.722 0.594 0.340 0.480 3dA 1' - 4dC H6
0.426 0.900 1.422 1.450 0.270 0.360 3dA 2" - 3dA H8
0.354 0.690 0.590 0.280 0.400 3dA 2" - 4dC H5

0.650 1.020 0.801 0.860 0.240 0.270 3dA 2" - 4dC H6
1.715  2.000 2.199 1.798 0.210 0.240 3dA 2' - 3dA 3'
2.142 2.400 2.644 1.954 0.200 0.230 3dA 2' - 3dA H8
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.650

.000
.170
.084
.980
.000
.026
.057
.000
.534
.046
.138
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.372
.461
.662

1687
.043
.313
.410
.115
.149
.075
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.531
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.424
.278
.921
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.308
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.414
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.909
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.531
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.247
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.290
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.696
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.769
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.422
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. 793
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. 845
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.440
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.23C
.350
.380
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.410
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.390

.380
.300
.300
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.460
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.440
.360

.410
. 380
.560
.370

.500
.300
.250
.235
.370
.490
.500
.270
.400

.470
.360
. 500
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.260
.550
.350

.380
.470
. 360
.300
.320
.260

.360

.280
.370
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6dT

6dT

2"
2"
2"

2!
2|
2!
2|
3l

3!
3!
3!
4!
4!

4'.

4!

‘4|

H8
1|
1
l'
on
2“
21
21
21
21
3t
3t

3!.

5dG

6dT
6dT
5dG
6dT
6dT
5dG
5dG
5dG
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0.239 0.171 6dT 3' - 7dA H8
0.000 0.261 0.197 6dT H6 - 7dA H8
0.032 0.377 0.795 0.707 0.330 0.460 7da 1' - 7dA HS8
0.397 0.155 7da 1°' - B8dC HS
0.108 0.293 0.798 0.758 0.360 0.420 7dA 1' - 8dC H6
0.399 1.100 1.424 1.417 0.280 0.380 7dA 2" - 7dA H8
0.249 0.6%0 0.448 0.320 0.400 7dA 2" - 8dC H5
1.002 1.309 0.977 1.006 0.230 0.250 7dA 2" - 8dC H6
1.715 2.500 2.121 1.621 0.210 0.240 7dA 2' - 7dA 3'
1.970 2.600 2.044 1.942 0.200 0.220° 7dA 2' - 7dA H8
0.168 0.410 0.303 0.320 0.430°® 7dA 2' - 8dC B
0.323 0.555 0.782 0.727 0.290 0.350¢ 7dAa 2' 8dC H6
1.650 1.400 1.680 1.742 0.220 0.260 7dA 3' - 7dA 2"
0.083 0.425 0.907 0.995 0.350 0.500 7dA 3' 7dA H8
0.152 0.103 0.275 0.412 0.320 0.440 7dA 3' - 8dC H6
0.170 0.250 0.529 0.423 0.320 0.380 7dA 4*' - 7dA 2¢
0.160 0.230 0.400 0.363 0.310 0.380 7dAa 4' - 7dA 2!
0.645 1.600 2.300 2.158 0.250 0.290 7dA 4' - 7dA 3
0.056 0.265 0.221 0.410 0.560 7dA 4' - “o& H8
0.000 0.044 0.081 0.156 0.410 0.560 7dA H2 - gdC 1°
0.114 0.270 0.500 0.493 0.360 0.420 7dA Hs - 83C HS
0.000 0.064 0.365 0.239 0.450 0.580 7dA H8 - 8dC H6
0.081 0.395 0.805 0.687 0.370 0.450 8dC 1' - 8dC H6
0.216 0.757 0.727 0.340 0.440 8dC 3' - 8dC 1°
0.274 0.535 0.983 1.068 0.300 0.340 8dC 3' - 8dC H6
0.515 1.294 1.711 1.729 0.260 0.310 8dC 4' - 8dC 1°'
0.950 2.128 2.179 0.260 0.310 8dC 4' - 8dC 3'
0.000 0.142 0.604 0.561 0.340 0.470 8dC 4' - 8dC H6
2. Overlapping cross-peaks
0.054 0.284> 0.636 0.548> 0.410 0.500 1dG H8 - 1dG 5's
0.101 0.490® 1.063 0.740° 0.250 0.450 1dG 1' - 2dT 5's
1.848 2.850P 3.760 2.848> 0.230 0.270 1dG 4' - 1dG S's
1.579 2.452 2.400 2.590 0.230 3da 1' - 3dA 2"
7dA 1' - 7da 2"¢
0.624 1.306 1.640 1.737 0.240 0.300 3da 2' - 3da 1!
7dA 2' - 7dA 1°'¢
0.700 0.800 0.210 0.340¢ 3dA 2' - 4dC H6
0.332 0.784 1.400 0.290 0.340° E£.G 2" - tdl H6
0.079 0.300 1.019 0.940 0.330 0.460 3dA 3' ~ 3dA 1’
0.079 0.383 1.019 0.806 0.330 0.460 7¢A 3' -~ 7dd 1°
0.471 0.727 1.186 1.172 0.260 0.320 3dA 4' - 3dA 1°'
0.471 0.727 1.186 1.045 0.260 0.320 7dA 4' - 7dA 1'
1.970 2.316 0.200 0.230° 6dT 2' - 6dT HS6
4dC 2' - 4dC H6?
0.753 1.305 1.645 0.240 0.290 8dC 3' - 8dC 2's
0.672 1.298 8dC H6 - 8dC 2's
1.441 2.028 2.693 0.230 0.260 8dC 1' - 8dC 2's
3. Covalently bound proton pairs
4,053 4.840 2.615 2.221 0.176 2dr 2* - 2dr 2*
1.086 1.755 2.286 1.967 0.300 2dT H6 - 2dT HM
2.056 3.500 2.007 2.141 0.176 3da 2' - 3da 2"
3.500 4.380 2.186 2.491 0.176 4dCc 2' - 4dc 2¢
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1.305 2.155 2.615 2.692 0.246 4dC H5 - 4dC H6

2.6514 5dG 2' - 5dG 2"
3.144 4.380 2.187 2.271 0.176 64T 2' - 6dT 2"
1.173 1.951 2.433 2.168 0.300 6dT H6 - 6dT HM
2.338 3.500 2.007 2.175 0.176 7dA 2' - 7dA 2"
1.385 2.342 3.110 3.920 0.246 8dC H5 - 8dC H6

aThe absence of an entry indicates that no distance estimate was made,
or that the NOE intensity was not tabulated. 5' and 5" NOE intensities
and distances were not used stereospecifically because the ratio of Js:.g»
to the difference in chemical shifts is often not small, leading to
second order effects. 5's and 2's refer to non-stereospecifc NOEs to the
protons on the 2' and 5' methylene carbons, respectively. NOE inten-
sities are given for one of the two symmetry related strands. YNOE
noted in subsequent analysis of the data, but not used in structure
refinement. °NOE and distances are included with the previous entry.
dNOE and distances are approximately equal to the previous entry.
epistance noted in subsequent snalysis and was only used during energy
minimization of structures produced from molecular dynamics calcu-
lations.

B. Glycesidic dihedral angle restraints

Allowed ranges of dihadral angles

vQ vi v2 v3 v4
Residue

1 =37 =27 04 39 ~30 20 -36 05 20 40
2 -32 -19 33 40 -39 -14 -11 28 -06 32
3 ~-38 -19 23 40 -39 00 -23 28 -06 38
4 -35 -19 29 40 -39 =07 -18 28 -06 35
5 -38 -19 23 40 -39 00 -23 28 -06 38
6 -32 -19 33 40 -39 -14 ~11 28 -06 32
7 -38 -19 23 40 -39 00 -23 28 ~-06 38
8 -27 -19 04 40 -39 20 -36 28 -06 40

C. Coordinates (in nmm.) for [d(G-T-A-C-G-T-A-C)],
322 atoms, protons ocmitted

Atom  No. X Yy z Atom  No. X Yy z
14dG O5* 1 0.522 0.732 1.255 9dG O5* 162 0.226 0.852 -1.244
1dG C5* 2 0.65%9 0.715 1.290 9dG C5* 163 0.124 0.945 -1.281
1dG C4* 3 0.733 0.628 1.190 9dG C4* 164 0.010 0.945 -1.180
1dG 04> 4 0.673 0.498 1.191 9dG 04* 165 -0.053 0.815 -1.181
1dG C1* 5 0.659 0.454 1.055 9dG Cl* 166 -0.082 0.780 ~1.045
1aG N9 6 0.544 0.360 1.050 9dG N9 167 -0.088 0.632 -1.036
1dG cC4 7 0.556 0.231 1.022 9dG C4 168 -0.198 0.564 -1.007
1dG n3 8 0.660 0.160 0.976 9dG N3 169 -0.317 0.602 ~-0.958
1dG c2 9 0.652 0.028 0.962 9dG €2 170 -0.416 0.515 -0.941
1dG N2 10 0.759 -0.040 0.924 9dG N2 171 -0.533 0.556 -0.894
1dG N1 11 0.534 -0.039 0.995 9dG N1 172 -0.398 0.380 -0.975
1dG C6 12 0.424 0.033 1.042 9dG C6 173 -0.276 0.338 -1.026
ldG 06 13 0.321 -0.025 1.076 9dG 06 174 -0.262 0.223 -1.067
1dG €5 14 0.436 0.170 1.056 9dG C5 175 -0.175 0.431 -1.041
1dG N7 15 0.354 0.264 1.101 9dG N7 176 -0.051 0.423 -1.087
1dG C8 16 0.421 0.380 1.098 9dG €8 177 0.001 0.545 ~-1.084
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Appendix 4 Experimental restraints and coordinates for CATG?

A. NOE intensities and distances

Di <t unce
estimare (nm.)

0.100 0.200 0.500 0.500 ZLower ‘pvoer

Mixing time (sec.) Proton pair

1. Resolved cross-peaks

0.130 0.267 0.600 0.294 0.300 0.330 1dC 1' - 1dC 2'
0.800 1.000 1.500 1.002 0.220 0.250 1dC 1' - 1dcC 2"
0.000 0.190 0.450 0.989 1dC 1' - 1dc 4'
0.000 0.054 0.145 0.258 1dC 1' - 1dC 3'
0.056 0.176 0.478 0.588 0.390 0.440 1dC 1' - 1dC H6
0.00¢C 0.064 0.077 0.111 0.400 0.430 1dC 1' - 2dA HS
0.000 0.247 0.295 0.298 0.290 0.380 1dC 2" - 1dC H6
0.282 0.327 0.363 0.446 0.260 0.300 1dC 2" - 2da HS
0.735 1.038 1.334 1.283 0.220 0.260 1dC 2' - 1dC H6
0.000 0.000 0.053 0.161 1dC 2' - 1dC HS
0.309 0.905 1.273 0.772 0.250 0.300 1dC 2' - 1dC 3!
0.084 0.302 0.323 0.363 0.320 0.390 1dC 2' - 2da HS
0.129 0.224 0.471 0.565 0.290 0.340 1dC 3' - 1dC 2"
0.271 0.620 1dC 3' - 1dC 4°'

0.122 0.188 0.390 0.349 0.300 0.360 1dC 3' - 1dC H6
0.000 0.225b 1dC 4' - 1dC Hé
0.000 0.000 0.014 0.225 14C 3' - 2dA H8
0.000 0.000 0.005 0.105 1dC H6 - 2dA HS8
0.041 0.085 0.424 0.529 0.360 0.430 2da 1' - 2dA 3°
0.309 0.891 1.101 1.016 0.270 0.300 2dA 1' - 2dA 2°
0.000 0.178 0.501 0.368 0.340 0.400 2dA 1' - 2dA HS8
1.086 1.763 1.765 1.439 0.210 0.230 24A 1' - 2dA 2"
0.000 0.067 0.260 0.579 0.430 0.530 2dA 1' - 3dT H6
0.000 0.083 0.183 0.326 0.490 0.590 2da 1' - 3dT HM
0.212b 0.428b 2da 2' - 3dT HM

0.000 0.000 0.000 0.428° 2dA 3' - 3dT HM
0.279 0.905 1.076 0.790 0.260 0.310 2dA 2" - 2da 3!
0.000 0.140 0.229 0.174 0.320 0.400 2dA 2" - 2dA 4!
0.288 0.423 0.968 0.989 0.270 0.360 2dA 2" - 2dA HS
0.606 0.750 0.683 0.772 0.230 0.250 2da 2" - 3dT Hé
0.000 0.158° 0.346 0.542 0.350 0.450 2dA 2" - 3dT HM
0.000 0.082 0.397 0.193 0.340 0.500 2dA 2' - 2da 4!
1.315 1.872 1.857 1.407 0.200 0.220 2dA 2' - 2dA HS
0.672 1.727 1.570 1.369 0.225 0.260 2dA 2' - 2da 3!
0.343 0.342 0.492 0.280 0.360 2dA 2' - 3dT H6

0.043 0.074 0.424 0.469 0.360 0.410 2dA 3' - 2dA HS
0.000 0.085 0.239 2dA 4' - 2dA HS
0.000 0.129 0.115 0.354 0.330 0.450 2dA 3' - 3dT H6
0.672 1.040 1.500 0.310 0.230 0.260 2dA 4' - 2da 3!
0.191 0.411 0.647 0.819 0.300 0.330 2dA 4' - 2da 1!
0.598 1.747 2.241 1.947 0.230 0.270 2dA H8 - 3dT HM
0.000 0.132 0.212 2dA H8 ~ 3dT H6
0.000 0.183 0.082 2dA H2 ~16dG 1°
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0.504 0.750 0.610 0.666 0.240 0.260 6dA 2" - 7dT H6
0.955 1.712 1.678 1.287 0.210 0.230 6dA 2' 6dA HS
0.199 0.270 0.492 0.515 0.280 0.330 6dA 2' - 7dT H6
0.000 0.121 0.262 0.662 6dA 2' - 7dT HM
0.309 0.547 6dA 2" - 7dT HM
0.350 0.876 1.102 0.997 0.250 0.290 6dA 3! 6da 2¢
0.048 0.061 0.364 0.542 0.360 0.460 6da 3" 6dn HS8
0.0u0 0.460 6da 3' - 7dT H6
0.000 0.428P 6dA 3' - 74T HM
0.000 0.000 0.249 0.143 6da 4°' 6da 2"
0.000 0.239P 6dA 4! 6da 2!
0.000 0.000 0.070 0.244 6dA 4! 6da H8
0.000 0.000 0.072 0.115 6dA H2 - 7dT 1!
0.000 0.000 0.202 6dA H8 - 7dT H6
0.417 0.563 0.810 0.896 0.310 0.350 6dA H8 - 7dT HM
1.075 1.794 1.870 1.516 0.210 0.235 7dT 1' - 7dT 2"
0.192 0.534 1.009 0.722 0.290 0.330 7dT 1' - 7dT 2°'
0.069 0.086 0.088 0.202 0.350 0.420 7dT 1' - 8dG H8
0.226 0.833 0.584 0.827 0.240 0.290 74T 2" - 8dG H8
0.503 0.447°¢ 1.088 0.253> 0.230 0.270 74T 2' - 74T 3'
0.215 0.312 0.285 0.3%54 0.270 0.320 74T 2! 8dG HS8
0.272 0.357° 0.650 0.281P 0.260 0.290 74T 3 7dT 2"
0.000 0.000 0.000 0.046° 76T 3! 8dG HS8
0.000 0.235P 74T 3! 74T HM
0.121 0.447 0.861 1.016 0.330 0.3%0 7dT H6 - 7dT 2"
1.072 1.680 1.715 1.466 0.210 0.230 7dT H6 - 74T 2!
0.000 0.075 0.138 7dT H6 - 8dG HS8
0.880 1.553 2.171 2.123 0.215 0.260 84G 1' 8dG 2"
0.272 0.569 0.911 1.241 0.260 0.300 8dG 1' - 8dG 2!
0.000 0.287 0.366 0.510 0.290 0.360 84G 1' 84G 3!
0.000 0.155 0.520 1.016 8dG 1! 8dG 4°'
0.012 0.086 0.294 0.313 0.400 0.500 8dG 1! 8dG HS8
0.357 0.555 1.283 1.250 0.240 0.280 8dG 2' - 8dG 3!
0.779 0.900 2.006 1.857 0.210 0.270 8dG 2' - 8dG HS8
0.025 0.584 1.356° 8dG 2" - 8dG HS8
0.947 1.001 1.006 0.220 0.260 8dG 3' 8dG 2"
0.937 8dG 3! 8dG 4°
0.000 0.093 0.386 0.418 0.370 0.500 8dG 3' 8dG H8
2. Overlapping cross-peaks
0.712 1.700 2.230 2.205 0.220 0.330 1dC 4' - 1dC 5's
0.165 0.350 0.434 0.380 0.500 14C H6 - 1dC 5's
0.242 0.868> 1.300 1.510b 3dT 1° 3dT 4°'
24T 1' - 4dG 5°¢
0.093 0.238 0.355 0.294 0.320 0.360 3dT 1°' 3dT H6
74T 1°' 7dT H6EY
0.376 0.680 0.990 0.556 0.250 0.270 34T 3' 3dTr 2"
0.376 0.680°> 0.990 0.652b 0.250 0.270 5dC 3' 5dc 2"
0.127 0.188 0.416 0.616 0.300 0.370 34T 3' 3dT H6
0.127 0.188 0.114 0.786 0.300 0.370 74T 3" 7dT H6
0.090% 0.259 0.230° 3dT 4! 3dT H6
74T 4! 7dT Be6d
0.318 0.700® 1.500 0.684> 0.250 0.290 4dG 3! 44dG 4"
6dA 3! 6dA 4'd
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3. Covalently bound proton pairs

2.801 3.632b 3,082 2.201P 0.176 1dC 2 - 1dc 2¢
3dT 2' - 3dT 2"¢
5dC 2' - 5dC 2vd

0.761 1.412 2.105 2.74% 0.246 1dC H6 - 1dC HS
3.762 4.429 3.054 2.201 0.176 2da 2' - 2dA 2%
0.803 1.445 2,039 1.793 0.295 3dT H6 - 3dT HM

7dT H6 - 7dT HM®

2.680% 0.176 44G 2' - 44G 2"

1.027 1.619 2.047 2.547 0.246 5dC H6 - 5dC HS5
3.531 4.913 3.106 2.427 0.176 6dA 2' - 6dA 2"
2.816 4.007 3.001 2.386 0.176 7dT 2' - 7dTr 2"
2.900 5.025 4.341 3.300 0.176 8dG 2' - 8dG 2"

aThe absence of an entry indicates that no distance estimate was made,
or that the NOE intensity was not tabulated. 5' and 5" NOE intensities
and distances were not used stereospecifically because the ratio of Jgise
to the difference in chemical shifts is often not small, leading to
second order effects. 5's refers to non-stereospecifc NOEs to the
protons on 5' methylene carbon. NOE intensities are given for one of
the two symmetry related strands. bPNOE noted in subsequent analysis of
the data, but not used in structure refinement. °NOE and distances are
included with the previous entry. 9NOE and distances are approximately
equal to the previous entry.

B. Glycosidic dihedral angle restraints

Allowed ranges of dihedral angles

vQ Vi v2 v3 v4q

Residue
1 -40 =19 10 40 -39 01 -31 28 -06 39
2 -40 ~19 29 40 -39 -07 -18 28 -06 35
3 -32 -19 33 40 -39 -14 -11 28 -06 32
4 -32 -19 33 40 -39 -14 -11 28 -06 32
5 -40 -19 04 40 -39 20 -36 28 -06 40
6 -40 -19 10 40 -39 02 ~-31 28 -06 39
7 -40 =19 10 40 -39 01 -31 28 -06 39
8 -40 =19 10 40 -39 01 -31 28 -06 39

C. Coordinates (in nm.) for [d{(C-A-T-G-C-A-T-G)]2
322 atoms, protons omitted

Atom No. x Yy 2 Atom No. X Y 4
1dC 05* 1 0.435 0.697 1.275 9dC 05* 162 0.246 0.796 -1.275
1dc C5* 2 0.576 0.686 1.299 9dC c5* 163 0.138 0.886 -1.302
1dc C4* 3 0.639 0.586 1.203 9dC c4* 164 0.023 0.862 -1.204
1dC 04* 4 0.572 0.459 1.214 9dC 04* 165 -0.023 0.726 -1.213
1dC C1* 5 0.584 0.397 1.085 9dC Cl1l* 166 -0.082 0.698 -1.085
1dC N1 6 0.471 0.302 1.070 9dC N1 167 -0.081 0.550 -1.065
1dC cCé6 7 0.337 0.343 1.083 9dC C6 168 0.038 0.476 -1.076
ldc cC2 8 0.498 0.165 1.061 9dC C2 169 -0.202 0.481 -1.055
ldc o2 9 0.612 0.125 1.037 9dC 02 170 -0.3G6 0.541 -1.029
1dc N3 106 0.397 0.077 1.067 9dC N3 171 -0.203 0.348 -1.061
ldc Cc4 11 0.270 0.114 1.080 9dC €4 172 -0.091 0.275 -1.073

D
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4dG
4dG
448G
440G
4dG
4dG
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4dG
4aG
4dG
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C5
Cz*
C3*
03*
P
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oz2p
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C4*
04*
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.249
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0.143
0.338
0.770
0.885
1.012
1.071
1.007
1.219
1.01e
1.064
0.993
0.85z
0.784
0.652
0.535
0.496
0.369
0.277
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0.441
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0.088
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-0.253
-0.317
-0.213
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-0.338
-0.361
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-0.1067
-0.026
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238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288

-0.291
-0.144
-0.118
-0.011
-0.217
-C.219
-0.338
~-0.590
-0.738
~-0.822
-0.821
-0.759
~-0.956
-0.720
-0.757
-0.652
-0.525
-0.424
-0.313
-0.336
-0.187
-0.156
-C.09%4
-0.115
-0.023
-0.236
-0.493
-0.631
~-0.645
-0.615
-0.625
-0.698
-0.460
-0.424
-0.276
-0.195
-0.091
-0.050
.067
.186
.286
.276
.160
.145
.052
071
-0.131
-0.155
-0.236
-0.160
-0.124

|
OCOOOOOOCO

-0.100
.01l6
.137
.247
.215
.298

[oNoRoNoNo)

-0.120
0.064
0.198
0.248
0.275
0.400
0.420
0.334
0.362
0.248
0.156
0.229
0.099
0.0239

-0.052

-0.159

-0.099

-0.164

-0.067
0.055

-0.090

-0.202
0.006
0.124
0.219
0.151

-0.202

-0.240

-0.379

-0.500

~0.450

-0.616

-0.531

-0.582

-0.617

-0.500

-0 . 53Q3

-0.413

-0.352

-0.391

-0.306

-0.181

-0.136

-0.008

-0.223

-0.211

-0.328

-0.640

-0.719

-0.824

-0.962

-0.989

~1.066

-0.924

-0.917

~0.852

-0.717

-0.693

.079
.097
.072
.107
.013
.031

0.087

.253
.242
.264
.397
.509
.415
.351
.246
.221
.193
.272
.294
.359
.237
.196
.242
.300
.291
.362
.401
.354
.323
.426
.565
.387
.394
.265
.256
.279
372
.445
.428
.379
.376
.419
.468
.502
.475
.524
.507
.462
.362
.299
.373
.479
.269
.444
.367
.449
.487
.601



74T
7dT
74T
74T
7dT
74T
7dT
7dT
7dT
1dT
74T
74T
8dG
8dG
8dG
8dG
3dG
8dG
8dG
8dG
8dG
8dG
8dG
8dG
8dG
8dG
8dG
8dG
8dG
8dG
8dG
8dG
5dG
8dG

N1
Ccé
c2
02
N3
C4
04
C5
C5M
C2*
C3*
03*

olp
02
O5*
C5*
c4*
04~*
Ci~*
N9
C4
N3
c2
N2
N1
Cé6
06

N7
c8
c2*
C3*
o3>

128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

.591
.499
.560
.640
.437
.346
.236
.378
.290
.803
.877
.015
.124
.083
.259
.105
.139
.092
.949
.924
.789
.691
.688
.576
.576
.459
.460
.360
.579
.612
.741 -
.037
.153
.212

.186
.279
.050
.037
.010
.103
.064
.238
.344
.320
.404
.368
.381
.488
.387
.239
.117
.003
.005
.043
.002
.088
.222
.289
.422
.219
.080
.017
.014
.114
.121
.014
.008
.135

.674
.725
.680
.648
.732
.782
.820
.780
.846
.688
.585
.572
.691
.784
.629
.765
.697
.776
.793
.926
.972
.993
.989
.016
.012
.049
.054
.084
.025
.023
.991
.009
.915
.940

15dT
15dT
15dT
15dT
134T
15dT
154t
15dT
15dT
15dT
15dT
15dT
164G
164G
16dG
16dG
16dG
16dG
16dG
16dG
16dG
16dG
16dG
16dG
16dG
16dG
164G
16dG
16dG
164G
164G
164G
16dG
16dG

N1
Cé6
c2
02
N3
C4
04
C5
C5M
c2*
C3*
03*
P
oip
02pP
O5*
C5*
C4*
04~*
C1*
N9
c4
N3
C2
N2
N1
Cé6
06
C5
N7
C8
c2*
C3*
03*

289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322

[eNoRoNoloNoNoleNeoloaololoNoNolaNalofolojoNoloNololoolololaNolo oo

.251
.120
.333
.451
.282
.152
.109
.072
.067
.288
.274
.395
.460
.355
.546
.553
.667
<725
.622
.642
.523
.524
.622
.600
.700
.472
.368
.253
.395
.320
.399
.676
L7171
.904

.571
.564
.458
.461
. 340
.333
.225
.446
.450
.820
.928
.005
.096
.140
.198
.988
.932
.815
.715
.664
.590
.460
.369
.242
.155
.201
.293
.259
.425
.535
.635
.785
.856
.808

OODOCOMHRPREHEMHEFFHFOOODOOOODODOOOQOOOOODOOOODOOO

.673
. 724
.679
.645
.733
.783
.823
.780
.844
.683
.578
.562
.679
773
.615
.754
. 688
.766
.783
.916
.963
.987
.983
.014
.009
.052
.057
.085
.024
.021
.985
.999
.905
.932

260



Appendix 5 Experimental restraints and coordinates for L10 DNAZ

A. NOE intensities and distances in D;0
Mixing time (sec.) Distance
estimate (nm.) Proton Pair
0.050 0.100 0.150 0.250 Lower Upper
1. Resolved cross-peaks

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

.0090
.0000
.0410
.3090
.00%0
.0615
.1850
.0185
.0000
.1595
.0000
.0190
.0080
.0000
.0170
.0730
L0275
.0000
.4910
.0000
.0000
.0745
.0000
.0000
.0000
.0720
.0000
.0145
.2920
.0690
.1025
.6120
.0245
.0130
.2610
.0120
.0000
.0000
.0135
.0000
.0305
.0000
.2830
.0340
.1150
.0355
.0980

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

.0150
.0000
.0980
.4540
.0280
.0990
.2770
.0315
.0300
.3330
.0290
.0500
.0460
.0000
.0550
.0270
.0200
.0000
.7280
.0000
.0520
.1420
.0000
.0700
.0000
.1010
.0000
.0350
.5520
.1000
.1400
.8790
.0300
.0410
.3920
.0820
.0030
.0000
.0390
.U150
.0600
.0000
.4110
.1010
.2230
.1180
.1840

0.0600
0.0150
0.2030
0.6830
0.0340
0.2170
0.4580
0.0860
0.0320
0.4030
0.0520
0.0925
0.0810
0.0000
0.0900
0.0755
0.0700
0.0550
0.8670°
0.0470
0.0710
0.1560
0.0170
0.
0
0
0
0
0
0
0
0
0
0
0
J
0
0
¢
0
0
0
0
0
0
0
0

1840

.0330
.1780
.0000
.0705
.7060
.1570
.2300
,9140b
. 0580
.0890
.5900
.0770
.0190
.0130
.0600
.0240
.1165
.0580
.5640
.1310
.2030
.2090
.3320

COOOOOOOOOOOOOOOOOOOOOOOOO

CO0OO0O0O00O0O0OO0OCOOOODHOOOOO

.1090
.1280
.3160
.7980
.1070
.3210
. 5860
.1670
.0690
.7830
.0470
.1650
.1280
.0160
.1490
.1050
.1320
. 0800
.9910b
.1000
.1180
. 3180
.0550
.1880
.G330
.3660
.0260
.0980
.8150
.2360
.3970
.1600P
.1330
.1320
. 6750
.1750
. 0440
.0450
.1390
.0320
.1730
.1250
.6770
.3300
.1850
.1970
.4530

o

DOOCOOOOOO0OOO

COO0OO0O0OOCOOODOOOO0OO0OOQODOO COO0OQQOOOOOOOOO0

.370

.300
.230
.400
.280
.230
.340
.320
.230
.320
. 380
. 360

.380
. 350
.390
.320
.220
.330
.290
.250
.400
.340
.350
.310

.390
.210
.270
.270
.210
.330
. 360
.210
.290
. 460
.480
. 400
.420
.350
. 440
.210
.270
.230
.330
.260

o

[ofoYeNoloReNeNoNo joga)

COoO0O00OLNOOOOOOOOOOO0O00OO0 ODOO0ODO0OO0OOOOOOO0O

.520

.380
.240
.4770
.320
.270
.420
.440
.280
.420
.430
.450

.430
.400
.500
.460
.260
.500
.380
.320
.650
.460
.450
.430

.440
.240
.300
.310
.240
.390
.430
.240
.420
.550
.700
.450
.480
.380
.550
.240
.390
.2170
.560
.300

1dT
1dT
1dT
14T
1dT
1dT
1dT
1dT
1dT
idr
1dT
14T
idr
idT
2dc
2dC
2dc
2dC
2dc
24cC
2dC
2dC
2dC
2dcC
2dC
2dC
3dT
3dT
34T
3dT
3dT
34T

1
1!
on
2
3!
3
3t
3
3t
4!
4"
H6
H6
H6
1LY
1
10
1t
A
3t
31
4
4
HS5

H6 -

H6

1!
2"
2"
2|
2|
2!
3!
3!
3l
3l

H6

1'
1'
ll
ll
2"
2"
2“
2"

2dC
2dC
1dT
1dT
14T
1dT
1dT
1dT

2dC i

1dT
14T
idr
2dC
2dcC
2dC
3dT
3dT
20dA
2dC
2dC
2dC
2dC
2dC
3dr
3dT
3daT
4dA

3dT
4dA
3dr
3dT
4da
3dT
3dr
3dT
4dAa
4da
4dA
5dT
5dT
5dT

4da
5dT
5dr

Hé6
Ho

H6

2"

ne



eleojoRojolofooololoNolaRoloNolo Yoo oloNololoNo o Yoo loRo ol ool oFoNo o R o o R oo o Ro e ReReRe Role ko lecReie o o Re Re R o)

.2770
.0465
.016Y
. 1630
LOYD
o1 ?
.0540
.01S
. 0000
.C000
.0000
.0735
.0230
.0000
.0050
.3200
.0535
.1740
.0420
.2625
.0270
.0000
.0000
.0140
.0000
.0210
.01985
.2230
.0520
.0550
.0320
.5360
.0485
.0370
.0000
.0000
.0000
.0165
.0000
.0000
.0215
.0775
.0400
.1600
.0835
.3675
.0000
.0520
.0153
L0020
.0L00
.0630
.0000
.1845
.0000
.0100
.0000
.0215

olejoojoolofeoRolofollsoRoloNololofooNoloNoloNoNoRolololoNoNololeoNoRoRololoNoloNoNolealoNoloNoNoRoNoRoNoYoloRe Ne)

.3150
.0520
.0270
. 3080
.0365
.0070
.1250
.0560
.0000
.0000
.0070
.1580
.0370
.0000
.0370
.5360
.1310
.2220
.1300
.5220
.0490
.0510
.0000
.0420
.0000
.0350
.0320
.4550
.1109
.1030
.0980
.8430
.0480
.1260
.0000
.0270
.0000
.0470
.0000
.0oco
.0930
.1320
.0370
.2720
.2290
.5070
.0600
.1050
.0470
.0000
.0130
.1360
.0000
.3700
.0000
.0420
.0035
.0420

[eRejoiojoNoloooasjololoeoNoelolooloNoRololoNoNololoNeoNoNoNololoNoNoluloNoaloNooloNoNoloNoNeoNoNoNoloNoNoNoNe)

.4620
.1220
.0790
.4380
.0695
.0340
.1780
.0740
.0140
.0055p
.0205
.2600
.0950
.0000
.0605
.6230
.2700
.2170P
.2160
.6670
.0640
.0620
.00600
L0630
.0100
.0690
.0545
.5310P
.2830p
.1240
.1950
.8560P
.1020
.1100
.0220
L0740
.0140
.0720
L0150
.0150
.1310

1480

.1200
.3010
.3%900
.7030
.0940
L1110
.0930
.0170
.0280
.2010
.0440
.6300
.0035
.0590
.0275
.0880

COOODOCOO0OOCOOOODOCO0OOCOOOO

[eNeloh SololololojojeooleoNoRlololololololololololololololololoNoNleNol o]

.5180
.1310
.1850
.5410
.1320
. 0840
.2500
L1170
.0410
.0120®
. 0480
.3930
.1420
.0290
.1360
. 9000
.2130
.3590b
.3540
.4330
.1540
.1130
.0130
.1120
.0580
.1260
.0790
.6910P
.4000°
.1920

3250

.0240b
.1050
.1910°
.0310

.0230
.1640
.0180
.0640
.2140
.4320
L1710
.3070
.5950
L7270
.1730
.2080
.1520
.0300
.0610
.2650
.0950
. €700
.0400
.0850
.0770
.1710

[oNe Nl [eNeololoNoNoNeRe N

[N e Re QLAODUCOOCOOOOOOO OC OO COOOCOOODOOOO ojojolojolololeNele

.210
.290

380

.230
.360

360

.280
.350
.430

.450
.320
.350

. 380
.210
.280
.260
.300
.200
.340
.300
.480
.370

.370
.370
.230
.330
.280
.290
.210
.290
.330
.350
.470
.460
. 380
. 400

.320
.280
.280
.220
.270
.205
.300
.270
.350
.430
.330

.360
.220

370
.480
.360

OCOOO0OOO0OODOOO0O

[oNeNe OQOOOCOUODOOOOOCOO

OCO0OOCOOCOO0OODDODOOODOCOOOODOOOOOOOO [eNoNa

.230
.350
.460
.270
.420
.490
.330
.420
.650

.560
.400
.400

.550
.240
.370
.300
.370
.230

.420
.670
.440
.480
.410
.410
.300
.43¢

.250
.360
.440
.500
.700
.530
.440
.540

.450
.360
.370
.260
.320
.230
.360
.350
.420
.540
.500
.360
.500
.270

.470
.540
.420

5dT
5dT
5dT

2"
-

2!
3!
3l

HS -
H6 -

1!
ll
1'
1'
2"
2"
2"
2I
2‘!
2'
2I
3l
3!
3!
4l
4'
4'
4!
H8
H8
1l

5dT
5dT
5dT
5dT
4dA
6dC
6dC
6dC

6dC
6dC

6dC
6dC
7dA
6dC
TdA
5dT
7dA
7dA
8dC
3dc

8dC

8dC
8dC
7da
7dA
8dC
8dC

8dC
8dC
TdA
7dA
7dA

8dC
8dC
8dC

262



OOOOOOCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

.0160
.2880
.0000
.0435
.1500
.0615
.0000
.4030
.0235
.0740
.3020
.0000
.0000
.0185
.0000
.0130
.3320
.0500
.0300
.5820
.0455
.0160
.0000
.0000
.0000
.0163
.4050
.0450
.2700
.0110
.2030
.0345
.0830
.1590
.0000
.0665
.0000
.0150
.2910
.0505
.0510
.0000
.3335
.0647
.0000
.2290
.0000
.0000
.0060
.0000
.0800
L2700
.3040
.03130
.0000
.0000
.0460
.0280

OOOOOOOOOOOOOOOOOOOOODOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

.0260
.5040
.0160
.1490
.1950
.1490
.0220
.5940
.0460
.1150
.3320
.0400
.0000
.0450
.0000
.0300
.5000
.1950
.2070
.8380
.0440
.0600
.0000
.0230
.0000
.0360
.5320
.2770
.4460
.0405
.3490
.0860
.1590
.3070
.0170
.0980
.0000
.0220
.5530
.1030
.1580
.0000
.4480
.1090
.0450
.3430
.0000
.0410
.0000
.0000
.1420
.5800
.5320
.0350
.0000
.0000
.1310
.0820

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOJVOOO

.0435
.7180
. 0445
.2580
. 49900
L2750
.0940
.6910
.0820
.3110
. 6140
. 0950
.0000
.0630
.0000
.0580
.8180
.4990b
.2810°
.94100
.0600
.0890
.0830
.0162b
.0000
.0590
.9730
.3200°
.6540
.0950
.5030
.1640
.2440
.3750
.0220
.0980
.0150
.0360
.7300
.1600
.1950
.0760
.6460
.1160
.0620
.5530
.0000
.0530
.0100
.0000
.2500
.6290°
.7200
.0620
.0000
.0200
.1705
.1210

[eNeoNeNoNe]

COO0OOOHOOODOOOHOOHOODOOOOQOQOOOO

OO0 OCODOOOO0OOCOOO0OO0OO0OO0OO0OCCOOOOOOO

.0640
.8970
.0840
.3560
.7630b
.3590
.1900
.6500
.1020
. 4000
.5820
.1750
.0240b
.0910
.0170
.1200
.1660
.76300
.31700
.16000
.0610
.1150
.1550
.0220b
L0120
.1450
.2520
.6190P
.4650
.1440
. 6850
.2450

.6760
.0460
.3030
.0370
.0670
. 9940
.3390
.4070
.1530
. 7640
.2100
.0980
.6700
.0190
.1510
.0340
.0320
.2710
.6800%
.8870
.1600
.0210
.0330
.2830
.2350

[eNoNoNeoRoNo o o] o OO OOOOOO0O0OO0

COOOOOOOO [oNe) [efoReXoNoNololoNeoloNoNeRaoloNoNd o RoNolo o

.380
.210
.410
.300
.240
.280
.390
.190
.320
.270
.210
.330

.360

.380
.210
.260
.250
.210
.290
. 340
.300

.390
.200
.260
.210
.376
.220
.300
.260
.249
. 360
.320
.400
.400
.210
.280
.290
.310
.210
.260
310
.220

.310
.400

.290
.220
.210
.380
.400
.380
.300
.310

[eYoRoRololoYoloNololoNaooloNohknoloNo o o) OO0 00 [olole] (@] CO0OO0OO0OQOOOO0O

© O

[pRoNeNeNololole]

.430
.240
.520
.420
.330
.330
.500
.220
.380
.310
.240
.420

.420

.460
.240
.390

.250
.340
.550
.450
.450

.430
.240
.350
.230
.460
.260
.360
.300
.280
.470
.360
.280
.440
.240
.370
.330
.440
.240
.320
.370
.260

.460
.500

.350
270
230
.460
.500
.500
.370
.38C

8dC
8dC
8dC
8dC
8dC
8dC
8dC
8dC
8dC
8dC
8dC
8dC
8dC
8dC
8dC
9dc
9dc
9dcC
9dc
9dc
9dc
9dc
9dc
9dC
9dcC
10dG
104G
104G
10dG
10dG
104G
10dG
104G
10dG
104G
1idC
11d4C
11dC
11dC
11dC
11d4C
114c
114C
11dcC
11dC
11dcC
1idC
11dC
11dC
11dC
124G
12dG
13dG
124G
124G
12dG
12dG
128G

ll
2"
2"
2"
2"

2"

9dC
8dC
8dC
8dC
9dC
8dC
8dC
8dC
8dC
8dC
8dC
8dc
8dC
9dc
9dC
104G
9dC
9dC
9dC
9dcC
10dG
9dc
9dC
10dG
10dG
104G
104G
104G
104G
10dG
104G
104G
104G
10dG
104G
11dC
124G
124G
11dC
11dC
11d4C
11dC
11dC
124G
11dC
11dC
11dC
11dC
114C
124G
124G
124G
13dG
12dG

- 13dG

134G
13dG
124G

H6

H5
H6
H6

H5
H6

2"
21
H6
H5
H5
H6
HE
1!
H6

H6
H8
1!
H6
H8
He
H8
1t
10
H8
10
21
H8

kL
H8
H6
4
H8
1t
H6

H5
H6
H8
1t
2'
HS5
H6
H6
H8

2n
1!
H8

4
H8
1t
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OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOCOOOOOOOOOOOOOOOOOOOOOOOOO

.0100
.0455
.1550
.0000
.0000
.0095
.0000
.0000
.0275
.0000
.1500
.1100
.2830
.0240
.0255
.0610
.0600
.0000
.0740
.0200
.0000
.0000
.0135
.2920
.0765
.0880
.0935
. 4465
.0515
.0110
.1730
.0000
.0195
.0000
.0095
.0510
.2080
.0820
.1190
.0780
.3005
.0485
.0200
.C103
.0520
.0000
.0000
.0000
.0095
.0185
.0000
.0730
.2220
.0185
.0860
.2855
.0630
.00%0

0.0380
0.0960
0.3500
0.0120
0.0000
0.0190
0.0000
0.0000
0.0590
0.0280
0.2190
0.2740
0.4580
0.0650
0.0470
0.1205
0.0140
0.0100
0.1690
0.0565
0.0000
0.0000
0.0390
0.4610
0.1480
0.1320
0.1720
0.551n
0.0760
0.0420
0.3580
0.0000
0.0540
0.0145
0.0520
0.1340
0.4170
0.1240
0.1750
0.2030
0.4390
0.0790
0.0580
0.0410
0.1150
0.0000
0.0000
0.0000
0.0420
0.0370
0.0210
0.1170
0.2700
0.0760
0.2260
0.3620
0.1360
0.0350

DO O0CO0OOCOTCODOOOOOO0OO0

P T A

[eleReRolojofolofofofoiolofolalolololoRoloNoNofololalofoReRo ke Role RooRo =R X

.0590
.1730
.5700
.0180
.0000
.0960
.0035%
.0000
.0820
.0900
.3190
.4200
.5060
.1090
.1230
.1770
. 3290

L0160
L0850
.7030
.2230
.20320
.3610
. 5800
.1030
.0760
.6150
.0260
.1240
.0290
.0525
.1920
.4620P
.3180
.2920
.2610
.6460
.1640
.1010
.0920
.1610
.0130
.0000
.0150
.0730
.1060
.0500
.2500
.2170
L0796
,2700
.5270
.2010
.1120

COO0OCOO0OO0ODOODOO0DLOOOOLDOCODODOOOOOOOOO0O

>ielejojojoloololelooloNolololoNoYoloNololololoRoNo)

.1660
.1460
.6900
.0410
.0140
.1640
.0570
.0190
.1750
.1670
.3770
. 6600
.5460
.2050
.2530
.1860
.0470
.0510
.3080
.1740
.0270C
.0360
.0960
.7840
.4990C
.1850
.5320
.8870
.1150
.1890

.0690
.1520
.0360
.1410
.2580
.7270b
.3420
.3290
.4350
.4990
<1990
21
.1300
.2120
. 0420
.0120
.0450
.1390
.1520
.0780°
.3310
. 3800
.2750
.3020
. 5170
.2650
.1370

oo OOOO0O

QOO0 O0ODOQOCODOODOCOLDOOCOOOOOOOO

o NeojojooNoNoloNoNoNe)

COO0OO0OODOOOOOOO0O

.380
.280
.230
.390

.400
.400

.350
.460
.240
.250
.210

340

.330
.270
.370
.460
.310
.370

.400
. 389
.210
.270
.250
.270
.200
.280
.350
.230
.400
.330
.410
.370
.300
.220
.270
.240
.270
.205
.290
.36
.380
.270
.450

. 460
.390
.370
.450
.270
.220
.370
.270
.200
.260
.380

OO0 OO

COO0CCTOCOOODO0OO0OO0OO0O0O0OQOOOOODOOO OCOCOO0OO0OOODOOCOOO [N o)

OO O0OO0OOOOOO0OOO

.480
.330
.290
.500

.490
.470

.390
.600
.280
.300
.240
.420
.400
.310
.460
.540
.400
.430

.550
.450
.240
.350
.280
.330
.230
.330
.420
.280
.520
.400
.490
.460
.370
.300
.370
.270
.370
.230
.340
.400
.460
.330
.630

.780
.490
.420
.590
.350
.250
.530
.370
.240
.360
.500

124G
12dG
124G
124G
124G
13dG
13dG
13dG
13dG
13dG
13dG
13dG
13dG
13dG
13dG
13dG
13dG
13dG
13dG
14dT
144T
14dT
144dT
144T
14T
14dT
1l4dT
14dT
14dT
14drT
14dT
14dT
14dT
14dT
15dG
15dG
15dG
154G
15dG
154G
15dG
15dG
154G
15dG
15dG
15dG
15dG
15dG
16da
l6da
16dA
leda
16dAa
l6da
16da
16da
l6da
leda

2"

2" o

2“

2(.

2'
4'
4!

17dT
17dr
l6da
17dr
174r
16da
leda
l16da
l16da
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0.1570
0.0185

OOOOOOCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

.0190
.0000
.0000
.0125
.1450
.0310
.0220
.4020
.1020
.0870
.1400
.4800
.0600
.0680
.0000
.0000
.0410
.0510
.4840
.1640
.1090
.2360
.5130
.0270
.0330
.0000
.1010
.0200
.0050
.0000
.013C
.0000
.0700
.0000
.0730
.3830
.3250
.0260
.3610
.0460
.0000
.1310
.0300
.0280
.2000
.0000
.0000
.0150
.0435
.5370
.119C
.1990
.019%0
.4360
.0150
.140C
.2820
.0480

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

.0140
.018C
.0000
.0235
.2650
.0835
.0380
. 5840
.1260
.1050
.2200
. 6280
.0740
. 0430
.0000
.0110
.0610
.0630
.7100
. 3140
.1840
. 3280
. 6100
.0980
.0700
.0290
.2420
.0360
.0150
.0030°
. 02650
.0115
.1390
.0240
.1200
.5810
. 4980
.0690
. 6140
.0780
.0230
.2520
.0510
.0620
.3260
.0000
.0000
.0185
.0725
.8140
.2060
.3020
.0730
. 7280
.0665
.2710
.4520
.0970

OOOOOOOOO'OOOOOOOOOOOOOOOOOOOOOOOOOOOOO

[ofefoXoYolofoRololololoRoNoNoloo o)

.0480
.0420
.0200°
.0550
. 3960
.1220
. 0640
. 6970
.2820
.1270
.3630
.5620
.0760
.0680
.0100
.0290
.1340
.1230
. 7340
.4590
.2360
. 4770
. 6010
L1749
.1450
.0400
.3160
.0560
.0500
.0310b
.0270b
.0500
.1830
.0340
.1610
.8490
.5730
.1920

.1250
.0420
.1460
.1180
.1130
.7000
.0480
.0310
.0340
.1410
.9290
.3020
.5040
.0600
.8630
.1440
.3870
.6020
.1640

;. 380

[ &

COO0OO0OO0OQO0OOO0OOOO0O OO0 OOOOO0O0O0O

[efeoNoloNeRaNoNoNeNo oo i)

QOO OO0ODO0OOODOCOO0o

.400

.450
.320
.370
.410
.210
.290
.260
.290
.200
.310
.320

.530
.370
.350
.210
.290
.260
. 260
.200
.310
. 380
.350
.280
.360
.490

.350
.360
.330
.220
.210
. 350
.210
. 340
.400
.270
. 350
. 360
.250

. 380
.370
.210
.310
.270
.400
.210
.370
.250
.240
. 320

[N o]

OOOOOOOOOOOOOOOOOOOOOOOOOO

COO0OO0OO0ODOCOODO0OO0OOOO0O

COQOOOOOOOCOOO

.520
.630

.540
.410
.420
.450
.250
.370
.310
.330
.240
.360
.500
.450
.640
.410
.480
.240
.390
.300
.310
.220
.410
.450
.460
.330
.430
.650

.390
.480
.370
.250
.240
.460
.260
.470
.550
.320
.410
.420
.290

.460
.400
.240
. 450
.300
.550
.230
.470
.290
.270
.400

16dA
16dA
16dA
16dA
l6dA
174r
17dT
174dT
17d4T
174t
17dT
17dT
17dT
17dT
17dT
174T
18da
18dA
18dAa
18dA
18da
18da
18da
18da
18da
18da
18da
18dAa
184dA
18dA
18dA
18da
19d6G
194G
194G
19dG
19d6G
194G
19dG
1946
194G
19d6G
19dG
19dG
194G
19dG
194G
20da
20dAa
20da
20dAa
20dA
20dA
20dA
20dAa
20da
204a
20dA

2“

2
2n
2!
Al
2t
3|
3!
3!
3!

16dA
17dT
17dT
17dT
17dr
17dT
18dAa

174T !

17dT
18da
17dr
17dT
18da
17dT
18dA
18da
18dAa
19dG
18da
18da
19dG
18da
18da
18da
18dA
19dG
18dA
18da
18da

18dA
194G
19dG
20dAa
20dA
19dG
19dG
194G
194G
19d6G
20da
19dG
19dG
19dG
19dG
1046
<0dA
20da
20dA
20dA
20aA
2043A
20dA
20dA
20dA
20dA
20dA
20dA



0.0685 0.1730 0.2440 0.4080 0.270 0.320 20da 4' - 20da 1!
0.0780 0.2100 0.2580 0.48t0 0.260 0.300 20da 4' - 20dA 3°'
0.0100 0.0050 0.0300 0.0500 0.37G 0.480 20da 4' - 20dA HS
2 Overlapping cross-—peaks
0.2650 0.4400 0.5800 0.8000 0.220 0.250 14T 2" - 1dT 1!
2dCc 2" - 2dc 1'd
0.0500 0.1000 0.2300 0.4000 0.300 0.400 1dT 2' - 1dT 1!
2dc 2' - 2dc 19
0.2490 0.4680 0.6560° 0.8740° 0.260 3dr 2" - 3dT H6
2dc 2" - 3dT Hed
0.1250 0.2560 0.2900 0.6500 0.250 0.290 4dA 4' - 4dA 3°'
13dG 4*' - 13dG 3'¢
16dA 4' - 16dA 3'¢
0.0000 0.0270 0.0400° 0.1000° 40A H2 - 5dT 1°
4dA H2 - 18da 1°'°c
0.0000 0.00G60 0.0270 0.0850 0.430 0.550 SdT 1' - 6dC 1!
17dT 1i' - 18dC 1°'c
18dT 1' - 19dC 1'°¢
0.3050 0.5280 0.7140° 0.9960° 6dC HS5 - 6dC H6
3dT 1' - 3dT H6EC
0.0130 0.0350 0.0210 0.0880 0,340 0.500 6dC 1' - 6dC 3!
17dT 1' - 17dT 3'¢
0.0100 0.0680 0.1180 0.2155 0.370 0.470 7da 3% - 7dA 1!
16dA 3' - 16da 1'¢
0.1500 0.3200 0.4410 0.6000 0.210 0.280 7dA 3' - 7dA 2"
16da 3' - 16da 2nd
0.3200 0.5850 0.8050° 1.0310° 9dC HS - 9dC H6
9dC 1' - 9dC H$C
0.0810 0.1570 0.2800 0.4300 0.270 0.340 11dC 3' - 11dC 2"
10dG 3' - 104G 2“9
0.3570 0.7300 0.5950P 1.1850°Y 0.210 0.280 12dG 2' - 12dG H#8¢
12dG 2" - 12dG HS
0.0106 0.6330 0.0895 0.1375 0.340 0.500 13dG 4' - 13dG 2!
16dA 4' - 16da 2'd
0.0475 0.1240 0.1425 0.2435 0.270 0.370 13dG 2' - 14dT Hé
16dA 2' - 17dT HeC
0.3200 0©.4000 0.8300 0.8009 0.200 0.250 13dG 3' - 13dG 2'
16dA 3' - 16da 2'd
18dA 3' - 18da 2'¢
0.1830 0.3830 0.5820 0.1260 0.250 0.400 13dG H8 - 124G 2!
13dG H8 ~ 12dG 2"¢
13dG H8 - 13dG 2"°c
0.2630 0.3880 0.6410 0.8100 14dT H6 - 14dT HM
17dT H6 - 17dT HMY
0.1450 0.3100 0.3400 0.7000 0.250 0.290 15dG 4' - 15dG 3'
18da 4' - 18da 3'd
0.0295 0.0770 0.1040>% 0.2450® 0.290 0.400 16dA H8 - 16da 3!
16dA H8 - 154G 3'¢
0.C120 0.0205 0.0405 0.0655 0.350 (.440 16dA 3' — 17dT H6
13dG 3' - 14dT H6?
0.3400 0.5000 0.6950 0,8000 0.2006 0.240 16dAa 2" - 16da 1!
7dA 2" - 7da 1'¢
0.0900 0.2400 0.2900 0.5250 0.250 0.370 18da 2' - 19dG H8
19dG 2" - 19dG H8C
13dG H8 - 13dG 2"°
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NOE intensities and distances for exchangeable protons®

3. Covalently hound proton pairs
0.1950 0.3330 0.4000 0.5120 1dT H6 - 14T
0.3090 0.5150 0.6860 0.9270 [0.246] 2dC H6 - 2dC
0.2420 0.4190 0.6020 0.7980 3dT B6 - 3dT
0.9770 1.4230 1.5830 1.1100 [0.177] 4da 2" -~ 4da
0.1830 0.3880 0.5850 0.8100 5dT H6 - 5dT
1.1940 1.8900 1.6630 1.6490 [0.177) 7dA 2" - 7dAa
0.2855 0.3990 0.7310 0.8970 [0.246] 8dC H6 - 8dC
1.0830 1.6700 2.3300 1.7000 [0.177] 10dG 2" - 104G
0.7610 1.2000 1.4790 1.4410 [0.177] 11dC 2" - 11aC
0.3210 0.5550 0.6870 1.1060 [0.246] 114C H6 - 1l1dcC
1.0560 1.5050 1.6290 1.2470 [0.177]} l6dA 2% - leéda
0.7120 1.0180 1.1290 0.9630 [0.177) 17dT 2" - 17dTr 2
1.1720 1.6000 1.9000 1.7000 [0.177] 184A 2" - 18da
3dG 2" ~ 13dG
0.9310 1.3600 1.5800 1.4800 [0.177] 1dT 2" - 14T
2dc 2" - ZdcC
3dr 2" - ZIT
.9100 1.2450 .4700 1.3700 [0.177] 5dT 2" - 5&7
64T 2" - 6o
8dT 2" - 8dT
9dT 2" - 9dr
14dT 2" - 144T

NOE intensities

Distance (nm.)

Proton pair

.1 .2 .3 .5 sec.

1.25 .55 5.6 .55  0.350 0.410 3dT H3 - 19dG H1
1.05 .35 3.4 .8 0.350 0.410 3dT H3 - 17dT H3
0.9 .35 4.8 .8 0.350 0.410 15dG H1 - 5dT H3
1.3 .95 4,2 .15 0.350 0.410 15dG H1 - 14dT H3
1.2 .45 3.85 .55 0.360 0.410 134G Hl - 14dT H3
1.2 .55 3.95 .85 0.350 0.410 13dG Hl - 124G El
5.3 .9 17.5 7 0.250 0.320 3dT H3 - 18cAh H2
1.4 .9 2.0 .7 0.380 0.460 3dT H3 - 4dA H2
1.8 .25 4.0 .45 0.320 0.440 15dG H1 - 7dA H2

15dG H1 - 16dA H2d
8.0 .7 21.6 .4 0.270 0.310 14dT H3 - 7dA H2
7.8 .0 31.7 .2 0.250 0.290 5dT H3 - 16dA H2
6.6 .5 15.6 .1 0.280 0.320 17dT H3 - 4dA H2
1.4 3.0 2.8 .9 0.360 0.440 17dT H3 - 18dA H2
0.7 1.2 3.8 .1 0.360 0.440 13dG H1 - 7dA H2
0.9 2.4 6.4 .1 0.320 0.400 194G H1 - 20dA H2
0.9 2.4 1.7 .3 0.380 0.460 194G H1 - 18dA H2
5.8 9.7 12.0 14.3 0.230 0.270 15dG H1 - 6dC 4a
0.0 6.0 1.4 2.0 0.380 0.440 3dT H3 - 2dC 4a
0.0 0.7 1.0 1.7 0.370 0.430 14dT H3 - 6dC 4a
0.0 1.1 1.7 1.2 0.340 0.400 14dT H3 - B8dC 4a
i.1 2.3 2.5 3.9 0.320 0.400 S5dT H3 - 6dC 4a
0.0 1.40 2.1 2.8 0.330 0.390 124G H1 - 8dC 4a
5.0 9.0 10.2 13.8 0.230 0.270 12dG H1 - 9dC 4a



0.6 0.8 0.8 1.2 0.380 0.440 13dG H1 - &dC 4a
3.2 6.8 9.5 13.5 0.240 0.280 13dG H1 - 8dC 4a
3.4 6.9 13.2 13.5 0.230 0.270 194G H1 - 2dC 4a

C. Dihedral Angle restraints

Residue v \'al v2 v3 vq
all =35 -15 -35 27 =35 -09 -13 25 -05 30
o p Y € g
allf -90 -30 135 -145 30 90 140 -60 150 -45
)

1,11 30 90

D. Major Groove distance restraints (nm.)

4dA C1' - 194G Cc1' > 0.70 5dT C1' - 19dG C1* > 0.80
6dC C1' - 18da C1* > 0.80 7dA C1' - 17d4dT C1' > 0.80
7dA C1' - 18dAa C1' > 1.10 8dC C1' - 16dAa C1' > 0.80

aThe absence of an envry indicates that no distance estimate was made,
or that the NOE inte.usity was not tabulated. NOE intensities and
distances were not used for 5' and 5" protons because they were not
assigned stereospecifically, and because the ratio of Js.5+ to the
difference in chemical shifts is often not small, leading to second
order effects. PNOE noted in subsequent analysis of the data, but not
used in structure refinement. °NOE and distances are included with the
previous entry. 9NOE and distances are approximately equal to the
previous entry. ©The one-dimensional difference NOEs are in percentage
of the height of the irradiated imino peak. Imino-imino (i, j) NOE
intensities are an average of the NOE observed on j while irradiating i,
and the NOE observed on i, when irradiating j.fwhere applicable. For
example, residue 1 has no 5' phosphate, and therefore, no corresponding
o angle.

E. Coordinates (nm.) for d(T-C-T-A-T-C-A-C-C-G)*d(C-G-G-T-G-A-T-A-G-A)
404 atoms, L10 DNA, protons omitted

Atom No. X Yy z Atom No. X Yy z
14T 05* 1 0.094 0.436 1.554 11dC O5* 198 0.623 -0.105 -1.528
1dT C5* 2 0.196 0.480 1.644 11dC C5* 199 0.687 -0.002 -1.604
1dT C4* 3 0.332 0.419 1.611 11dC c4* 200 0.642 0.136 -1.559
1dT 04* 4 0.323 0.274 1.618 11dC 04* 201 0.497 0.143 -1.562
1dT C1* 5 0.369 0.219 1.493 11dC Cc1* 202 0.455 0.209 -1.442
1dT N1 6 0.290 0.097 1.4593 11dC N1 203 0.316 0.166 -1.408
1dT Cé6 7 0.149 0.099 1.465 11dC C6 204 0.285 0.031 -1.387
1dT C2 8 0.354 -0.023 1.428 11dC C2 205 0.211 0.259 -1.412
1dT 02 9 0.475 -0.028 1.405 11dC 02 206 0.234 0.379 -1.417
1dT N3 1C 0.278 -0.138 1.409 11dC N3 207 0.085 0.217 -1.399
1dT C4 11 0.139 -0.135 1.416 11dC C4 208 0.053 0Q.089 -1.380
1dT 04 12 0.077 -0.240 1.399 11dC N4 209 -0.075 0.052 -1.377
1dT C5 13 0.074 ~0.015 1.443 lldC €5 210 0.153 -0.008 -1.373
1dT C5M 14 -0.078 -0.003 1.443 11dc c2* 211 0.556 0.170 -1.337
1dT C2* 15 0.347 0.327 1.391 11dC C3* 212 0.685 0.165 -1.416
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1dT C3* 16 0.377 0.453 1.470 11d4C O3* 213 0.757 0.290 -1.411
14T 03* 17 0.518 0.485 1.469 12dG P 214 0.828 0.345 -1.277
2dC P 18 0.594 0.540 1.337 124G O1P 215 0.855 0.231 -1.185
2dC O1P 19 0.496 0.605 1.247 12dG 02P 216 0.941 0.432 -1.316
2dC 02Pp 20 0.713 0.616 1.380 12dG 05* 217 0.710 0.434 -1.212
2dC 05* 21 0.640 0.402 1.268 12dG C5* 218 0.677 0.562 -1.268
2dC C5* 22 0.746 0.323 1.324 12dG C4* 219 0.564 0.628 -1.190
2dCc c4* 23 0.781 0.207 1.232 12dG 04* 220 0.445 0.548 -1.200
2dC 04* 24 0.666 0.121 1.219 124G Cl1* 221 0.385 0.546 -1.069
2dC C1* 25 0.653 0.085 1.081 12dG N9 222 0.297 0.427 -1.058
2dC N1 26 0.510 0.053 1.057 12dG C4 223 0.165 0.435 -1.057
2dC €6 27 0.409 0.149 1.077 12dG N3 224 0.082 0.540 -1.044
2dC €2 28 0.471 -0.080 1.040 12dG C2 225 -0.050 0.523 -1.043
2dC 02 29 0.552 -0.166 1.005 12dG N2 226 -0.128 0.628 -1.022
2dC N3 30 0.342 -0.114 1.050 12dG N1 227 -0.105 0.396 -1.056
2dC €4 31 0.245 -0.025 1,073 12d6 C6 228 -0.021 0.285 -1.069
2dC N4 32 0.120 -0.066 1.092 12cs 06 229 -0.068 0.172 -1.074
2dCc €5 33 0.277 0.109 1.085 12dG C5 230 0.116 0.306 -1.068
2dC c2* 34 0.705 0.206 1.004 12dG N7 231 0.221 0.224 -1.074
2dCc c3* 35 0.817 0.256 1.092 12dG C8 232 0.330 0.299 -1.067
2dc 03* 36 0.947 0.205 1.056 12dG C2* 233 0.503 0.544 -0.974
3dr P 37 1.019 0.237 0.915 12dG C3* 234 0.597 0.641 -1.043
3dT 01P 38 0.964 0.363 0.859 12dG O03* 235 0.579 0.778 -1.001
3dT 02P 39 1.165 0.224 0.933 13dG P 236 0.605 0.831 -0.851
3dT 05* 40 0.964 0.115 0.827 13dG O1P 237 0.675 0.728 -0.772
3dT C5* 41 1.001 -0.020 0.859 13dG O2P 238 0.664 0.966 —0.860
3dT C4* 42 0.926 -0.118 0.771 13dG O5* 239 0.454 0.842 -0.797
3dT 04* 43 0.784 -0.108 0.793 13dG C5* 240 0.367 0.945 -0.847
3dT Cl* 44 0.724 -0.143 0.667 13dG C4* 241 0.232 0.942 -0.778
3dT N1 45 0.583 -0.094 0.663 13dG 04* 242 0.165 0.818 -0.806
3dT C6 46 0.552 0.040 0.690 13dG C1* 243 0.100 0.775 -0.685
3dT? C2 47 0.479 -0.187 0.656 13dG N9 244 0.090 0.627 -0.688
3dT 02 48 0.497 -0.299 0.609 13dG C4 245 -0.023 0.559 -0.691
3dT N3 49 0.349 -0.147 0.684 13dG N3 246 -0.151 0.595 -0.674
3dT Cc4 50 0.319 -0.014 0.714 13dG C2 247 -0.251 0.506 -0.685
3dT 04 51 0.204 0.015 0.747 13dG N2 248 -0.376 0.544 -0.662
3dT C5 52 0.421 0.080 0.714 13dG N1 249 -0.223 0.373 -0.714
3dT C¢5M 53 0.394 0.230 0.728 13dG C6 250 -0.091 0.332 -0.732
3dT C2* 54 0.813 -0.07% 0.563 13dG 06 251 -0.064 0.218 -0.767
3dT C3* 55 0.952 -0.090 0.624 13dG C5 252 0.010 0.427 -0.719
3dT 03* 56 1.029 -0.198 0.567 13dG N7 253 0.142 0.419 -0.730
4dr P 57 1.079 -0.200 0.4214 13dG C8 254 0.190 0.541 -0.711
4dA 01® 58 1.073 -0.064 0.356 13dG C2* 255 0.188 0.825 -0.573
4dA P 53 1,208 -0.274 0.408 13dG C3* 256 0.246 0.954 -0.627
4dA C5* 60 0.964 -0.289 0.345 13dG 03* 257 0.178 1.072 -0.581
4da C5* 61 0.950 -0.428 0.381 14dr P 258 0.176 1.119 -0.426
4dA c4* 62 0.#24 -0.488 0.320 144T O1P 259 0.299 1.071 -0.358
4dA 04* 63 0.710 -0.410 0.362 14dT O2P 260 0.143 1.263 -0.421
46A Cl* 64 1,623 -0.398 0.249 144dT O5* 261 0.052 1.033 -0.372
a4p N9 65 (.542 -0.275 0.266  14dT C5* 262 -0.080 1.054 -0.423
4da C4 €5 0.413 -0.274 0.297 14dT C4* 263 -0.173 0.945 -0.373
4dA N3 67 0.319 -0.370 0.302 14dT 04* 264 -0.129 0.815 -0.417
46A T2 68 0.196 -0.339 0.339 14dT Cl* 265 -0.171 0.724 -0.314
Gd3 N1 6% 0.160 -0.216 0.372 14dT N1 266 -0.093 0.597 -0.324
48" <& %y 0.249 -0.117 0.369 14dT C6 267 0.048 0.597 -0.319
4dn ®> 7L 9.216 0.005 0.410 14dT C2 268 -0.159 0.479 -0.359
4dA C5 2 0.379 =(.144 0.330 14dT 02 269 -0.281 0.467 -0.348
4dA N7 73 (.488 -0.069 0.317 144T N3 270 -0.085 0.366 -0.39%4
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3. Restrained molecular dynamics calculations

Energy minimization and molecular dynamics (MD) calculations were carried out with
the GROMOS program (de Vlieg et al., 1986) and force field, which consisted of the usual
terms for bonds, bond-angles, sinusoidal dihedral torsion, non-bonded interactions (van
der Waals and electrostatics). and harmonic terms to maintain proper planar or tetrahedral
geometries, and to which two extra terms representing distance and dihedral restraints were
added. The distance restraint square well potential, Epjg, was given by:

Epis 0.5 *CDIS *| r;jU - Tjj 12 if rj; > rijU

= 0.5*CDIS * [ ;b -r;j12 if rij < O

where rijU and rjj- were the upper and low cr estimates of the distance between protons i
and j, respectively, rjj was the calculated distance, and CDIS was a force constant. The
effective dihedral angle restraint, Epyy, was represented by:

i

EpH = 0.5* CDLR * [ gV - g ]2 if g > oY

= 0.5 % CDLR * [ pk* - ek J° if Pk < ox™ ()

where gy Y and gxl were upper and lower allowed limiis of the torsion angle, g was the
calculated angle, and CDLR was the force constant.

Several small alierations to the GROMOS force field were made in order to be more
consisient with the nucleic acid force field of the CHARMM molecular mechanics programs
(Nilsson & Karplus, 1986) and have been tested on a DNA decamer (Chapter 1V; Taleja et
al., 1990b). The normal van der Waals radius on united methylene carbons was reduced
from 2.22 to 2.10 A to avoid steric clashes between C2' and one of the oxygens on the 3
phosphate. Methine carbons were given van der Waals radii of 2.05 A. Corresponding 1-4
van der Waals interactions were left unaltered. The effect of solvent was approximated for
structure determination by a 1/er screening function where r was the separation of the
charged groups in A (Brooks et al., 1983) and the dielectric constant, £ was equal to 4
(Weiner et al., 1984). The net charge on each phosphate group was reduced to -0.32e¢
(Tidor et al., 1983; Nilsson et al., 1986).

Starting moudels were first subjected to 200 steps of steepest descents energy
minimization. During the first 10 picoseconds of each MD simulation, values of :the
distance restraint force constant were increased from 500 to 10000 kJemol-! nm-2 and the
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dikedral restraint force constant from 5 to 50 kJ~mol-1 rad-2. Velocities were re-initialized
(taken from a Maxwellian distribution at 300K} with every increase in the force constants
(approximately every 1.5 picoseconds). Newton's equations of motion were integrated
with a time step of 2 femtoseconds, with all bond lengthis kept rigid by the SHAKE
algorithm (Ryckaert et al., 1977). The molecule was weakly coupled to a temperature bath
with a reference temperature of 300K using a coupling constant of 0.1 picoseconds
(Berendsen et al., 1984). A cut-off radius of 10 A was applied for non-bonded interactions
and the nonbonded pair list was updated every 20 femtoseconds. Molecular dynamics runs
with the highest values of CDIS and CDLR were continued to 20 picoseconds in total, and
coordinates were averaged over the last 5 picoseconds. Averaged molecular dynamics
structures v . ¢ then subjected to 200 steps of energy minimization to correct distortions in
the structure caused by the averaging procedure.

A total of four molecular dynamics runs for structural determinations with experimental
distance and dihedral restraints were performed. The experimental data sets for each DNA
octamer were based on observations from their two-dimensional NMR spectra (see below).
For CATG, a MD run was started with a model in a classical A-type DNA conformation
(Amott & Hukins, 1972) and a second MD run used a starting model of CATG in an
average B-DNA configuration. Two other MD runs were performed for GTAC, also with
A and B-DNA starting models.

4. NOE-based structure refinement

Molecular dyramics calculations result in structures that satisfy the two sets of
experimental restraints--the approximate distance set and the dihedral angle set. Distance
restraints based on the NOE intensities are most often inaccurate because of spin diffusion
effects. In addition, the distance restraints for Watson-Crick base-pairing forces some
degree of planarity for the two bases of a base-pair, and may affect certain conformational
parameters, such as propeller twist. Structures were therefore subjected to further
refinement, direcily based on the NOE intensities, by replacing the effective potential for
distance restraints by the ENOE potential for NOE restraints (Baleja et al., 1988; Chapter
II):

ENOE = 0.5 * CNOE * 2, [ NOEgps- NOEcy | 2 3)

NOE intensities between non-exchangeable protons were calculated from:
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A(tm) = X sexp(-Atn) * X1« AQQ) 4

where X was the matrix of eigenvectors of the relaxation matrix R, A was the diagonal
matrix of eigenvalues, and 1, was the mixing time (as defined in Chapter 1I).

Empirical correlation time reduction factors are incorporated during refinement to take
into account differential motion:

Tj = T * (S§i*S§j) &)

As discussed in Chapter II, the product Sj;2 relates to the order parameter, 52 (Lipari &
Szabo, 1982) and can vary between O and 1. Values of 0.65, 0.85 and 0.9 were
empirically chosen for components of the order parameter to reflect the increased motion of
all thymine methyl groups, sugar 2' and 2" methylene protons, and the 5' and 3' terminal
residues, respectively, with an overall correlation time, 1¢, of 3.0 nanoseconds (Chapter
I1).

Structure refinement began with 100 steps of energy minimization using a dihedral
force constant of 50 kJemol-! rad-2 and an NOE force constant of 1000 kJemol-1 (ANOE)-
2. A further 100 steps of minimization with CNOE set to 2006 kJemol-! (ANOE)-2
completed the refinement procedurel. The residual NOE factor R was used to assess the fit
of the NOE:s calculated from the structure to observed NOE intensities (Chapter I1):

R - po NOEgps - NOEcalcI (6)
2. NOEqgps

where the summation runs over the number of observed NOE cross-peaks at mixing times
of 200 and 500 milliseconds. Helical parameters of the fina! structures were analyzed with
the programs AHELIX, BROLL, and CYLIN (Fratini et al., 1982; Dickerson et al., 1985).

1L arger NOE force constants causc unacceptable encergies or distortions in the proton stercochemistry.
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C. Results
1. Resonance Assignment

A prerequisite for the determination of a solution structure by NOE measurements is the
assignment of resonances to specific protons of the macromolecule. Resonances in nucleic
acids can be identified by a combination of COSY and NOESY experiments which provide,
respectively, through-bond and through-space connecrivities between individual nuclei
(Aue et al., 1976; Nagayama et al., 1980; Jeener et al., 1979). COSY cross-peaks are
observed for a pair of protons that interact through their NMR scalar coupling constant.
The protons are generally two bonds apart, or three bonds apart with a favorable
intervening dihedral angle. NOESY cross-peaks are observed between spatially proximate
protons (generally with interproton distances of less than 5 A). A NOESY spectrum is
illustrated for GTAC in Figure I1I-2.

Figure III-3 shows the well resolved region of NOESY spectra of the two DINA
octamers indicating possible close approaches of base H2, H6, and H8 protons (7 to 8.5
ppm) to cytosine H5 and sugar ring 1' protons (5.3 to 6.3 ppm). Adenine H8 and guanine
HR base protons generally rescnate betvween 8 and 8.5 ppm, and between 7.5 and 8 ppm,
respectively (Shindo et al., 1988). Pyrimidine H6 protons are between 7 and 7.7 ppm.
COSY spectra of this spectral region each show only two strong peaks which correspond
to the approximately 8 Hz three-bond coupling between cytosine base H5 and H6 protons.
The short 2.5 A length of this proton pair results in a strong NOE cross-peak at these
resonance positions. The absence of strong cross-peaks (with an intensity similar to the
cytosine H5-H6 pair) between guanine H8 and sugar 1' protons indicates no syn guanosine
conformation, as is observed in left-handed DNA helices. NOE crosspeaks are observed
from cytosine HS to the base H8 protons preceding (5') in sequence (adenine for [d(G-T-
A-C-G-T-A-O)]3, guanine for [d(C-A-T-G-C-A-T-G)]2), revealing that both duplexes are
right-handed (Cohen, 1987). Moreover, CD spectra (taken by M. W. Germann & J. H.
van de Sande, rot shown) indicate right-handed helicity. Therefore, protocols developed
for assignments of well resolved non-exchangeable protons in right-handed DNA apply
(Feigon =t al., 1982; Scheek et al., 1983; Hare et al., 1983; Chazin et al., 1986). Here, this
assignme.t procedure is illustrated with the sequence [d(C-A-T-G-C-A-T-G)]», and the
assignment method is updated to include backbone 4', 5’ and 5" protons,
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Figure III-2 NOESY spectrum of GTAC

The two-dimensional NOE (NOESY) 'H NMR spectrum of GTAC in D20, 0.2 M KCl,
pH 7, 20°C. A pair of protons close in space gives rise to a NOESY cross-peak between
the corresponding proton NMR frequencies. Expansions of regions of this spectrum (and
of NOESY spectrum for CATG) are shown in subsequent figures.
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Figure III-3 400 MHz 'H NMR NGESY spectra of the aromatic base and sugar 1' protons
of DNA: (a) [d(G-T-A-C-G-T-A-C)3; (b) [d(C-A-T-G-C-A-T-G)]5. The mixing time for
the experiment is 500 milliseconds. Cross-peaks occur between the resonance frequencies
for which corresponding protons are spatiallv proximate. Asterisks mark the cytosine H5-
H6 NOE cross-peaks. Cross-peaks between adenine H2 protons and 1' protons are circled.
For the first nucleotide of cach duplex, the intra-residue base <-> 1' NOE cross-peak is
indicated by an arrow. Residue numbers are given for H6/HS protons and 1' protons on
the one-dimensional spectra.



The thymidine H6 protons can be identified by a four-bond coupling constant resulting
in COSY cross-peaks to their respective methyl resonances (near 1.3 ppm). The remaining
adenine H2 resonances are attributed in one-dimensional spectra to the pezi's with narrower
linewidths and much longer spin-lattice relaxation times (T) than the other base protons,
which is a consequence of the position of the H2 protons further into the middle of the
DNA helix and resulting isolation from most other protons.

Differential line shapes for protons at either 5' or 3' ends of the DNA duplex reflect the
dynamic behavior of these residues. In both helices, terminal 1' sugar protons are sharper
than the others, indicating faster motion on a nanosecond time scale. In [d(G-T-A-C-G-T-
A-Q)],, one of the cytosine H6 base protons appears to be in slow chemical exchange (112
= 0.13 seconds) with an alternate form. The H5-H6 NOE intensity and line width for this
cytosine is similar to that for the other cytosine. The dynamics of this terminal residue is
not investigated further, but must be kept in mina when interpreting structures that
represent this nucleic acid.

Having attributed base protons to their residue type and knowing which sugar protons
are likely at terminal positions, a sequence specific sequential assignment may now begin.
For assignments in the base and 1' prcton spectral region, advantage is taken of the fact
that the protons of a DNA duplex in D20 form a more or less equidistant linear array up
and dowr: each strand. Furthermore, in right-handed helices, base protons are near only
two 1' sugar protons--their own and that of the preceding (5') residue, but not the 1" of the
succeeding (3') residue (Figure I1I-4; Appendix 2).

In [diC-A-T-G-C-A-T-G)]y, one of the two cytosine H6 protons has a cross-peak to its
own H5 proton, and to only one H1' proton. This represents the terminal cytosine H6 and
its H1' since the 5' nucleotide is absent. The sharper H1' resonance supports the
assignment. The H1' has the cross-peak to the Cy H6, but also to an adenine H8, which is
therefore the second residue. In turn, Ao H8 has a cross-peak to its own intra-residue 1'
proton, as well as the Cy 1" proton already noted. This connectivity pattern continues to the
3' terminal Gg residue and is also observed throughout [d(G-T-A-C-G-T-A-C)},. A similar
scquential procedure (Figure 111-4) exists between base H8/H6 and H2' resonances and
between base H8/H6 and the 2" protons, confirming assignments. Adenine H2 base proton
assignments are made by the observation of weak cross-peaks to intra-residue 1' and
succeeding 1' protons. Assignments into the ring can be made by examination of COSY
spectra linking the assigned 1" protons to the 2' and 2" protons three bonds distant (Figure
III-5). For all sugar ring confoermations, the 1' proton is always closer, and has a larger
NGE, to the 2" than to the 2' proton, thereby assigning the protons on the 2' carbon
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Figure III-4 Resonance assignment in nucleic acids

The stereo-diagram represents the first two nucleotides of the [d(C-A-T-G-C-A-T-G)}>
duplex DNA. Spectral assigninent most often begins with base H6/H8 and sugar 1'
protons since they have the greatest spectral dispersion. In right-handed helices, the 1
proton is within 4 A of the base proton of the same residue, and the base proton of the 5'
residue (dashed line). A connectivity for a proton pair is represented by a cross-peak in the
NOESY spectrum at the resonance frequencies of the 2 protens involved (Figure I11-3).
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3.0 2.8 26 2.4 2.2 2.0 1.8 ppm

Figure I1I-5 Assignment of 2', 2", and 3' protons in 400 MHz COSY spectra of the DNA
octamers: (a) [d(G-T-A-C-G-T-A-Q)]y; (b) [d(C-A-T-G-C-A-T-G)la. Cross-peaks in these
spectra occur between protons three bonds apart which exist in a conformation such that
there is a sizeable scalar coupling constant between them. In the top part of each figure, 1
protons have cross-peaks to 2' and 2" protons. There are corresponding cross-peaks for
each residue between 2' and 3' protons (lower half).
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stereospecifically. Excepting 3' termini, for any given residue the 2' proton is upfield of the
2" proton (Hare et al., 1983). 3' protons are assigned by COSY 2'<-> 3' cross-peaks. The
absence of strong 2"<-> 3' cross-peaks (except for terminal residues) indicates that Jon3is
very small, and has iinplications for the sugar ring conformation (see below).

Assignment of the 4' and 5', 5" protons is illustrated for GTAC and CATG in Figure
III-6. In right-handed DNA, these protons are nearest, and NOE intensities are calculated to
be strongest, to the intra-residue base H6/H8 protons. Assignments are more
conventionally made (Gronenborn & Clore, 1685) by examining COSY and NOESY
spectral regions between the 3' and 4', 5', and 5" protons. COSY cross-peaks between 3'
and 4' protons are repeated in the NOESY spectra, but with additional intra-residue 3-5
and 3'-5" correiations (Figure 11I-7). The spectrum shown in Figure 1I1-6 is more useful,
as the effect of the residual HOD sigral and limited spectral dispersion is removed from one
frequency axis. 5' and 5" protons were not assigned stereospecifically because of the
limited dispersion of chemical shifts in the 4', 5', 5" COSY and NOESY spectral regions.
NOE intensities involving some 5' and 5" protons would also be modified by strong
coupling effects (Kay et al., 1986) not taken into account in this study. Non-exchangeable
proton assignmenis for GTAC and CATG are presented in Table 1I1-1.

Several trends in chemical shifts reflect the alternating nature of the purine-pyrimidine
sequences, and will be usefui in future assignment of other related sequences. As has been
noted before {Shindo et al., 1988), base H8 protons of purines resonate at lower field *aan
H6 protons of pyrimidines. For alternating purine-pyrimidine sequences, generally all
proton resonances, except the 5' and 5" protons, are at lower field for a purine nucleotide.
This is a consequence of the chemical nature of the larger purine ring, and the
conformational preference of six-member pyrimidine rin gs for a more negative  torsion
angles about the C1'-N bond. Base H6/HS8 protons nearer the 5' end of the duplex are at
higher frequency than those of the same type of residue four residues down the chain. The
trend decreases further into the chain, and eventually reverses. The chemical shifts do not
vary within 0.01 ppm between 5 and 30°C (except for Cg H6 of [d(G-T-A-C-G-T-A-
C)12), indicating only limited fraying or reduced base stacking at the ends of the helices.
These instead reflect chain termination effects, with the chemical shift being sensitive to
both the chemical nature and conformational change induced by the lack of any additional
nucleotides (Griitter et al., 1988). The terminal base-pairs are most affected, but some
distortion may extend further into the duplex.
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Figure I1I-6 Base H6/H8 NOE connectivities to backbone 3', 4', 5" and 5" protons

(a) [d(G-T-A-C-G-T-A-O)]2; (b) [d(C-A-T-G-C-A-7-G)13. The SO0 millisecond NOESY
contour plots show close approaches of pyrimidine H6 or purine H8 protons to intra-
residue 3', 4', §', and 5" protons.
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Figure HI-7 Assignment of 3', 4', 5' and 5" protons for [d(G-T-A-C-G-T-A-O)]2

(a) COSY spectrum at 26°C (b) 500 millisecond mixing time NOESY spectrum at 20°C.
Because the sugar ring pseudorotation angle is between 100 and 160°, there exists a
dihedral angle giving rise to a coupling constant between the 3' proton and the 4' proton
three bonds distant. Therefore, in the COSY spectrum, all 3'-4' protons are observed. The
3" and 4' protons are also near the 5' and 5" protons, which show as NOESY cross-peaks.
Interpretation of the equivalent spectral regions in [d(C-A-T-G-C-A-T-G)l; is hindered by
limited spectral dispersion of the 3' and 4 proton resonance frequencies, and by
resonances of small small molecular weight impurities, which otherwise did not interfere.,
The NOESY spectrum shown in Figure 111-6 was more useful, as one frequency axis is
removed from the residual HOD.

89



Table 1 Proton chemical shift assignments for
{[d(G-T-A-C-G-T-A-O)}; and [d(C- A-T-G-C-A-T-G)}»

Chemical shifts? (ppm)

Residue HO/H8 o 1' 2 2 3 455
G 7.9 598 268 277 480 422 378 3.78
T, 744 140 580 226 258 493 426 414 403
A3 831 752 625 273 293 505 445 409 4.19
Cs 725 527 557 203 236 479 418 423 410
Gs  7.82 502 258 276 494 432 412 4.07
Te 722 149 571 208 242 485 417 411 422
A; 826 157 625 267 286 500 439 415 4.09
Cy 735 535 605 216 208 447 404 449 425
C, 772 598 572 200 243 472 406 372 3.72
Az 842 782 632 278 295 503 442 403 414
T3 7.6 142 577 203 242 487 449 427 4.0
Gs 782 587 262 268 497 436 415 4.08
Cs 737 536 563 207 238 484 41T 413 4.10
Ae 829 7.68 623 264 287 500 438 4l6 4.06
T, 7.2 146 582 185 228 482  4ll 424  4.08
Gg  7.87 6.13 258 236 465 416 404 4.07

aChemical shifts are given relative to 2,2-dimethyl-2-silapentane-5-sulphonate at

20°C. 5' and 5" protons are not assigned stereospecifically.
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2. Distance determination
Distances between protons are obtained using a distance extrapolation procedure

(Chapter 1I). Distances are derived at each mixing time, plotted against the mixing time, and
extrapolated back to zero mixing time as a first order correction for spin diffusion effects:

1
lim lim { NOE((Tn) * Tref(Tm)© } g

~0 hHjttm) = Tm~—0 NOE;j(tm) %

hj = 1

For base and 1" sugar protons, the cytosine H5-H6 reference distance of 2.46 A is used.
Remaining distances between non-exchangeable protons are determined using the average
NOEcr*rrof? products for the C2' methylene 2'<->2" proton pair (1.76 A) and the 1'<->2"
pair (2.3+0.1 A for all sugar puckers). Upper and lower bounds on these distances are
estimated from the distance extrapolation curve. For all distances greater than 3.5 A and
involving both an aromatic bzse and either of the C2' methylene protons, upper bounds are
increased by 0.2 A to account for systematic distance under-determination for this
arrangement of protons (Chapter il). The alternating purine-pyrimidine DNA octamers are
self-complementary so that restraints are entered in symmetry related pairs. Experimental
restraints are given in detail in Appendices 3 and 4, and are summarized in Table 11I-2.

Table HI-2 Numbers and types of experimental restrainis used in structure determinations

NOE intensities Distances Dihedral angles

NOE  Watson- Right-handed

. . b . b . =P 2
Structured Mix 200° Mix 500 derivedc Crickd Clyeosidic poit o resmaints

GTAC 258 280 244 48 80 56
CATG 220 278 208 48 80 56

4GTAC and CATG refer to [d{G-T-A-C-G-T-A-C)}]> and [d(C-A-T-G-C-A-T-G)]2,
respectively. btMix 200 and Mix 500 are the mixing iimes of the NOESY experiment, in
milliseconds. These intensities arz used for NOE-based refinement. °NOE derived
distances are obtained from experimentally observed NOE intensities with mixing times of
100 to 500 milliseconds. 9Watson-Crick base-pairing restraints.




3. Glycosidic dihedral angles

The geometry of the five-membered sugar ring of DNA can be descnibed by five torsion
angles vg - v4. Because of ring closure, the values of v - v4 are interrelated:

Vn = Vmax *cos{ P+ 144* (n-2) ] n=0,4 (8)

where vpmax 1S the maximum amplitude of the svgar ring pucker, and P is the sugar
pseudorotaticn angle (Altona & Sundaralingam, 1972). The magnitude of three-bond
coupling constants between protons is dependent on the intervening dihedral angle, and
therefore reflecis the pseudorotation angle that specifies the conformation of the sugar ring
(Hosur et al., 1986}.

Except for 3' termini, 2"<->3' correlations are absent in the COSY spectra (Figure I11-
5). This indicates that the sugar pseudorotation angle is between 100 and 250 degrees for
all non-(3")terminal sugar rings (Hosur et al., 1986). The observation of 3'<->4’
correlations (not shown) narrows the allowed range of the sugar pseudorotation angle to be
between 105 and 175°. Individual J1+' and J12" ccupling constants measured from one-
dimensional spectra indicate residue-to-residue variation and further restrict the
pseudorotation angle {Chary et al., 1988; Hosur et al., 1988; Rinkel & Altona, 1987).
Allowed ranges of glycosidic dihedral angles are obtained for each nucleotide from the

coupling constant data by assuming a vmax of 40° (Rinkel & Altona, 1987), and using
equation 8.

4. Right-handed DINA helix restraints

To preserve the right-handed character of the DNA during the molecular dynamics
calculations, it was sometimes necessary to constrain backbone dihedral angles to be in a
broad allowed region of torsional angle space (Gronenborn & Clore, 1989). The allowed
angles (o, -90 to -30°; B, < -145° and >135%; €, < -60° and >140°; {, < -45° and > 150°)
are derived from a table of conformation angles found in the different DNA types (Suzuki
et al., 1986) and from considering individual! variations in right-handed helices from X-ray
crystallographic studies (Dickerson et al., 1985). These right-handed helix restraints would
cause no violations for any of the average A, B, alternating-B, C, D, or wrinkled D DNA
forms, nor for any individual angles found in the best studied single crystal X-ray
structures of B DNA (Dickerson & Drew, 1981; Privé et al., 1987), except for two B
angles (of residues G3 and Cj2) in the B DNA form of a phosphothioate analogue of DNA



(Cruse et al., 1986).

During molecular dynamics runs, base-pairs were kept Watson-Crick hvdrogen-
bonded by distance restraints between bases. These were: for all base-pairs: (C1' - C1°,
across the base-pair) = 10.8740.20 A; for AT base pairs: r(A ng - T 04) = 2.840.1 A, r(A
HN-T 0a) = 1.730.1 A, r(AN1 - T H3) = 1.7340.1 A, (A N1 - T N3) = 2.840.1 A; and for
GC pairs: 1(G 06 - CuN) = 1.620.1 A, (G 06 - CN4) = 2.740.1 A, (G ni - CN3) =
2.820.1 A, r(G i1 - CN3) = 1.740.1 A, f(GN2-Co02)=28+0.1 A, r{(Gun-Co2) =
1.740.1 A (Arnott & Hukins, 1972).

5. ‘JAolecular dynamics calculations and NOE-based refinement

The A and B DNA starting structures for each MD run have a rms deviation of 4.3 A
(Table III-3). For each duplex, the application of molecular dynamics including the
experimental restraints results in convergence to structures with an atomic rms deviation of
0.65 A and 0.66 A, for GTAC and CATG, respectively. This is comparable to the rms
fluctuations over the last five picoseconds of the molecular dynamics run (0.50 anc 1.62 A,
respectively). The MD structures are shown in Figures III-8(a) and (k.. The structures
drawn in bold are results starting from A DNA models; the others have initial B DNA
models. The two structures for each duplex appear to be essentially identical,
notwithstanding motional dynamics. It is therefore appropriate to average over the last 5
picoseconds of both runs starting from A and from B DNA (i.e. averaging over 10
picoseconds of MD ftor each DNA octamer duplex). The rms fluctuations increase to only
0.55 and 0.65 A for GTAC and CATG, respectively.

After non-exchangeable protons are added in geometrically reasonable positions, these
averaged structures are each subjected to refinement directly based on the NOE intensities,
and not on the derived, approximate distances. Initial NGE R factors are 0.24 and 0.26
respectively for GTAC and CATG. Energy minimization reduces the NOE residual to 0.19
and 0.23, respectively. The larger R factor for CATG is likely not due to a poorer structural
determination per se, but reflects the lower concentration of this duplex, with concomitantly
lower signal-to-noise ratio in NOESY spectra, and increased error in the NOE intensities.
In Chapter II it was shown that an R factor of less than approximately 0.20 indicates that
the structure is in agreement with the NOE data within a reasonable experimental error. The
refinement procedure results in little change from the average MD structure (less than 0.1 A
rms deviation), which is consistent with structures that are energetically near a global
minimum. Long NOE-restrained molecular dynamics simulations, which would sample
much more conformational space than NOE-restrained energy rinimization, could not be
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Table III-3  Atomic rms differences (A)

between alternating pyrimidine-purine DNA structures

Overall mms difference (A) for [d(G-T-A-C-G-T-A-C)};

A-DNA B-DNA MD-A MD-B Rave
A-DNA - 4.3 3.9 3.4 3.7
B-DNA 4.3 - 1.13 1.5 1.3
MD-A 4.3 1.2 - 0.65 0.33
MD-B 3.9 1.4 0.66 - 0.34
Rave 4.1 1.2 0.34 0.34 -

Overall rms difference (&) for [d(C-A-T-G-C-A-T-G)}»

A-DNA and B-DNA are starting structures with regular A and B geometries, respectively.
MD-A and MD-B are average restrained molecular dynamics structures. NOE-based
refinement results in the Ryye structures. Numbers above the diagonal indicate the rms
atomic deviation between two structures for [d(G-T-A-C-G-T-A-C)}2. Numbers below the
diagonal show the comparison for [d(C-A-T-G-C-A-T-G}]2.




Figure I1I-8 Structures of alternating purine-pyrimidine DNA

(a) 1d{G-T-A-C-G-T-A-O)]; restrained MD structures; (b) [d(C-A-T-G-C-A-T-G)]» MD
structures; (c¢) NOE-refined structure of [d(G-T-A-C-G-T-A-C)]o; (d), NOE-refined
structure of {d(C-A-T-G-C-A-T-G)J». Protons have been omitted to preserve clarity in the
diagrams.
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undertaken because of the computer time required (Chapter 1f). The final structures are
energetically reasonable, showing lower energies than the average MD structure (Table 111-
4).2 The refined structures are shown in Figures III-8(c) and (d). Helical parameters are
obtained by fitting the best overall helix, excluding the terminal base-pairs. GTAC has an
average helix rotation of 34.8°, or 10.4 residues per turn, and a mean residue-to-residue
rise of 3.27 A. CATG has an average helix rotation of 34.4°, or 10.5 residues per turn,
with a mean rise of 3.34 A. Both structures have atomic rms deviations from classical B
DNA of approximately 1.25 A.

Convergence from the widely different starting structures indicate that conformational
space has been well sampled and that final refined structures provide reasonable
representations of the structure of alternating purine-pyrimidine sequences in solution
(Nilges et al., 1987; Chapter IV). Despite the fact that NOEs give the spatial relationships
between protons only a few Angstroms apart, and coupling constants indicate torsicn
angles for protons separated by three bonds, the structures shown in Figure III-8 have
global features similar to known oligonucleotide structures determined crystallographically.
The short range nature of the NMR information suggests that local conformational
parameters should be better determined, which are therefore discussed in some detail.

2 Although cnergics for all MD and final structures are approximately the same, encrgy-minimized starting

A and B DNA structures arc not. This is a conscquence that the first 200 steps of cnergy minimization arc

insufficient to relicve steric clashes present in the initial models for seinie structures {(c.g. CATG B ENA ;).
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Table 1li-4 Energy terms for alternating purine-pyrimidine structures

Potential energy (kJ » mol-1)

imp. . distance dihedral NOE
GTAC  Total elec. vdW bond angle dihgdrai tOrSIon  rogtraint restraint restraint

A DNA, -797 -261 -1513 10 166 27 561 148 66 -

B DNA;, -808 -259 -i427 12 189 16 631 32 2 -
MDyye -829 -268 -1492 22 211 104 632 85 3 -
Rave -944 -261 -1561 10 184 103 630 - 2 70
CATG

A DNAL, -529 -567 -1055 40 178 25 585 214 50 -

B DNA, -276 -568 - 668 35 207 6 667 45 1 -
MDyye -865 -262 -1484 16 200 109 602 71 1 -
Rave -890 -257 -1530 10 193 105 647 - 1 110

GTAC and CATG refer te [d(G-T-A-C-G-T-A-C)]2 and [d(C-A-T-G-C-A-T-G)];,
respectively. A DNA, and B DNA(, are energy-minimized starting structures with regular
A and B geomcirics, respeciively. MDjyye refers to the average restrained molecular
dynamics structure resulting from averaging over the last 5 picoseconds of both MD runs
starting from A and B DNA, the addition of non-exchangeable protons, and energy
minimization to correct distortions caused by the averaging procedure. Rave is the final
refined structure after NOE-based refinement of MDj,ye. Elec. refers to the electrostatic
energy, vdW to the van der Waals energy, and imp. to the improper or forced dihedral
angle energy. Energies are given for initial A and B DNA miode's afrer E€nCTgY munimization
with distance restraints, with CDIS equal to 500 kJemol-! nm.-2 and CIZILR at 5 kieroi-1
rad-2. For the remaining structures, CDIS and CDLR are 20 aad i0 times farger,
respectively (10000 kJemol-! nm.-2 and 50 kJemol-! rad-2). The nns distance restraint
violations are approximately 0.50 and 0.25 A for the A and B DNA,, structures, and 0.075
A for the MDyy, structures. A NOE restraint potential replaces the distance restraint potential
for refined structures. For Rayve and MDy, structures, tabulations of total energy exclude the
contributions from non-exch-ageable protons.
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D. Discussion
1. Structural details of alternating purine-pyrimicdine DNA octamers

Structural parameters typical for describing nucleic acid structure (Dickerson et al.,
1985) are shown in Figure 1II-9. The top four parameters, helix twist, roll, 81-2, and
propeller twist, represent conformational features shown to be most base-sequence
dependent (Dickerson, 1983), and a set of rules has been proposed to explain their
behavior (Calladine, 1982) based on a steric clash model. In nucleic acids, a small propeller
twist enables the adjacent bascs along one strand to overlap, and stack more efficiently.
Along one strand, bases rotate in the same sense with no interference. However, purines
extend beyond the center of thie base-pair, and, because of the anti-parallel nature of DNA,
bases of the opposite strand have their propeller rotation in the opposite direction with
respect to the first. This results in steric clashes occurring between the purines of adjacent
base-pairs. The unacceptably short cross-chain contacts are more severe in the minor
groove at pyrimidine-puri::e steps than in the major groove at purine-pytimidine steps. The
steric clash can be relieved by one or more of four strategies: (1), by decreasing the local
helix twist angle between adjacent base-pairs; (2), by increasing the roll angle between
base-pairs; (3), by sliding one or both base-pairs along its long axis, pulling the purine out
of the base-pair stack, leading to a larger purine 0 torsion angle and decreased pyrimidine d
torsion angle; and (4), by flattening the propeller twist in one or both base-pairs.

These rules (results not shown) predict an out-of-phase alternating behavior in the helix
twist, roll, and difference in O torsion angles across the base-pair, and predict an in-phase
behavior for the propeller twist. This is as observed, except for the propeller twist angle of
the terminal base-pairs and for the helix twist of the middle base-step in [d(C-A-T-G-C-A-
T-G)]».

The distance between adjacent purine C2 atoms in the minor groove averages 3.6 A
(range 3.4 to 3.7 A) for the two octamers. This compares well to tite crystal structure of the
B DNA dodecamer, [{d(C-G-C-G-A-A-T-T-C-G-C-G)]» (Dickerson & Drew, 1981),
where this distance also averages 3.6 A (range 3.5 to 3.7 A). Of the mechanisms for
relieving steric clash, base roll seems most important. For example, the central base step of
[d(G-T-A-C-G-T-A-C)ly is suggested by Calladine's (1982) rules to relieve the clash by
decreasing the twist angle. In fact, the opposite occurs, and the clash is relieved by a large
12° base-pair roll. Calladine's rules (1982) appear to predict only the roll angle well. The
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Figure III-9 Conformational parameters for alternating purine-pyrimidine DNA sequences
[d(G-T-A-C-G-T-A-C)]2 (--0--), and [d(C-A-T-G-C-A-T-G)], (—0 —). Helical twist:
Twist angle between adjacent mear: base-pairs. Roll: Angle between the normals of adjacent
base-pairs in the direction of the minor groove. Propellor twist: Angle between normals to
the base planes of a pair, viewed along the long axis of the base-pair. 61-2: Difference in &
(C4'-C3’) torsion angles for the residue at each end of a base-pair. Tilt: Angle between the
normals of adjacent base-pairs in the direction of the long axis of the base-pair. Slide: The
relative displacement of two successive base-pairs along the direction of their long axis.
Rise: Distance between mean adjacent base-pairs. Displacement: Distance between the base-
pair midpoint and the helix axis. Precise descriptions for the conformational parameters are
given by Dickerson et al. (1985).

99



generally poor correlations for the other parameters has been observed in 2 number of
studies, suggesting that the Calladine steric clash model is insufficient to account for all
local helix perturbations (Dickerson et al.. 1985; Scalfi Happ et al., 1988; Nilges et al.,
1987; Lefevre et al., 1987; Privé et al., 1987; Chapter 1V).

The arrangement between adjacent base-pairs optimizes base-stacking interactions by
allowing for intrastrand purine-purine stacking at purine-pyrimidine steps and some
interstrand purine-purine stacking at pyrimidine-purine steps (Figures I111-10 and I11-11).
Interstrand base stacking is reminiscent of A DNA structure, and more so of a special
alternating-B DNA model structure proposed by Klug et al. (1979), and has been observed
before in alternating purine-pyrimidine sequences (Nilges et al., 1987). The rise between
base-pairs at the center of each of the octamers decreases to 2.8 A, which is more
characteristic of A DNA. The distance from the C6-C8 vector of the base-pair to the helix
axis, the displacement, averages +4 A for A DNA and -0.2 A for B DNA. Although
certainly not large in magnitude here (Figure III-9), slightly more positive values of
displacement for the central core of the octamers reflect part of its A DNA type character.
Greater base-stacking for purine-pyrimidine than pyrimidine-purine steps is observed in the
crystal structure of a DNA dodecamer (Dickerson & Drew, 1981), and is predicted by fibre
diffraction studies (Aiuit et al., 1969). In our alternating purine-pyrimidine sequences,
this occurs 1o an even greater degree. As was predicted in an alternating-B DNA model, the
five-membered ring of the 5' purine is brought more directly over the C5 atom of the 3'
thymine and its methyl group. This van der Waals interaction is proposed to make the
structure particularly stable (Klug et al., 1979). Probably as a result of optimized stacking,
there is somewhat less symmetry across the helix axis than is observed in the study of a
DNA decamer of non-alternating sequence (Chapter IV).

Some of the other conformational parameters of Figure I11-9 are independent of base
sequence, and more dependent on the distance from the ends of the duplex and therefore
may be influenced more by the effects of chain termination. The same behavior is observed
for some of the torsion angles (Figure III-12). Although the sequences reverse, values of
the a, P, and € angles are generally parallel to each other in GTAC and in CATG. There is
greater diversity in each of the angles than seen in the DNA decamer using the same
methodology (Chapter IV), but not as much as is observed in single crystal B DNA studies
(Dickerson et al., 1985; Cruse et al., 1986; Dickerson & Drew, 1981; Privé et al., 1987),
which may be due to conformational averaging in solution. Backbone a, 3, 'y, €, and {
angles are all gauche-, trans, gauche*, trans, and gauche, respectively, and average torsion
angles of the alternating purine-pyr:midine octamers correspond closely to the averages of
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Figure 1H-10 Base-stacking arrangements in [d(G-T-A-C-G-T-A-O)]»
Views down the helix axis are presented two base steps at a time.
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Figure I1I-11 Base-stacking arrangements in [d(C-A-T-G-C-A-T-Q)];.
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single crystal B DNA structures (Dickerson & Drew, 1981; Chapter 1V). No alternation
between Bj and Bjj (E,C_, torsion angles that are trans,gauche - and gauche-,trans,
respectively) about the phosphates is observed for the alternating purine-pyrimidine
octamers, unlike that observed in the crystal structure of an alternating cytosine-guanine
B DNA phosphothioate deoxyoligonucleotide (Cruse et al., 1986). It is not surprising that
the B; conformation should be the one exclusively preferred in solution, as the Bj
conformation is more common in crystallographic studies, especially in regions away from
inter-molecular hydrogen bonds and crystal contacts (Dickerson et al., 1987; Chapter IV).
Sugar rings are centered on a C1' exo to O1' endo range of pseudorotation angle (P is
between 100 and 145°), excent the poorly determined 3’ terminal residues of [d(G-T-A-C-
G-T-A-C)],, which are C4' exo (Altona & Sundaralingam, 1972). No attempt was made to
interpret our results for conformational averaging between C2' endo and C3' endo, or any
other two possible sugar ring conformations. Purines do not display any tendency to 3'
endo conformations, as seen in the alternating-B DNA model and in Z form DNA
conformation. The %, 0, and P angles do show some correlation with each other (Figure

ITI-12), despite the angles falling into a narrow range. They best reflect the alternating
nature of the purine-pyrimidine sequences.

2. The biological role of alternating purine-pyrimidine sequences

The key to understanding the properties of alternating purine-pyrimidine sequences is in
the base stacking diagrams of Figures III-10 and III-11. 5' Purines stack much more
efficiently over 3' pyrimidines than do 5' pyrimidines over 3' purines. This suggests
dinucleotide purine-pyrimidine structural units. In the absence of extemnal forces, such as
crystal packing, super-helical stress, or binding by proteins, the DNA conformation is
rather regular, without large alternating conformational characteristics to the backbone.
However, the decreased stacking of pyrimidines over purines allows greater
conformational flexibility at pyrimidine-purine steps, and leads to inducible phosphodiester
linkage differences at these steps (Klug et al., 1979).

For example, when [GC];, and [AT], copolymers are digested by DNAase I, most of
the product oligonucleotides have a pyrimidine at their 5' ends, so that successive
oligomers differ in Iength by two nucleotides (Lomonossoff et al., 1981). Presumably, the
alternating purine-pyrimidine DNA octamers would display the same behavior. The
structure determinations here suggest that upon binding the enzyme, dinucleotide units
become more distinct, and provide a mechanism for distinguishing between the 5’ and 3°
directions about a pyrimidine residue (Klug et al., 1979; Cruse et al., 1986). The recent
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crystallographic determination cf a nicked DNA complex with DNAase I shows a widening
of the minor groove resulting from protein residues filling this groove and their tight
interaction witn DNA (Suck et al., 1988). Although no local parameter was invoked in this
study to explain the variation in cutting rates of phosphodiester bonds, both helical twist
and roll angles have been implicated (Lomonossoff et al., 1981). Large positive roll angles
for pynimidine-purine sieps (Figure III-9), in which the angie between the pianes of the
base-pairs opens towards the minor groove, might be the feature of alternating sequences
that icads to preferred cutting by DNAase I at the 5' side of pyrimidine residues
(Lomonossoff et al., 1981).

The dinucleotide structura] unit is also an important feature in the formation of left-
handed Z DNA tracts within B DNA. The major difference between B and Z DNA is
related to the orientation of the base pair relative to the sugar phosphate chain (Wang et al.,
1979). Conversion to Z DNA may be associated with an initial separation of the base pairs,
and a rotation followed by a rejoining of the base pairs. The purine rotates about the
glycosidic bond (torsion angle y), resulting in the syn conformation. The entire pyrimidine
rotates, base and sugar, retaining the anti ¥ conformation, and producing the characteristic
zig-zag of the sugar phosphate backbone. The structures presented here imply that the
initial separation event is at the pyrimidine-purine step.

3. Implications for structure determination of macromolecules in solution using NMR

This paper illustrates a reasonable approach to determine the structure of DNA duplexes
10 atomic resoiution on submillimolar concentrations in solution. The incorporation of
NOE-based refinement circumvents inaccuracies in distances caused by neglecting indirect
cross-relaxation pathways for the NOE between two protons and therefore one of the most
serious problems in structure determination using NMR techniques. Often at long mixing
times, NOE cross-peaks can be observed between protons even 6 and 7 A apart, but this
information is lost since it cannot be directly related to a distance. The NOE refinement
method indicates a way to obtain more parameters that cover a greater range of
conformational space, and to better determine structures in so'ution by nuclear magnetic
resonance.

Controversy exists over the extent of perturbation of structure by the approximate
nature of force fields in restrained molecular dynamics calculations. The most poorly
understood term in the force field is the electrostatic calculation of the non-bonded
interactions. A limited study has been undertaken on the effect of the dielectric constant on
nucleic acid conformation, in the presence of distance restraints. Structure determinations



were carried out eon [d(G-T-A-C-G-T-A-C)],, starting from an A DNA model, and
averaging over the last 5 picoseconds of MD, in the same manner s above. The dielectric
constant was varied from being equal to 20r (where r is the separation of the charged
groups, in A), to being equal to 1 (with no distance dependence). The electrical component
to the total potential energy varied from -53 10 -2623 kJemol-! (cf. the MDgy, structure of
Table III-4}. The surprising result was that all structures met the distance restraints equally
well (Epis = 80+5 kJemol-1), and had an average rms deviation from each other of about
0.5 A, and had essentially identical conformational parameters. As has been noted before,
the interproton distances are a direct measure of the actual solution structure under the
experimental conditions employed, and are the principal driving force in determining the
conformations of structures (Nilges et al., 1987).

There are, however, a number of limitations on the accuracy of the structure
determinations presented here. Especially 1n the absence of a chosen molecular mechanics
force field, it is still insufficiently understood to what extent the few hundred NOE
intensities (or short distances) and dihedral angles define the three dimensional structure of
oligonucleotides, including a description of dynamics (van de Ven & l.dbers, 198.). For
example, there exists little direct information on backbone torsion angles, although the
positioning of the nucleotide units relative to each other in the presence of even an
approximate force field may be sufficient to localize the angles to a relatively narrow region
of conformational space (Nilges et al., 1987).

As discussed in Chapter II, our initial motion model assumed that all interproton
vectors tumble isotropically and are of invariant length. Therefore, besides some
anisotropic behavior of motion, the NOLE between protons not fixed by covalent geometry
can be modified by distance fluctuations. The observed cross-peak is an approximate r®
weighted average, and is therefore dominated by the close approach of the atoms. A more
sophisticated model could be used, but the incorporation of model-free empirical
parameters here is sufficient with respect to the precision of the NOE data experimentally
collected. Although preferable to use the direct comparison betweer. observed and
calculated NOEs in a long restrained MD run (since a better search of conformational space
would be performed and the step of making rather approximate distance determinations
eliminated), the computational time would be cumbersome. Moreover, it is unclear whether
the siructure produced by using the NOEs directly in MD runs would be essentially more
correct than that produced using approximate distances, followed by refinement with
NOESs, given any inadequacies in the motional model used here (Chapter II).
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Chapter IV

The Solution Structure of Phage A Half-operator DNA
using Nuclear Magnetic Resonance, Restrained Molecular Dynamics,
and NOE-based Refinement!

-

1A version of this chapter has been accepted for publication: Baleja, J. D., Pon, R. T., & Sykes, B. D.
(1990) Biochemistry (in press). Reprinted, with permission, from Balceja, J. D, Pon,R. T., & Sykes, B.
D. Biocheiniziry (1990, in press). Copyright (1990) Amcrican Chemical Society.
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A. Introduction

The sequence-specific recognition of DNA by proteins is an important component in the
control of cellular processes. The working model of protein-DNA interaction for this thesis
is the Cro repressor-OR3 operator system from bacteriophage A (for reviews, see Brennan
& Matthews, 1989a; Pabo & Sauer, 1984; Takeda et al., 1983; Ptashne et al., 1980) in
which the helix-turn-helix DNA binding motif of the protein recognizes a specific sequence
of DNA. The Cro repressor is one of a family of structuraily related DNA-binding proteins
that include the lac repressor (Kaptein et al., 1985), the repressor from phage 434
(Wolberger et al., 1988), and from phage A (Jordan & Pabo, 1988), and the catabolite gene
activator protein (CAP) from Escherichia coli (McKay and Steitz, 1981). These proteins
bind as dimers to two-fold symmetric operator DNA sites, with the recognition helix of the
DNA binding motif of each monomer fitting into successive major grooves of B-type DNA
(Anderson et al., 1981). The DNA is directly read via a network of hydrogen bonds and
other contacts between amino acid sidechains and the exposed functional groups in the
major groove of DNA. This would suggest that the sequence diversity of DNA need not
generate different DNA structures, but merely provide different patterns of hydrogen-
bonding in the protein-DNA recognition process.

However, the recent crystallographic determination of the related trp repressor
complexed with its operator DNA shows no direct sequence-specific contacts between
protein and DNA, suggesting that the trp repressor is recognized indirectly through
sequence-specific changes in the geometry of the phosphate backbone to allow the
formation of a tight protein-DNA complex (Otwinowski et al., 1988). In addition, although
the x-ray structure of the repressor-operator complex from phage 434 shows no direct
protein contact at the center of the operator (Aggarwal et al., 1988), substitution of these
base-pairs changes the binding affinity of the protein for its DNA (Koudelka et al., 1987,
Koudelka et al., 1988). From modelling studies with B-DNA, and from extensive
biochemical data, the same situation is likely to exist with the phage A Cro repressor
protein. There are no direct contacts between protein and the center of the Or3 operator,
but substitution of the central base-pair results in slightly reduced affinity of protein for
DNA (Ohlendorf et al. 1982, Takeda et al., 1989). These results suggest a sequence-
dependent change in conformation of the operator to accomodate for binding to the Cro
dimer (Kirpichnikov et al., 1984) or, more generally, that DNA does not merely play a
passive role in protein-DNA recognition but instead, by altering its conformation from
regular B DNA, is able to pre-form an optimal binding site for its cognate protein, or
alternatively, is able to adopt a lower energy conformation in the protein-DNA complex.



In this chapter, the structure of part of the ORr3 operator DNA in the absence of nrotein
is presented as a basis for comparison to the structure of DNA within the protcin-DNA
complex. We have chosen to study a chemically synthesized ten base-pair DNA fragment
using two-dimensional NMR1 techaiques. The sequence comprises the left rost ten base-
pairs (L10) of the 21 base-pair operator, and also contains the consensus Cro and A
repressor binding site (Kim et al., 1987). This half-operator binds to Cro repressor at a
ratio of 2 to 1, with nearly the same binding strength as the full operator (unpublished
results), confirming that the complex is specific, as is observed with the lac repressor
headpiece:half-operator DNA system (Scheek et al., 1983). First, non-exchangeable proton
resonances are assigned in a sequential manner by a combination of two-dimensional NOE
(NOESY) and through-bond correlated (COSY) spectroscopies. Assignments are extended
to base imino and hydrogen-bonded amino protons by one-dimensional NOE experiments
in HyO. A set of allowed dihedral angles is derived from a qualitative interpretation of
COSY intensities and cross-peak patterns (Chary et al., 1988). From time-dependent NOE
cross-peak intensities, another set of approximate interproton distances is obtained (Baleja
etal.,, 1990). These two sets of data are th .1 used as the basis for a structure determination
by restrained molecular mechanics calculations (Kaptein et al., 1985; Niisson et al., 1986).
Convergence is achieved (rms deviation of 0.8 A) starting from two quite different initial
structures, namely classical A and B type DNA (rms deviation of 5.4 A).

The distance between two spins is often estimated by assuming inverse proportionality
to the sixth root of the NOE cross-peak intensity. Distances so derived are only
approximate since the cross-peak intensity due to direct cross-relaxation betweer spins i
and j is modified by additional cross-relaxation with any spin k, especially if spin k exists
such that rix <rjj or Tjk <rij. However, NOE cross-peak intensities may be predicted from
the structures produced by dynamics calculations and compared directly to the observed
intensities, eliminating approximate distance calculation (Chapter II). The structures
resulting from restrained molecular dynamics calculations are refined in an iterative manner
$O as to minimize the difference between the two sets of NOEs (Baleja et al., 1990). The
final structures have NOE R factors of less than 0.19, consistent with the observed
experimental data. The structure is of the B type DNA family, and exhibits sequence
dependent variations in conformational parameters. The full OR3 operator is derived from
the half-operator structure. Although some subtle differences from classical B-DNA are
displayed in the pattern of proposed protein contacts in the Cro repressor binding site, it is
basically consistent with the most recent Cro repressor-DMA models (Takeda et al., 1989).
A comparison is made between the structure of the DNA free in solution, and when bound
to the related A repressor protein (Jord: 1 & Pabo, 1988).
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B. Experimental Procedures

1. Sample Preparation

The two deoxyoligonucleotides, d S{TCTATCACCG) and d 5(CGGTGATAGA),
were prepared (by R. T. Pon, University of Calgary) on an Applied Biosystems DNA
synthesizer using a large scale synthesis procedure (Lee et al., 1988). Coupling yields for
the syntheses averaged 95-97%. After deprotection with thiophenol and ammonium
hydroxide, synthesis products were purified by chromatography on NACS-20 resin vsing
a 0.25 to0 0.45 M NaCl gradient in 12mM NaOH (Lee et al., 1988). Pooled fractions were
neutralized with acetic acid and desalted on a Sephadex G-25 column. Electrophoresis on
24% polyacrylamide/7M urea gels and re-chromatography on NACS-20 confirmed product
homogeneity.

An aliquot of each strand (at the University of Alberta) was digested to 5' nucleotides
for 1 hour with 10pL of ca. 0.1% snake venom phosphodiesterase in 20mM TRIS, ImM
MgCl,, pH 9 buffer. The concentration of each strand was determined by the absorbance
of nucleotide mixture using the following molar absorbancies at 260 nm.: dC, 7900; pdC,
6400; dA, 14700; pdA, 15300; dG, 11800; pdG, 11700; 4T, 9600; pdT, 7600. Heating
equimolar amounts of strands to 85C in 140pL of a 60mM KCl, 20mM KPQ4, 50uM
EDTA, pH 7 buffer, and then allowing the solution to cool to room temperature over
several hours, ensured strand annealing to form the duplex:

55(Tr pC2 pTs pAs4 pTs pCs pA7 pCg pCy pGyp) 3'(Strand 1)
3 (A20pG19 PA1g pTi7 pAies PGis pTia pGi3z pGiz pCii) 5 (Strand 2)

Solutions were passed over the Na* form of Chelex-100 to remove paramagnetic metal
ions before lyophilization. Samples were dissolved and re-lyophilized repeatedly in
increasing grades of D20, and finally taken up in 0.65 mL of 99.997 % D,0O. Final
concentrations were 4 mM duplex, 0.2 M KCl, 10 mM KsHPOy4, 10 mM KH;POy4, 20uM
EDTA, pH* 7.5 (direct meter reading). One-dimensional 'H NMR spectroscopy confirmed
product homogeneity (Figure IV-1).
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Figure 1V-1 One-dimensional !'H NMR spectrum of d(TCTATCACCG)+d(CGGTG-

ATAGA), L10, in D0 at 20°C. The inset is the imino proton region spectrum in 85%
H>0, 15% D>0, 7.7°C.
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2. NMR Spectroscopy

All NMR spectra were obtained on a Varian VXR500 NMR spectrometer with an
operating frequency of 500 MHz for protons. Phase sensitive two-dimensional spectra in
D20 were taken with 2K complex points with appropriate phase cycling for quadrature
detection and for eliminating axial peaks. Streaking along t; was reduced by multiplying the
first domain time point by a factor optimized near 0.5 (Otting et al., 1986). The residual
HOD signal was suppressed by pre-saturation. Spectra were normally taken at 20°C,
although spectra at 30°C were useful to confirm assignments at the lower temperature. In
particular, double quantum filtered COSY spectra at 30°C had better signal-to-noise ratios,
and small chemical shift changes, but were otherwise identical to 20° spectra. Free
induction decays were weighted in each dimension to effect slight resolution enhancement
and 0 avoid truncation effects.

NOESY spectra were collected using the hypercomplex method (States et al., 1982).
Average mixing times of 50, 100, 150, and 250 milliseconds were used with a random
delay of £10 milliseconds incorporated to suppress zero quantum coherence. 256 t;
increments were taken and for each t; value, 64 scans with an acquisition time of 0.215
seconds were signal averaged. The delay time between scans was 2.1 seconds. Spectra
were zero-filled in each dimension so that final transformed spectra were 1K by 1K real
data points. NOE intensities were quantified by determining the volume integral of each
cross-peak. Nominally empty areas perpendicularly adjacent to each cross-peak were
examined for baseline correction.

Through-bond correlations were observed with DQF-COSY spectra (Piantini et al.,
1982). For each t; value, 64 scans with an acquisition time of 0.26 seconds were signal
averaged with a delay time of 2.0 seconds between scans. 512 t; increments were taken
and final spectra were 2K by 1K data points.

One-dimensional spectra were also taken in 85% H30/15% D,0O at 10°C with 1-1
binomial suppression of the H20 peak (Hore, 1983). For difference NOE spectra
(Gronenborn & Clore, 1985), the decoupler power was chosen (YB2 = 8Hz) to completely
saturate the peak during the mixing period while still retaining specificity. Mixing times
between 100 and 500 milliseconds were used. 2048 transients with a preceeding delay time
of 2.5 seconds and an acquisition time of 0.5 seconds were summed into 13K data points.
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3. Restrained Molecular Dynamics

Energy minimization and melecular dynamics (MD) calculations were carried out with
the GROMOS program (van Gunsteren et al., 1985; de Vlieg et al., 1986) and force ficld,
which consisted of the usual terms for bonds, bond-angles, sinusoidal dihedral torsion,
non-bonded interactions (van der Waals and electrostatics), and harmonic terms to maintain
proper planar or tetrahedral geometries, and to which two extra terms representing distance
and dihedral restraints were added (Chapter III). The experimental distance and dihedral
data sets were based on observations from the two-dimensional NMR spectra (see below).

Starting models were first subjected to 200 steps of steepest descents energy
minimization. During the first 10 picoseconds of each MD simulation, values of the
distance restraint force constant were increased from 500 to 10000 kJ mol-! nm-2 and the
dihedral restraint force constant from 5 to 50 kJ mol-! rad-2, as outlined in Chapter IIIL.
Molecular dynamics runs with the highest values of CDIS and CDLR were continued to 20
picoseconds in total, and coordinates were averaged over the last 5 picoseconds. Averaged
molecular dynamics structures were then subjected to 200 steps of energy minimization to
correct distortions in the structure caused by the averaging procedure.

A total of four molecular dynamics runs were performed : (1), with a starting model of
L10 in a classical A-type DNA conformation (Arnott & Hukins, 1972), a set of distance
restraints, and a set of dihedral restraints; (2), with a starting model in an average B-DNA
configuration, and the experimental restraints; (3), with a starting A-DNA model and the
sets of distance and dihedral angle restraints that correspond to the same atoms for the
experimental restraints, but with values taken from the B-DNA model; and (4), with a
starting B-DNA model with A-DNA restraints.

4. Structure refinement

Molecular dynamics calculations result in structures that satisfy the two sets of
experimental restraints—the approximate distance set and the dihedral an gle set. Distance
restraints based on the NOE intensities are most often inaccurate because of spin diffusion
effects. In addition, the Watson-Crick base-pairing distance restraints prevent any
substantial deviations for the two bases of a base-pair from iying in a single plane, and may
affect certain conformational parameters, such as propeller twist. Structures were therefore
subjected to further refinement which was directly based on the NOE intensities (without
distance restraints) by replacing the effective potential for distance restraints by an Exog
potential for NOE restraints, as was done in Chapters II and III.
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The pseudo-energy NOE forces were calculated for NOE intensities at 150 and 250
milliseconds, which was a compromise between less signal-to-noise at shorter mixing
times, and greater spin diffusion effecis at long times. A towal of 294 NOE intensities at 150
milliseconds, and 309 NOE intensities at 250 milliseconds were used for structure
refinement. NOE intensities between non-exchangeable protons were calculated assuming
homonuclear dipolar relaxation for a macromoiecule tumbling isotropically in solution
(Chapter II).

To take into account differential motion during refinement, empirical correlation time
reduction factors were associated with each proton of the proton pair with values of 0.65,
0.85 and 0.9 used to reflect the increased motion of all thymine methyl groups, sugar 2'
and 2" methylene protons, and the §' and 3' terminal residues, respectively, with an overall
correlation time of 3.8 nanoseconds (Chapter II). Structure refinement began with energy
minimization using a dihedral force constant of 50 kJ mol-! rad-2 and an NOE force
constant of 1000 kJ mol-1 (ANOE)-2 and continued until the total potential energy changed
by lez; inan 0.001 kJ per step (about 50 steps). A further 100 steps of minimization with
CNOE set to 2000 kJ mol-1 (ANOE)-2 completed the refinement procedure. Helical
parameters of the final structures were anal; :ed with the programs AHELIX, BROLL, and
CYLIN (Fraiini et al., 1982; Dickerson et al., 1985).
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E. Results
1. Resonance Assignmerit

A prerequisite for the determination of a solution structure by NOE measurements is the
assignment of a resonance to a specific proton of the macromclecule. Resonance lines in
nucleic acids can be identified by a combination of COSY and NOESY experiments, which
measure respectively, coherent and incoherc.at transfer of magnetization between individual
nuclei. A qualitative interpretation of the NOESY spectra reveals that the 110 decamer is
right-handed (Cohen, 1987) and resonances were therefore assigned following the
appropriate procedures developed for right-handed helices {Chapter II). Regions of the
NOESY and DQF-COSY spectra used for assignment are shown in Figures IV-2 to IV-6.
Exchangeable protons were assigned by one-dimensional difference NOE Spectroscopy
(Gronenborn & Clore, 1985). as shown in Figure IV-7. Resonance assignments are given
in Table IV-1.

2. Distance determination

As in Chapter 111, distances between protons are obtained using a distance extrapolation
procedure. Distances are derived at each mixing time, plotted against the mixing time, and
are extrapolated back to zero mixing time as a first order correction for spin diffusion
effects:

1
lim Iim { NOE (1) * Tref{Tn)6 } .g

For NOEs involving both base and 1' sugar protons, the cytosine H5-H6 NOE and
reference distance of 2.46 A is used. Remaining distances between non-exchangeable
protons are determined using the average NOEcf*rre(6 products for the C2' methylene 2'<-
>2" proton pair (1.76 A) and the 1'<->2" pair (2.330.1 A for all sugar puckers). Upper
and lo>wer bounds on these distances are estimated from the distance extrapolation curve.
For all distances greater than 3.5 A and involving both an aromatic base and either of the
C2' .-+ hylene protons, upper bounds are increased by 0.2 A to account for systematic
distance under-determination for this arrangement of protons (Baleja et al., 1990).
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Figure IV-2 Assignment of base and 1' protons of L10 DNA

The mixing time of the 500-MHz NOESY experiment was 250 milliseconds. Sequential
connectivites between H6/H8 and 1' protons are shown by the solid line for the Strand 1
(residues 1-10) and by the dashed line for Strand 2 (residues 11-20). (a) Cross-peaks to
adenine H2 protons. (b) NOE cross-peaks between the HS base proton of cytosine and the
H6/HS8 proton of the preceeding base. (¢) HS-H6 cytosine cross-peaks.
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Figure IV-3 Assignment of 2', 2", and 3' protons

The DQF-COSY 1H{ NMR spectrum was taken at 30°C. Cross-peaks between 1' <-> 2
and 1' <-> 2" protons are indicated by residue number. Except for the 3' terminal, 2’
protons resonate upfield to the 2" proton of the same residue. The dashed line illustrates the
extension of the assignment from 2',2" protons to the 3' proton for residue T3. As
observed with other residues, the 2" <-> 3 cross-peak is absent. 2' <-> 3' cross-peaks
are noted by residue number.
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Figure IV-4 Assignment of 3', 4', 5’ and 5" protons

Base<->3', 4', 5' and 5" region of a 250 millisecond mixing time NOESY spectrum at
20°C. H6/HS8 proton resonance positions are indicated by residue number. Cross-peaks
renresent intra-residue correlations, except for the weaker base<->3' cross-peaks which are

NOE connectivities from the base proton to the 3' proton of the previous (5') residue. No
cross-peaks were observed to adenine H2 protons.
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Figure IV-5 Base<->2'.2" region of the NOESY spectrum

Base proton resonance positions are indicated by residue number. NOESY walks down
each strand, can be followed in a manner similar to that indicated in Figure 1V-2,
confirming assignments.
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Figure IV-6 3'<->4' region of the DQF-COSY spectrum at 30°C
The single missing correlation is Gy 3'-4'". This is most likely due to the 3" being coupled
into a second order 2',2" methylene proton spin system ( 1J1 / Ad = 14Hz / (0.05ppm *
500MHz) = 0.56), causing a more complicated cross-peak pattern with an inherent lower
signal intensity. This cross-peak can be visible just above the noise level of the spectrum if
the vertical gain of the spectrum is increased (which also results in the residual HOD 1
streak at 4.68 ppm obscurring most of the other peaks).
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Figure IV-7 One-dimensional MNuclear Overhauser Effect experiments in 85% H,O, pH 6,
7.7°C. The mixing time was SO0 milliseconds. Irradiation at: (A) 13.69 ppm, T3 H3; (B)
13.60 ppm T4 H3; (C) 13.50 ppm, T5 H3; (D) 13.47 ppm, T17 H3; (E) 13.15 ppm, G2
HI1; (F) 12.82 ppm, G;3 H1; (G) 12.60 ppm, Gig HI; (H) 12.44 ppm, G5 H1. Imino
protons resonate between 12 and 14 ppm, hydrogen-bonded cytosine N4 amino proton
between 8 and 8.6 ppm, and adenine H2 protons between 7 and 8 ppm. NOE intensities
are labelled with the residue number, and resonance assignments are given in Table I1V-1.



Table IV-1 Proton Chemical Shift Assignments for 1.102

Residue

T
C2

Gio
Cn

G2

Tia
Gis
Aig
T17
Aig
Gio
A

H6/HS8

7.53
7.74
7.47
8.38
7.17
7.49
8.26
7.27
7.42
7.93
7.56

7.92
7.79
7.12
7.88
R.17
7.11
8.10
7.67
8.07

H2/H5/
CH3

1.67
5.80
1.71
7.42
1.39
5.61
7.68
5.28
5.60

5.84

1.39
7.68
1.37
7.35

7.87

i
6.08
6.04
5.63
6.29
5.86
5.50
6.17
5.81
5.57
6.15
5.71

5.54
6.00
5.76
5.60
6.18
5.51
5.86
5.50
6.27

%
2.20
2.22
2.23
2.70
2.00
2.03
2.70
1.83
1.95
2.61
1.83

2.69
2.58
1.98
2.67
2.58
1.86
2.57
2.44
2.53

2"

2.52
2.52
2.53
296
241
2.37
2.86
2.32
2.29
2.36
2.35

2.74
2.77
2.39
277
2.88
2.20
2.72
2.57
2.39

3
4.72
4.83
4.89
5.03
4.83
4.82
5.00
4.76
4.79
4.67
4.67

4.97
4.97
4.86
5.00
4.99
4.80)
4.98
4.92
4.63

4
4.14
4.23
4.18
4.45
4.17
4.11
4.40
4.14
4.07
4.17
4.05

431
4.43
4.16
4.35
4.44
4.08
4.34
4.29
422

5, 5"
3.73 , 3.73
4.10 , 4.08¢
411 , 4.14¢
4.15 , 4.18
4.15 , 4.30

d , d
4.04 , 412
423 , 4.09
4.04¢, 4.02¢
4.07¢, 4.01¢
3.69 , 3.69
4.07 , 3.96
4.16 , 4.18
422 , 4.10¢

d_ d
423 , 4.25¢
422 , 4.15¢
4.00 , 4.08
4.11¢, d
4.18 , 4.09

NHe¢

8.46
13.69

13.50
8.41

8.11
8.64
13.10

13.15
12.82
13.60
12.44

13.47

12.59

4Chemical shifts (ppm) are relative to discdium-2,2-dimethyl(-2-silapentane-5-sulphonate).
Non-exchangeable proton assignments are at 20°C and exchangeable proton assignments
are at 7.7°C. b5' and 5" protons are not assigned stereospecifically. cTentative assignment.
dUnassigned 5' and 5" resonances are between 4.05 and 4.25 ppm. CAssignments are for
the H1 imino proton of guanine, the H3 imino proton of thymine, or the hydrogen-bonded
amino proton (on N4) of cytosine. /No unambiguous resonance was observed for T

because of spectral overlap, rapid exchange with HyO, and poor signal intensity.




NOE intensities are calibrated for exchangeable protons by assuming an average 3.4 A
distance for imino-imino NOEs between sequential residues, 2.5 A for the Guanine Hl <->
Cytosine H4a (hydrogen-bonded amino proton) interstrand proton pair, and a 3.0 A
distance for the Thymine H3 <-> Adenine H2 interstrand proton pair. Incrensed upper
distance estimates, and decreased lower distance estimates were used for the distances
involving exchangeable protons because of measurement at a lower temperature, and loss
of magnetization due to exchange with HO.

For overlapping peaks, lower bounds for the distances corresponding to the proton
pairs involved could be estimated by using all of the observed NOE intensity for each pair.
322 upper distance bounds and 330 lower distance bounds comprised the set of distance
restraints determined from the NOE intensities for input into molecular dynamics
calculations. NOE measurements and distances are given in the experimental restraints
tables of Appendix 5. Little residue to residue variation is seen at short mixing times for
interproton vectors of fixed length, in either distances or NOE intensities, indicating only a
small amount of increased motion for terminal residues on the nanosecond time-scale. At
longer mixing times, however, NOE intensities are dissimilar for terminal residues. Much
of this effect can be modelled by calculations taking spin-diffusion into account, indicating
that the lower spin density at the ends of the molecule results in less spin diffusion and the
NOE intensity for short covalently bound distances is therefore lower.

3. Glycosidic dihedral angles

The geometry of the five-member sugar ring of DNA can be described by five torsion
angles v - v4. Because of ring closure, the values of vq - v4 are interrelated:

Vh = Vmax ¥cos[ P+ 144*% (n-2) ] n=0,4 (2)

where vimax is the maximum amplitude of the sugar ring pucker, and P is t. sugar pseudo-
rotational angle (Altona & Sundaralingam, 1972). The magnitude of three-bond coupling
constants between protons is dependent on the intervening dihedral angle, and therefore
reflects the pseudorotational angle that specifies the conformation of the sugar ring (Hosur
et al., 1986).

Excepting 3' termini, 2"<->3' correlations are absent in the COSY spectrum (Figure
IV-3). This indicates that the sugar pseudorotational angle is between 100 and 250 degrees
for all non-(3')terminal sugar rings (Hosur et al., 1986). Furthermore, the separation of the
outer lines in cross-peaks involving the 1' proton is greater than 14 Hz in the 1' frequency
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dimension. This indicates the sum of coupling constants to the 1' proton for all residues to
be greater than 14 Hz, which further limits the pseudorotation angle to lie between 100 and
200 degrees (Chary et al., 1988; Rinkel & Altona, 1987). The observation of 3'<->4'
correlations (Figure VI-6) for all residues narrows the pseudorotation angle to be between
105 and 175°. Allowed ranges of glycosidic dihedral angles are obtained for each

nucleotide (Appendix 5) from the coupling constant data assuming a vy, of 35° (Rinkel &
Altona, 1987), and by using equation 2.

4. Right-handed DNA helix restraints

To preserve the right-handed character of the DNA during the molecular dynamics
calculations, it was sometimes necessary to constrain backbone dihedral angles to be in a
broad allowed region of torsional angle space (Gronenborn & Clore, 1989). The allowed
angles (a, -90 to -30°; B, <-145° and >135°; v, 30 to 90°; €, < -60° and >140°; {, < -45°
and > 150° ) are derived from a table of conformation angles found in the different DNA
types (Suzuki et al., 1986) and from considering individual variations in right-handed
helices from X-ray crystallographic studies (Dickerson et al., 1985). These right-handed
helix restraints would cause no violations for any of the average A, B, alternating B, C, D,
or wrinkled D DNA forms, nor for any individual angles found in the best studied single
crystal X-ray structures of B-DNA (Dickerson & Drew, 1981; Privé et al., 1987), except
for two B angles (of residues G3 and Cj2) in the B-DNA form of a phosphothioate
analogue of DNA (Cruse et al., 1986).

Base-pairs were kept Watson-Crick hydrogen-bonded by distance restraints between
bases. These were as listed in Chapter III and gave 120 distance restraints in addition to the
652 noted above.

After approximately ten picoseconds of molecular dynamics, the major groove had a
tendency to collapse on two occasions - when starting from B type DNA with experimental
restraints, and when starting from A type DNA with B-DNA restraints. A structure formed
with a lower van der Waals energy (by 100 kJ), but with also an increased total distance
restraint energy {by 30 kJ). The distance restraint force constants could be increased in
order to dominate the van der Waals contribution, although an increased force on inaccurate
distance restraints would likely cause distortions in the structure. Alternatively, further
experimentation could have been carried out with the electrostatic and van der Waals
interactions, for example, by adding counterions to the phosphates. Instead, a few
'‘generous’ distance restraints were added between C1' atoms on opposite sides of the
major groove (Appendix 5). For example, the distance between Ts C1' and Gjg9 Cl1' is



12.4 and 9.7 A in A and in B DNA respectively. During the MD run, these atoms are
required to be greater than 8 A apart. No violations occur with either the vight-handed DNA
dihedral angle set nor with the major groove distance restraints in any of the structures

presented in this paper.
5. Molecular dynamics calculations

Several small alterations to the GROMOS force field were made in order to be more
consistent with the nucleic acid force field of the CHARMM molecular mechanics program
(Nilsson & Karplus, 1986). The normal van der Waals radius on united methylene carbons
was reduced from 2.22 to 2.10 A to avoid steric clashes between C2' and one of the
oxygens on the 3' phosphate. Methine carbons were given van der Waals radii of 2.05 A.
Corresponding 1-4 van der Waals interactions were left unaltered. The effect of solvent
was approximated by a 1/er screening function where r was the separation of the charged
groups in A (Brooks et al., 1983) and € was equal to 4 (Weiner et al., 1984; Cuniasse et
al., 1989). The net charge on each phosphate group was reduced to -0.32¢ (Tidor et al.,
1983; Nilsson et al., 1986).

The molecular dynamics protocol and force field are tested followin g the method of
Nilsson (Nilsson et al., 1986). A set of distance restraints and dihedral angles (between the
same atoms for which there are corresponding experimental measurements and with the
same erTor estirmates) are taken from classical B-DNA and are applied to a MD simulation
starting from A-DNA and vice versa. In both cases, the expected transition occurs with the
A to B structure (ABI) having an rms deviation of 1.8 A from B DNA, and the B to A
structure (BAI) has an rms deviation from A DNA of 1.5 A (Table IV-2). Note that
although these distances are taken from idealized structures, they also are from canonically
straight DNA with no adjustments made for sequence dependent variations.

The two starting structures (A and B-type DNA models) for the MD runs with
experimental restraints are depicted in the top half of Figure IV-8. Application of molecular
dynamics produces structures MD-A and MD-B. They have an rms atomic deviation of less
than 0.8 A, which is comparable to the fluctuations during the averaging over the last 5
picoseconds of the MD run. This indicates that molecular dynamics has sampled
conformational space well, and that both MD runs have converged essentially to the same
structure (Scalfi Happ et al., 1988). Both structures agree with the experimental dihedral
and distance restraints equally well, as indicated by the pseudo-potentiai energies listed in
Table IV-3.



Table IV-2

Atomic rms differences (A) between L10 structures?

A-DNA
B-DNA
R-A
R-B
BAI
ABI

A-DNA

4.69
4.28
3.66
1.30
5.54

B-DNA
5.43

1.08
1.55
4.49
1.38

R-A
4.82
1.30

0.74
4.06
1.88

R-B
4.14
1.82
0.80

3.48
2.44

BAI
1.49
5.01
4.39
3.77

5.17

ABI
6.31
1.82
2.29
2.88
5.66

4A-DNA and B-DNA are starting structures with regular A and B geometries, respectively.
R-A and R-B are refined structures after distance restrained molecular dynamics ai.d NOE-
based refinement. BAI is the MD structure resulting from applying A-DNA distance
restraints to a B-DNA model. ABI is the MD structure resulting from applying B-DNA
distance restraints to an A-DNA model. Numbers above the diagonal indicate the rms

atomic deviation between two structures. Numbers below the diagonal show the

comparison for the middle eight base-pairs.
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Figure IV-8 Structural models for L10 DNA

(A) Initial model structure in a classical A-DNA conformation. (B) Initial model structure in
a B-DNA geometry. (C) Two superimposed final refined structures, R-A and R-B,
resulting from restrained molecular dynamics and NOE-based refinement. R-A is shown in
bold. (D) The average of structures R-A and R-B. Structure Rave has been rotated by 90° to
provide a view into the major groove. Protons have been omitted to preserve clarity in the
diagrams.
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Table IV-3 Potential energies (kJ/mol) for L10 structures?

Total

elec. vdW bond angle (ig:gdral torsion

distance dihedral NOE
restraint restraint restraint

A-DNA; -858

B-DNA,, -981

MD-A  -1155
MD-B  -1161
R-A -1168
R-B -1166
Rave -1181

-325
-321
-328
-330
-321
-322
-319

-1855
-1787
-1934
-1924
-1985
-1970
-1995

26
28
24
26
15
15

14

220
243
209
209
223
229
224

40
18
45
46
136
139
132

705
800
752
740

240
37
73
70

92

U Y i e

dEnergies are given for initial A and B-DNA models after energy minimization with
distance restraints, with CDIS equal to 500 kJ mol-! nm.-? and CDIH at 5 kJ mol-! rad-2.
For the remaining structures, CDIS and CDIH are 10000 kJ mol-1 nm.-2 and 50 kJ mo!-!
rad-2. MD structures -A and -B result from energy minimization of the average structures
from the MD runs starting with the initial A and B- DNA models. For refined (R)
structures, the tabulations for total energy exclude the contributions from non-exchangeable

protons.




6. Structure refinement and assessment

Each of these structures is then refined separately, replacing the distance resiraints with
NOE restraints (Baleja et al., 1990). The refined structures, R-A and R-B, again have
similar energies, and have an atomic deviation of less than 0.8 A. These two refined
structures are fit to each other (over all atoms) in Figure IV-8C. The bases superimpose
best, having an rms deviation of 0.6 A. The ribose sugars have rms deviations of 0.86 A,
and the phosphate-backbone, 1.05 A. The less precise determination of the backbone may
be due to increased motion (Hogan & Jardetzky, 1980), although there is less data giving
direct information on the backbone conformation. Botn structures are B-type in character,
and have rms deviations approximately 1.5 A from canonical B-type DNA. Excluding the
terminal base-pairs, they exhibit 10.3+0.2 base-pairs per turn of the helix, with an average
twist angle of 35.3° and an average spacing between base-pairs of 3.4 A. The structures
bend slightly into the major groove, with the R-B bending somewhat more and being more
A-DNA like, despite starting from B-type DNA (Table IV-2). If either half of the molecules
are fit to each other (top or bottom 5 base-pairs), the rms deviation for the superimposed
atoms is (.65 A, and the rms deviation for the remainderis 1.3 A.

The convergence of the DNA structures from the widely different starting structures
indicate that the final refined structures, R-A and R-B, provide reasonable representations
of the structure of the half-operator in solution and therefore are discussed in some detail
below. The refinement procedure results in little ~hange from the average MD structure
(less than 0.1 A rms deviation). This is consistent with structures that are energetically near
a global mininum. Long restrained molecular dynamics simulations, which sample much
more conformational space than energy minimization, could not be undertaken because of
Liie compuier time requirea (Baleja ei ai., 19%0).

The NOE residual factor R is used to monitor the fit of the NOEs calculated from a
stracture to observed NOE intensities (Chapter II):

I NO - NO i
2 NOEgps

where the summation runs over the number of observables (294 NOE intensities at 150
milliseconds and 309 NOE:s at 250 milliseconds). To keep an znalogy with the standard
crystallographic R factor, weighting factors based on the standard deviation in the NOE
intensity are not included. Figure IV-9 shows the improvement of the NOE R factor as

(3]

(¥3]



molecular structure determination proceeds. The first reduction in the R factor arises from
energy minimization of inidal models A and B. During molecular dynamics calculations,
the R factor steadily decreases for both runs to a value near 0.27. Up to 20 picoseconds,
the comparicon between observed and calculated NOE intensities is not iterated upon
directly, but here the structure is attempting to meet distance restraints inferred from the
NOE intensities. Structures obtained by averaging over the last 5 picoseconds of the
molecular dynamics calculations produce structures MD-A and MD-B, each with NOE R
factors of about 0.24. Final refinemen: is based on the comparison between observed
NOEs and NOE intensities calculated using a full matrix analysis procedure and the
differential motion model. After energy minimization the NOE R factor is iess than 0.19 for
both structures R-A and R-B. Such an R factor (Chapter II) indicates that the structure is
consistent with the NOE data within reasonable experimental error.

7. Structural features

As suggested by the overall shape of the molecules and the similar energies and NOE R
factors, convergence to the same structure is also seen in details of the spatial relationships
of the base-pairs. Four of these conformational parameters, helical twist, roll, propelier
twist, and difference in O torsion angles across the base pair (Figure 1V-10), are often
predicted from a set of rules based on the crystal structures of the B-DNA dodecamer and
other A-type DNA molecules (for a discussion see Dickerson, 1983; Dickerson et al.,
1985). Calladine's rules (1982) predict on.y the roll angle well, which is the rotation that
the base-pair makes with respect to its adjacent base-pair about its long axis perpendicular
to the overall helix axis. The generally poor correlations for the other parameters has been
observed in a number of studies, suggesting that the Cailadine steric ciash modei 1s
insufficient to account for all local helix perturbations (Dickerson et al., 1“?85; Scalfi Happ
et al., 1988; Nilges et al., 1987; Lefevre et al., 1987; Privé et al., 1987). For example, the
twist angle is anti-correlated about base-step 3-4. The interstrand purinz-purine clash is
avoided at this pyrimidine-purine step instead by base-pair roll, a large negative slide (the
distance between midpoints of the base-pairs when viewed down the helix axis) and by
increasing the rise between base-pairs slightly (Figure IV-11). The twist angle, propeller
twist angles and the difference in O torsion angles across the base-pair show less
dependence on sequence than is observed in <rystal structures, where external forces can

result in the perturbation of the DNA structure. For example, aithough the precision of
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Figure IV-9 Improvement in the NOE R factor as structure determination proceeds

Initial A-DNA models ( 0 ) and B-DNA models ( x ) are first subjected to energy
minimization with approximate distance restraints. Twenty picoseconds of distance
restrained molecular dynamics reduces the R factor to near 0.27. Averaging over the last 5
picoseconds (second dotted line) results in structures with R factors of 0.24. Structures are
refined by comparing observed NOE intensities to NOEs calculated using a full matrix
analysis procedure, and minimizing the difference between the two sets of NOEs.
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given by Dickerson et al. (1985).
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crystallographic determinations cannot be disputed when compared to other methods, DNA
oligomers of mixed sequence have a marked tendency to crystallize in a A-type DNA form,
whereas the B-type DNA is clearly preferred in solution (Dickerson et al., 1985).

The distance from the C6-C8 vector of the base-pair to the helix axis, the displacement,
averages +4 A for A-DNA and -0.2 A for B-DNA. Alihough certainly not large in
magnitude here (Figure 1V-11), slightly more positive vaiaes tor R-B reflect part of its A-
DNA type character. The small displacements and tilt angles, (a tilt angle being the angle
that the normals of the adjacent mean base-pair planes make with each other), indicate that
local twist axes are nearly the same, and are coincident with the global twist axis. This is
less true for the terminal base-pairs. A reduction in the network of experimental restraints at
the ends of the duplex allows the structure to be more at the mercy of any inadequacies in
the molecular force field description. More importantly, chain termination effects causes a
discontinuity in the electrostatic and van der Waals interactions of the peripheral base-pairs,
likely causing some structural distortions (Griitter et al., 1988).

It is clear that R-A and R-B are essentially equivalent structures. Therefore these two
structures are averaged and energy minimized to form a structure R,ye, which has, of
course, the same R factor as R-A and R-B (0.185). This structure is shown in Figure I'V-
8D, and has been rotated by 90° from that of Figure IV-8C to present the view from a
different perspective. Torsion angles for this structure are shown in Table 1V-4. Angles for
widividual structures, R-A and R-B, varied by less than 3° from the values listed here,
except for the 5' terminal y angles (25 ©). The angles are near the averages observed in the
crystal structures of B-DNA sequences (Dickerson et al., 1985; Cruse et al., 1986;
Dickerson & Drew, 1981; Privé et al., 1987). Less diversity is displayed for each type of
dihedral angle, which may be due to averaging in soluticn. Note that the initial models
chosen are derived frum fibre diffraction data, and although adequate as initial models, do
not necessarily have realistic dihedral angles. The fact that both determinations of L10 in
solution by NMR arrive at a reasonable conformation give credence to the methodology
employed.

However, the ¢ and { angles appear to be slightly different from the average angles
from single crystal structures. This is, in turn, an average between the Bj trans-gauche-
conformation (for the € and { torsion angles, respectively) and the less cornmon By gauche-
-trans conformation seen in the crystallographic determinations. The average Bj € angle
observed in crystal structures of B-DNA is near -173 degrees, and the { angle is about -85
degrees, which are the angles observed for this decamer in solution. It is not surprising that
the B; conformation should be the one exclusively preferred in solution, as the By
conformation tends to lock the preceeding sugar ring in a C2' erido conformation and
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Table IV-4 Dihedral Angles for L10

Residue y a B Y o € C P

T, -126.6 62.1 1369 -1745 - 86.7 155.3
Cr -107.4 -724 187.1 55.8 124 1 -180.9 - 889 135.1
T3 -115.0 -65.7 1749 57.6 1124 -177.6 - 968 117.7
Ag -105.9 -659 172.1 62.5 1209 -185.5 - 93.1 129.1
Ts -115.9 -62.3 172.1 61.5 122.1 -177.8 - 98.7 129.7
Cs -111.1 -67.3 175.1 61.5 i21.5 -175.0 - 91.8 126.0
A7 -111.2 -72.4 17477 57.7 117.1 -181.5 - 993 159.5
Cg -109.6 -68.5 177.4 60.5 131.3 -184.3 - 89.5 143.8
Co -116.0 -63.6 176.6 594 116.4 -1722 - 90.5 122.0
Gio -116.8 -80.7 179.3 50.6 103.2 96.9
Cii -115.6 67.4 1249 -173.5 - 91.0 134.0
Gpp -106.5 -74.7 182.7 559 127.1 -178.8 -102.3 138.1
Gi3 -116.4 -71.5 182.8 55.6 118.1 -1789 - 84.0 125.6
Tia -113.1  -639 170.7 57.1 111.7 -174.7 - 515 116.1
Gis -108.3 -67.0 1749 55.7 117.0 -185.4 - 921 125.7
A -112.5 -64.0 178.2 56.7 1188 -1769 - 92.1 125.8
T17 -116.9 -62.7 169.7 59.1 111.5 -173.4 -104.1 116.4
A8 -102.5 -61.1 166.3 64.5 126.1 -177.6 - 91.7 136.1
Gig -106.7 -67.2 171.1 58.7 1223 -178.1 -102.7 130.0
A -100.8 -71.0 166.7 61.2 108.3 134.7
Ave, -113.0 -649 175.1 59.0 1196  -178.1 -89.5 128.2
B-DNA - 98.0 -46.0 -147.0 36.0 156.0 -195.0 -95.0 192.0
A-DNA -154.0 -87.0 -1520 45.0 83.0 -182.0 -47.0 14.0

Dodec.? -117.0 -63.0 171.0 54.0 123.0 -169.0 -108.0 -

4Average dihedral angles for the DNA dodecamer, CGCGAATTCGCG,
(Dickerson & Drew, 1981). Numerical values were not reported for the
sugar pucker which ranged from C2'-endo (P=162+18°),through Cl1'-exo
(P=126%18°) to Ol'-endo (P=90+18°), with one residue, G24, C3'-endo
(P=18118°).




restricts mobility (Privé et al., 1987; Dickerson & Drew, 1981). The Bjj conformation
appears to be an artifact of crystal packing forces (Dickerson et al., 1987). Note also that
angles following a B] phosphate conformation average 176° in B-DNA crystal structures,
which is the average observed here in solution.

Sugar rings are centered on a C1' exo range of pseudo-rotational angle, except the 3’
terminal residues, 10 and 20, which are O1' endo (Altona & Sundaralingam, 1972). No
attempt was made to interpret our results for conformational averaging between C2' endo
and C3' endo, or any other two possible sugar ring conformations (Zhou et al., 1988).
Elegant work with coupling constant data (Hosur et al.,, 1988) indicates little
conformational averaging, and that a single pseudo-rotation angle intermediate between C2'
and C3’ endo is adequate to explain the experimental data for each residue.

The base-stacking arrangement is typical for B-type DNA (Figure 1V-12). A greater
overlap is found for purine-pyrimidine steps (steps 4-5, 7-8) than for pyrimidine-purine
(steps 3-4, 6-7, 9-10), as is observed in the crv -tal structure of a DNA dodecamer
(Dickerson & Drew, 1981), and as predicted by fibre diffraction studies (Arnott et al.,

1969). The stacking arrangement appears symmetrical across the helix axis, as expected for
B-DNA, and as seen in the dodecamer.
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Figure IV-12 Base-stacking arrangements in the phage A half-operator decamer

Views down the helix axis /.- rpendicular to that of Figure IV-8) are presented two base-
pairs at a time.



D. Discussion
1. Accuracy of structure determination

There are a number of limitations on the accuracy of the structure determination
presented here. Especially in the absence of a chosen molecular mechanics force field, it is
still insufficiently understood to what extent the few hundred NOE intensities (or the
derived short distances) and dihedral angles define, including a description of the
dynamics, the three dimensional structure of oligonucleotides (van de Ven & Hilbers,
1988). For example, although the structures of the L10 decamer are experimentally
determined to have phosphates in a By conformation, both starting models also have Bj
phosphates, and there is no experimental data available that unambiguously distinguishes
the two conformations, By and Bjj, from one another.

Several lines of evidence however do support a By conformation. The positioning of the
nucleotide units relative to each other, in the presence of even an approximate force field, is
likely sufficient tc localize the backbone torsion angles (Nilges et al., 1987). In crystal
structures, the Bj conformation is more common than the Byj conformation, especially in
regions of the DNA not affected by intermolecular hydrogen bonds or crystal contacts. This
suggests that the Bjconfiguration is lower in energy and is more stable. Some Bjj
conformations are observed in B-DNA which have € angles near -120°. This would
correspond to a coupling constant between the 3' proton and the nearest phosphate greater
than 10 Hz (Dickerson et al., 1985; Hosur et al., 1988). Figure IV-13 features an
expansion of a typical non-terminal 2'<->3' cross-peak, with outer separations of the
multiplet lines indicated in the 2' frequency dimension by 2J7' and in the 3' dimension by
2J3. These outer separations reflect the sum of coupling constants to the 2' proton (ZJp =
Jo'30 + Jo'o» + J127) and to the 3’ proton (X3 = Jo'3' + J2#3' + J34' + J3'p), with the active
coupling, J»'3,, giving the anti-phase characteristic to the cross-peak pattern. XJ3- and XJo:
are approximately 12 Hz and 30 Hz, respectively. For all sugar geometries, Jo'3'is never
less than 6 Hz (Hosur et al., 1988). From the absence of correlations in Figure 1V-3, Jp»3:
is very near zero. However, all 3'-4’ correlations are seen (Figure 1V-6), implying a Y34 of
at least 2 Hz. Therefore, for all non-terminal residues, the 3'<->P coupling constant is
small (< 5 Hz). From Figure 23 of the review by Hosur et al. (1988), the near 180° €

angles obtained here for a By conformation are consistent with this coupling constant being
quite small.
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Hz, respectively).



The MD calculation could start with a model including B phosphates. or more robust
methods in conformational sampling could be employed, such as dynamic simulated
annealing (e. g. Holak et al., 1988). The accuracy of the method described here appears to
be between approximately 0.8 A (from the rms deviation of structures R-A and R-B) and
1.8 A (from the interconversion between the A and B-DNA fibre diffraction models). The
1.8 A limit is potentially an over-estimate that would be improved by choosing better
models which take sequence-dependent variations into account. The incorporation of NOE-
based refinement circumvents inaccuracies in distances caused by neglecting indirect cross-
relaxation pathways for the NOE between two protons and therefore one of the most
serious problems in structure determination by NMR. Often at long mixing times, NOE
cross-peaks can be observed between protons even 6 and 7 A apart, but this information is
lost since it cannot be directly related to a distance. The NOE refinement method indicates a
way to obtain more parameters that cover a greater range of conformation space, and to
better determine structures in solution by NMR.

As discussed in Chapter II, the initial motion model assumed that all interproton vectors
tumble isotropically and are of invariant length. A more sophisticated model could be used,
but the incorporation of model-free empirical parameters here is sufficient with respect to
the precision of the NOE data experimentally collected.

2. Extension to the full operator structure

Figure IV-14 shows two structures for the full Or3 operator DNA. On the left is the
classical B-DNA conformation first used to model the interaction betwe=n Cro repressor
and its operator DNA (Ohlendorf et al., 1982). Spheres in the major groove represent all
atoms to which the protein is proposed to make sequence-specific contact (Takeda et al.,
1989). Ethylation of the phosphates represented by cross-hatched spheres prevent Cro
repressor binding (Ptashne et al., 1980). Other proposed non-specific contacts to
phosphates are shown as small spheres. In Figure IV-14B, a consensus operator is buiit
with two haif-operators, using the conformation of the decamer determined above. The L10
sequence does not include the middle base-pair of the full operator. The central G+C base-
pair is constructed here using average dihedral and twist angles and rise values between
base-pairs. The similarity in the protein contact site between the models is striking, and
saggests that the monomeric unit of Cro repressor recognizes DNA by the pattern of
hydrogen-bonds and van der Waals contacts presented by the DNA, and not by any gross
morphological feature.
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Figure IV-14 Models for the 21 base-pair Or3 operator DNA

(A) B-type DNA. (B) The operator constructed using the solution structure of the half-
operator (L10) determined using NMR, restrained molecular dynamics, and NOE-based
refinement. Spheres in the major groove indicate the sequence specific contacts made by the
Cro repressor protein. Ethylation of the phosphates denoted by cross-hatched spheres
prevent Cro repressor binding. Other phosphate atoms proposed to be involved in non-
specific protein contact are indicated by smaller spheres.
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This study does not preclude any improvements in the model such as adjustments in the
positioning of the two halves of the operator, for example, by bending at the centre. The
significance of the difference between L10 and classical B-DNA awaits further
improvements in the NMR methc.iology, and confirmation of the structure by other means,
such as X-ray crystallcgraphy. A preliminary crystallographic determination of the Cro
dimer-17 base-nzir Or3 complex (Brennan & Matthews, 1989b) indicates that, at the center
of the operator, the DNA is overwound, and the minor groove is somewhat compressed?2.
A detailed comparison »f the DNA structure in the Cro repressor sequence-specific site

between free and protein-bound DNA is expected, and will be possible in the very near
future.

3. Comparison between unbound DNA and in complex with the A repressor

Recently, Jordan & Pabo (1988) have reported the crystal structure of the A repressor
DNA-binding N-terminal domain in complex with Or 1 operator DNA at a resolution of 2.5
A (see Chapter I; Figure 1-14). The consensus half of the Op 1 operator shares the same
base sequence with base-pairs 3-10 of L10, enabling a comparison between unbound and
bound conformation of the DNA . In Figure IV-15 the two structures are shown. Despite
the use of different techniques for structure determination, the comparison is quite striking.
The bound DNA has an overall atomic deviation of approximately 1.8 A from classical B
DNA aud i.3 A from the corresponding eight base-pairs of L10. Wi-ening of the major
groove occurs at about base-pair 4 (seconu from trc top of the figure} upon complexation
with protein, probably for accomodation the recognition helix of the protein which allows
the amino acid side-chains to make sequence-specific corfacts to the edges of the base-pairs
in this region. Widening of the minor groove and conipression of the phoayshaics occurs at
about base-pair 10 (botiom), in conjunction with changes nesr the center of the full
operator. Phosphates across bass-pair 8 also wnove closer togther. These changes reflect the
alterations in DNA conformation upon binding A repressor protein and similar alterations
might be expected for the bindi:ig o* Cro repressor protein.

2The Cro monomers rctain pecarly the same structure as observed in the crystal structure of the free protein

(Anderson ct al., 1981), although th:re arc substantial changes in the rclative positions of monomers in the

Cro dimer.
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Pigure IV-15 Structure of DNA free and in complex with A repressor

Top: The consensus eight base-puirs derived from the L10 structure. Bottom: The
corresponding base-pairs from the crystaliographic determination of the A repressor N-
terminal domain-Op 1 DNA complex.

14



In Figure IV-16, an atom by atom comparison is shown. The two structures are
superimposed and the difference in atom position is plotied against atom number, starting at
the top left of the structures presented in Figure IV-15, continuing down the DNA strand,
crossing to the other strand, and finishing at the top right. Especially in regions distant
from protein contacts, the agreement is quite good. The largest deviations occur in what
cormrespond tc the center of the full operator, suggesting that significant alteratiens in the
DNA backbone are concentrated here upon complexation with the protein, despite the
absence of sequence-specific protein contacts at the center (as discussed in Chapter 1).

The information content from NMR and crystallographic data is quite different and
leads to different types of accuracy for the structures resulting from the application of the
two technigques. Because there is a lack of NMR parameters directly relating to the DNA
backbone configuration, the conformation about the phosphate is most poorly detcrmined.
In addition, while distances less than 5 A are known 1o an accuracy of at least 0.5 A, no
longer range data is possible because the NOE is approximately proportional to the inverse
sixth power of the distance between nuclei and therefore drops off rapidly for distances
longer than 4 or 5 A. X-ray data particularly is capabie of placing the heavy atom phosphate
atorns well, although the diffraction data contains information to a resolution of only 2.5 A.

Figure IV-17 illustrates the some of the conformational parameters that are most
dependent on base-sequence3 (the roll angle and the helical twist angle) for the average
refined structure of L10 and the eight corresponding base-pairs in the consensus half of the
OL_1 operator bound to A repressor protein. The roll angles do not agree well between
bound and unbound DNA. The agreement for roll angle is good between the unbound
DINA and predictions using the Caliadine's (1982) rules (Figure iV-13). Since the
Calladine prediction is accurate for the rol. angle (see above, Chapter III; Dickerson et al,,
1985), the differences for the bound DNA is either due to insufficient resolution or 1o
induced changes by the protein. Better agreement exists for the helical twist angles between
bound and free DNA, except near the center of the operator.

Part of these differences may arise from end effects, both for the NMR structure and
the X-ray structure. The conformation parameters for the section of DNA that correspond
to base-pairs 1 and 2 of L10 are not included because the base sequences are different,

3 Propelles twist angles agrec within 5°, except for the basc-pair 9 (sccond from the bottom in Figure IV-
15) where the unbound DNA has a propeller twist of 14° and the bound DNA has essentially zero propeller
twist. probably duc 1o induced conformational changes by the protwein. Since the X-ray structure resolution

was only 2.5 A, no attempt was made to compare the difference in & angies across the basc-pair between
bound and unbound DNA.
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(possibly affecting the conformation of base-pair 3 as well), and crystal packing distortions
were noted in X-ray structure (Jordan & Pabo, 1988). At base-pair 10 of L10, the lack of
additional base-pairs, and additional mobility for this terminal base-pair may also result in
discrepancies with the X-ray structure.

NMR has been used to determine the solution structure of a DNA sequence containing
the half-operator consensus sequence from the regulatory operator of bacteriophage A. This
structure has been -+ ared to the corresponding DNA in a protein-DNA complex
obtained using crv - raphic techniques. The agreement between the NMR and X-ray
structures was quiic good, especially in regions of the DNA not contacted by protein,
showing that NMR can indeed be used to determine structures to high accuracy.

%)
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Frgure IV-16 Atomic nns deviation between free and bound operator DNA

The structure of base-pairs 3-10 of L10 are compared with that of the corresponding base-
pairsin the complex of Op 1 DNA with the A repressor N-terminal domain (Jordan & Pabo,
1988). For reference. numbers indicate the C1' atoms of each residue. Hydrogen bonds

made by protein are indicated by (A)., and van der Waals contacts by (0).
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Vanation in base roll and global helical twist for the L 10 structure Ryye (-- O --) and the

corresponding base-pairs from the A repressor N-terminal domain-operator DNA complex
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Chapter V

The Interaction of Phage A Or3 DNA
with Wild type and V55C Cro Repressor Proteins



A. Introduction

In the preceding chapter, the structure of the left ten base-pairs of the Or3 operator
DNA sequence from phage A, L10, was determined in solution using nuclear magnetic
resonance techniques. In this chapter, the interaction of the half-operator with Cro
repressor protein is studied in detail. The role of the Cro protein is to help regulate the life
cycle of the temperate phage A by binding strcngly to a specific operator site, Or3, on the
viral DNA. In the absence of this protein, the virus can lie dormant within the bacterial host
cell. Inducing events cause high Cro protein levels that resuit in activation of the Iytic
pathway where the virus is replicated and then lyses the host cell releasing phage progeny
{reviewed in Chapter I; Ptashne et al., 1980). In order to function as a specific regulator of
#ene expression in transcription, Cro recognizes and binds preferentially to the Or3 DNA
sequence against the background of a large number of competing sites also present in the
genome (Berg & von Hippel, 1988}, In order to understand the details of the steric and
physiochemical aspects of site-specific recognition process, nuclear rnagnetic resonance
techniques are used to investigate the formation and structural features of Cro prctein-DNA
complexes in solution.

The left ten base-pairs of the 21 base-pair Or3 operator sequence is chosen over the full
operator because only the half-operator, L10, has sufficient resolution and narrow lines
necessary for structure determination using NMR techniques (Chapter I1V). The structure of
the L10 half-operator free in solution and when bound by A repressor protein is similar to
classical B DNA (Arnott & Hukins, 1972), and suggests a direct read-out mechanism of
DNA-protein recognition by the Cro repressor protein. The L10 sequence contains the
consensus Cro repressor binding site, and should therefore have all the interactions
observed between Cro and the full operator.

The L10 half-operator corresponds to the left ten base-pairs of the 21 base-pair Or3
operator. Since the phage A operator DNA sequences are nearly two-fold symmetric
(pseudo-palindromic), two L10 molecules can simultaneously bind to Cro, with the second
L10 taking the place of the right-half of the operator (Figure V-1).

This chapter gives experimental conclusions on: (1), the role of flexibility for Cro in
forming the protein-DNA complex; (2), the binding strength and stoichiometry of the
interaction between Cro repressor and L10 DNA; (3), the contacts made between protein
and DNA; and (4), the inherent difficulties in using nuclear magnetic resonance techniques
to study protein-DNA interaction.
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ORr3 TCTATCACCGCAAGGGATA AR AARA
AGATAGTGGCGTTCCCTATTT

L10 TCTATCACCG CGGTGATAGA L10
AGATAGTGGC GCCACTATCT

Figure V-1 ORr3 and L10 DNA sequences

Excepting the central base-pair, two L10 half-operators have nenrly the same sequence as
the Or3 operator.

The life cycle of bacteriophage A has long been a favorite for study in genetics and
molecular biology. The A Cro protein-operator DNA recognition system is no exception.
The mechanism of action of the Cro protein began to be understood with its purification,
sequence determination and assessment of nucleic acid binding properties (Folkmanis et
al., 1976; Takeda et al., 1977; Roberts et al., 1977; Hsiang et al., 1977). The regulatory
role of Cro protein in the life cycle of phage A was seen to originate from its high affinity
for the Or3 DNA sites, as deduced by chemical and foot-printing experiments of the DNA
(Johnson et al., 1978; reviewed by Ptashne et al., 1980; Shea & Ackers, 1985; Tullius &
Dombroski, 1986; Hayes & Tullius, 1989) and by establishment of the levels and identity
of the RNA transcripts regulated by Cro (Takeda, 1979). Crystallization of the protein
(Anderson et al., 1979) and determination of its structure (Anderson et al., 1981) has since
generated remarkable interest in the Cro repressor and its interaction with DNA.

Based on the crystal structure of the unbound protein, a model has been proposed for
the sequence-specific interaction of Cro with DNA (discussed extensively in Chapter I;
Ohlendorf et al., 1982; Anderson et al., 1983a; Ohlendorf & Matthews, 1983; Matthews et
al., 1983). In the model, the amino acid side-chains of an o helix from the two monomeric
units of Cro make contact to the edges of base-pairs exposed in two successive major
grooves of B-type DNA. Sequence and structural homology in a helix-turn-helix motif with
several phage DNA-binding proteins led to a search for simiiar substructures in other
proteins (Anderson et al., 1982; Takeda et al., 1983; Ohlendorf et al., 1983:,b; Matthews
et al., 198". Pabo & Sauer, 1984; Cygler & Anderson, 1986; Dodd & Egan, 1987;
Brennan & Matthews, 1989a). The Cro repressor protein has been characterized by
florescence spectroscopy (Boschelli et al., 1982; Boschelli, 1982) and circular dichroism
spectroscopy (Bolotina et al., 1983" One-dimensional 19F and 1H NMR studies have
mainly investigated the aromatic residues of the protein (Arndt et al., 1983; Kirpichnikov et
al., 1982a,b; Iwahashi et al., 1982; “urochkin & Kirpichnikov, 1982; Kirpichnikov et al.,
1984a,b; Kurochkin & Kirpichrikov, 1986). The 1H NMR CIDNP effect in Cro repressor
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has also been studied (Shirakawa et al., 1985a,b; Lee et al.. 1987). 1H NMR spectroscopy
has been used to study a peptide fragment ¢ f Cro contairing the recognition helix and its
binding to DNA (Mayer et al., 1983). 1H NMR assignments of the intact protein were
essentially completed with two-dimensional techniques (Weber et al., 1985a,b) and an
atternpt! has been made to relate the structure of the Cro protein in solution to that of the
crystal structure (Kurochkin et al., 1986). The utility of 1SN labelling in obtaining
resonance assignments and understanding the dynamics of the Cro repressor was
demonstrated by Leighton & Lu (1987).

Filter-binding assays have been extensively used to understand the energetics of
binding in the Cro-DNA system (Kim et al., 1987; Sarai & Takeda, 1987; Takeda et al.,
1989). The role of the lysine and tyrosine residues of Cro has been delineated by chemical
modification studies (Takeda et al., 1986). A large number of site-specific mutants of Cro
have been generated (Eisenbeis et al., 1985; Caruthers et al., 1986; Pakula et al., 1986:;
Hochschild et al., 1986; Hochschild & Prashne, 1986; Caruthers et al., 1987; Pakula &
Sauver, 1989; Takeda et al., 1989) to probe the details of the proposed model for the
recognition of DNA by Cro repressor. Crystals of Cro repressor-DNA complexes have
been obtained (Anderson et al., 1983b: Brennan et al., 1986) and a preliminary report of
the structure of one of these complexes have been made (Brennan & Matthews, 1989b). As
predicted by the Ohlendorf et al. (1982) model, the recognition a helices of Cro interact in
two successive major grooves of a B-type DNA. The conformation of the Cro monomer is
approximately the same in the complex 2s when it is unbound. However, the relative
positions of the monomers change dramatically and the DNA bends, mainly at the center, to
optimize the interaction between protein and DNA.

Studies centering on the DNA have not been ignored. CD spectroscopy has been used
to show that the operator is in a B type DNA conformation, either free in solution, or
bound to Cro protein (Kirpichnikov et al., 1985). The 'H NMR resonances of unbound
OR3 DNA, and its analogues, have been assigned (Wemmer et al., 1985; Weiss et al.,
1984; Hahn et al., 1985; Griitter et al., 1988). The imino protons (on N3 of thymine and
N1 of guanine, Figure I-6) have been assigned for both the free DNA (Ulrich et al., 1983;
Chou et al., 1983; Lee et al., 1983) and for the DNA-protein cecmplex (Kirpichnikov et al.,

! In this paper a re-positioning of the al helix was postulated on the basis on a close approach of the o
protons of Ilc 5 and Phe 41. However, the o proton, and v and & methyl groups of Ile 5 were incorrectly
assigned o the peaks at 4.9, -0.25, and .25 ppm, respectively (Figures V-5 and V-6). These peaks have
been identificd as belonging to the ncighbouring residue Phe 41, Ile 40 (cf. Weber et al, 1985b; Lec et al.,
1987).
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1984a; Lee et al., 1987). Thymines of the Or3 operator have been systematically replaced
by fluorouracii, and 19F NMR used to monitor the structure of DNA unbound, and in the
presence of Cro repressor protein (Metzler et al., 1985; Metzler & Lu, 1989). In addition,
systematic base-substitution experiments have been carried out on A Og1 DINA to assess
the role of each base in the DNA for the affinity to Cro repressor (Takeda et al., 1989; Sarai
& Takeda, 1987; Benson & Youderian, 1989).

The study of a protein-DNA complex using 1H NMR spectroscopy is not an easy task.
As will be shown below, two half-operators bind to the Cro dimer, creating a complex of
approximately 28,000 in molecular weight. The proton resonances are broad and exhibit
considerable spectral overlap. In addition, on forming the Cro-DNA complex, resonances
often broaden beyond detection because of intermediate exchange behavior. The complexes
are not often very soluble, and special experimental conditions must be employed to keep
them in solution. Despite these limitations, data could be obtained from successful titrations
of protein with DNA, and vice versa , and the resuits interpreted to give information 0.1 the
role of flexibility of Cro and DNA on forming the protein-operator complex.

This chapter discusses two major experiments: (1), the comparison of the structure,
dynamics, and DNA-binding characteristics of wild-type and a cross-linked Cro repressor,
and (2), a more detailed study of DNA structure and DNA-protein interactions within e
wild-type Cro DNA complex using 1H NMR spectroscopy.

From the crystal structure of the Cro repressor (Anderson et al., 1981) valine 55 of one
monomer is near to valine 55 of the other monemer (Figure V-2). In a mutant Cro protein,
where valine 55 is replaced by cysteine (V55C), it will be shown by circulur dichroism and
TH NMR spectroscopies that the cross-link which forms between the subunits does not
significantly perturb the structure from that of wild-type Cro in the absence of DNA at
ambient temperatures? . However, the V55C Cro has lowered flexibility. The affinity of
both proteins is examined for the L10 DNA half-operator sequence. The cross-linked
protein has an eight-fold higher dissociation equilibrium constant than the native protein at
22°C, and suggests that adjustments in protein structure necessary to form a tight protein-

2 The structures and dynamics of native and V55C Cro are only bricfly compared. A more detailed
comparison would requirc complete assignment and structure determination of the V55C repressor using
NMR techniques. Possibly re-assignment and structure determination of the wild-type protcin would be
needed as well to confirm the assignments of Weber ct al. (1985b), and for comparison to the X-ray
structure (Andcrson et al., 1981). To more fully characterize the stability of the proteins, a protcin
concentration study should be undertaken and the stability to other chemical denaturants could be measured.

Consideration will be given for such experiments and for publication scparate from this thesis.
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Figure V-2 The valine to cysteine substitution in Cro repressor

In the crystallographically determined structure of the wild-type Cro repressor, the side-
chain of valine 55 of one subunit forms a close contact with valine 55' of the other subunit,
This wiline is replaced by cysteine in V55C Cro protein, resulting in a disulfide cross-link
between the two monomers (Adapted from Figure I-8).



DNA complex are hindered by a icss in protein flexibility ciused by the inter-subunit cross-
link.

The second area is the study of the formation and DNA structure of the wild-type Cro-
L10 DNA complex. Here, concentrations of protein and DNA are¢ about 40 times higher.
Non-exchangeable proton resonances of the DNA are monitored by IH NMR spectroscopy
as wild-type Cro repressor was titrated in. Several protein resonances are assigned in the
TH NMR spectrum of the protein-DNA complex and are used later (Chapter VI) to examine
the conformation of the protein in Cro:DNA complexes.

B. Experimental procedures

1. Materials

The preparation of 1.10 DNA used in these experiments was as described in Chapter
IV. Complex formaticn was also performed with the Or3 17 base-pair operator (gift from
Dr. W. Anderson). Wild-type and V55C Cro protein sample purification began by
obtaining plasmids encoding the proteins under the control of isopropylthiogalactoside
(IPTG) inducible transcription (from M. H. Caruthers and W. Anderson). Plasmids were
incorporated into host E. coli by the CaCly transformation procedure and stored in 20%
glycerol until needed (Maniatis et al., 1982). Plasmids pTR214 and pJS303, which carry
the gene for wild-type Cro, were transformed into E. coli host strains K802 and MV 1190,
respectively (Roberts et al., 1979). The valine 55 to cysteine substituted Cro was on a
plasmid termed pV55C, and was transformed into host strain RB791. All plasmids carried
ampicillin resistance. Plasmid/E. coli systems produce Lac repressor which binds to a site
engineered upstream of cro, and prevent cro transcription in the absence of the inducer
IPTG or lactose. Adding an inducing agent to the medium reduces the affinity of Lac
repressor for DNA and permits cro transcription to proceed (Eisenbeis et al., 1985:
Caruthers et al., 1986).

Prior to growing large amounts of transformed cells, it was demonstrated on smaller
culture that the cells could be induced. Transformed E. coli cells occasionally did not
produce Cro repressor, but still maintained ampicillin resistance. Individual colonies of
transformed cells were replicate-plated onto LB agar plates (Maniatis et al., 1982) with and
without 4 mM IPTG. Colonies of cells producing large amounts of Cro failed to thrive on
IPTG containing plates, and the corresponding, or replicate colonies on the other plate
could be used as a stock culture for a large scale preparation.
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Alternati rely, 10 mL liquid cultures (containing 10 g/L Bacto-tryptone, 5 g/L. yeast
extract, 8 g/l. NaCl, pH adjusted tc 7.2 with NaOH, and 50 mg/L ampicillin) were
inoculated with a colony of the transformed cells, grown to an optical density at 600 nm.
(ODgp) of 0.7 at 37°C, anc induced with 0.5 mM IPTG for 3 hours. The optical density
of cultures producing Cro was approximately 2.0, and cultures not producing large
amounts of Cro had ODgog values near 3.0. Cro production was also checked by
denaturing polyac.ylamide gel electrophoresis using a Laemmli buffer system (Laemmli,
1970), for which Cro shows as the smallest protein when stained with Coomassie Blue.
The cells from 0.5 mL ODggg of culture (0.5 mL of a culiure of CDggp = 1.0) were
centrifuged and taken up in 100 pL of 2 M urea, 2% SDS, 15 mg TRIS, pH 6.8, 12%
glycerol, 0.01% bromphenol blue, and boiled for two to three minutes. Typically 15 pL
were applied to ¢ gel slot. After electrophoresis and Coomassie blue staining, gels were
scanned with a densitometer. Of the totai stained cell protein, typically <0.1 to 1.0% was
measured to be wild-type Cro in the induced pTR214/K802 system, 1 to 10% of the total
was wild-type Cro in the pJS303/MV 1190 system, and 5-25% of the total cellular protein
was V55C Cro proiein in the induced pV55C/RB791 system.

A typical preparation of Cro protein used 10 L of culture (evenly distributed between
ten 4 L flasks). After 3 hours of induction with 0.5 mM IPTG (as above) cells were
harvested by cooling on ice and centrifugs ion (4500 rpm for 15 minutes). Cells were
frozen (approximately 25 g) and stored for a few days at -20°C. Subsequent steps were
fone at 4°C. Clumps of frozen cells were homogenized and 150 mL of 10% sucrose, 50
mM TRIS. pH 7.4,C.1 mM EDTA and S0 mM KCl were added. 20 mg of lysozyme (hen
egg white) was added and the solution incubated for 30 minutes on ice. The temperature
was then raised to 30°C briefly, and then reduced again onice. 0.15 mL of 1 M MgCl,
was added, and approximately 0.25 mg of pancreatic DNasel. To ensure complete lysis,
the cell purée wur sometimes sonicated for severa' pulses of abour 30 seconds. 3.25 g of
KC! were dissolved and the suspension was centrifuged (40,000 rpm for 1 to 2 hours) 1o
remove celivlar deonsd  The supernatant was diluted with 10 mM KH,POy4, pH 6.4, 0.3
mM EDTA, 5% glycerol buffer by approximately 3.5 times and appliedto a 1.5 by 60 cm.
Fhosphocellulose column {Whatman P-11). Cro was then purified by phosphocellulose and
Sephadex G75 chromatography (Folkmanis ¢t al., 1976). Funher purification of Cro (trorn
that produced using the pTR214 plasmid) was carried out by adding (NH4)2SOy4 to the
pooled and concentrated peak froin gel exclusion chromatography {approximately 3 mg/mL

2 From analysis on denaturiag g. ., some Cro was preseni in the oilet. Raising the pH to about 8.0 prior

o centrifugation minimizes the losses at this step (G. Ozimcek, personal cemmunication).
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protein) to a final concentration of 40% (saturation), and adding saturated (NH4)»SO4
dropwise over several says and growing microcrystals (Andersen et al.,, 1979). Gel
electrophoresis, UV spectroscopy, and !H NMR spectroscopy confirmed product
homogeneity to be greater than 95%. V55C Cro protein behaved the same as wild-type
protein during purification, except that it ran on a denaturing gel at twice the molecular
weight of the wild-type protein in the absence of B-mercaptoethanoi. Protein concentrations
were determined by amino acid analysis and by UV absorption spectroscopy using a molar
extnction coefficient of 3970 (Boschel:, 1982).

Unless otherwise stated. all protein and IDNA samples were made up in a standard
buffer of 0.2 M KCI, 10 mM K;HPO4, 10 mM KH3PO4, 50 uM ED7 A, pH 7.1%0.1.
Solvent exchange was carried out by lyophilization procedures. All protein concentrations
refer to the dimer form ot the repressor. All circular dichroism studies were carried out in
H->O; NMR studies were carried out in DO, unless noted otherwise.

2. CD Spectroscopy

All protein and DNA samples were dialyzed (separately) against .2 M KCI, 10 mM
K2HPO4, 10 mM KH>PO4, 50uM EDTA, at pH 7.3 and filtered before use. All
subsequent sample manipulations and recording of CD spectra were performed by K.
Oikawa. The CD mezasurements were made on a Jasco J-S0CC spectropolarimeter with a
DPS0ON data processor, equipped with a thermostated cell holder (as described in Williams
et al., 1986). Far-UV studies were made using a 1 cm cell (600 pL. volume) with the
temperature 1nside the cell calibrated with a Fluke multimeter with an 80 T 150 temperature
accessory. The mean residue melar (or molecular) ellipticities were calculated (Otkawa et
al., 1968) with a mean residue weight for A Cro of 111.6. The band intensity at 222 nm.

was monitered for thermal denaturation studics of the Cro proteins.
3. NMR Spectroscopy

All NMR specira were obtained on 3 VXR-500 NMR spectrometer with an operating
frequency of 500 Mllz for nrotons. One-dimensicnal spectra in 85% 1420/ 15% D0 were
taken at 22 and 35°, with a 1-1 binomial suppression of the HO peak (Chapter 1V).
Typically 1024 transierits with an acquisition time of 0.5 seconds and a relaxation delay
time of 2.0 seconds were summed into 13K data points. A line-broadening of 5 Hz and
apodization function time constant, AF, (Chapter 11I) of 0.2 seconds were applied for

processing of the specira. One-dimensional spectra at millimolar concentrations of protein
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and DNA in DO were typically obtained by the sum 16 to 64 transients, which were each
acquired in 0.5 seconds with a relaxation delay between scans of 1.8 seconds, and were
processed with a line-broadening of 0.5 Hz. Spectra of proteins at lower concentrations
(near 50 uM) were obtained with 1024 ransients and with an applied line-broadening of 2
Hz. Two-dimensional spectra in DO were taken as described in Chapter IV. The mixing
time for the proteins in the absence of DNA was 0.150 seconds. NOESY spectra of the
wild type Cro:Li9 IDNA complex were taker with a mixing time of 0.250 seconds.

4. Binding assays

The binding of two L10 DNA molecules, L, to the Cro protein macromolecule, P, can
be described by the molecular step-wise equilibrium:

P+ L ’2_} Lp }__(_.2 PL, (1)
. P} L
with ki = U @
LP]{L
and Kz = ’[p—gl—’ (3)

The titrations presented in this chapter monitor a change in a signal of the DNA
(¢hemical shift or line width) as Cro repressor protein is added. Let the signal of DNA in
the absence of protein be &¢. The signal of the DNA when bound in a LP complex is dp;
and when bound 1n a PL) compiex, dp. The total concentration of protein is represented

by:

to = [P] + [LP* + [PLj] “4)
and that of DNA by:

Lo = (L} + [LP] + 2[PLjy) (5)

The signal is in fast exchange, meaning the average of free and bound signals are observed,
so that 8ops is i 8¢ + fp1 8p1 +fb) Op1 where fy, fpy, f2 are the fractions of DNA free and
bound, respectively (ff + f; + fpo = 1). The observed change in the signal from 8, AS, is:

Ad = Byps- & = -IL—L:l dmx1 + N{P—Lf;g dmz 2 (6)
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where Smax1 is Op1-Of and Smax2 is Sp2-Oy. Known values are A, P, and Lo, Equations 4 to
8 are solved with a cubic function? and the interrelated K, K2, Omax1 and &max2 values are
fit with a non-linear least squares method (iHull, 1575). Possible subsequent manipulations
of the data have been discussed by Ferguson-Miller & Kopperol (1981). The binding of
one DNA molecule to the Cro dimer is discussed in Chapter VI.

Un the binding-site level, the interaction of Cro protein and L 10 DNA is described by
microscopic binding equilibria:

B1 PL B,

P LPL (7)

—
= =

B, P B

where By and B are rlie microscopic site dissociation binding constants, and ¢ is a
cooperativity factor that indicates how the presence of one DNA already on the Cro dimer
affects the binding of a second L10 DNA molecule. If ¢ is equal to 1, the two sites are non-
interacting. If ¢ is less than 1, the dissociation binding constant for the addition of a second
L10 is smaller, meaning enhanced binding (and vice versa ). Since zll the species in

equation 7 can be considered to have full two-fold symmetry, LP=PL, and B} = B> =B
with:

[P)L] 1 [PL][L]
B=2W and CB'—"'E"[—Lﬁ:]_ (8)

where the factors of 2 indicate that there are two sites on the protein for association of the
LP complex and that the LPL complex can be formed from either LP or PL complexes
(Ferguson-Miller & Koppenol, 1981). Therefore,

Ki=B/2 and Kp=2cf )

The binding strengths for the formation of Cro-DNA complexes are subsequently referred
to in terms of the cooperativity facter, ¢, and a microscopic equilibrium dissociation

binding constant, Ky, defired to be equal to 3

4 Handbook of Chemistry and Physics (Hodgman, C. D., c¢d.), 44th edition, p- 320, Chem. Rubber Pub.
Co., Cleveland, Ohio.

164



C. Comparison of wild-type and V55C Cro proteins
1. Similarities in conforration and dynamics

The one-dimensional '1{ NMR specira of the native and cross-linked Cro proteins are
shown in Figure V-3, with selected regions expanded in Figures V-4 to V-6. There is
generally a close correspondence in chemical shifts between the proteins. Partial
assignments to specific residues were made for V55C protein by following the assignment
procedures outlined by Wiithrich (1986) with some guidance from the published
assignments of the wild-type protein (Weber et al., 1985b; see also Footnote 2 of this
chapter). In Figures V-3 to V-6 several well-resolved lines are numbered with the
assignment to the amino acid residue. Some of these resonance lines are used later to
follow the alteration in the conformation of the protein with the addition of DNA.

The one-dimensional spectra highlight the overall similarity between the two proteins.
Resonances of the aromatic side-chains (Figure V-4), have the same chemical shift
positions for residues that are in a-helices {such as Tyr 10, Phe 14, Tyr 26, and His 35).
in particnlar, the amino acid side-chains or: the recognition helix (Tyr 26 and His 35) have
unzltered chemical shifts, indicating that DNA-binding stould still be possible. Amino acid
side-chains belonging to residues near the cross-link site, such as Tyr 51 and Phe 58, have
changed slightly in resonance positions, indicating small adjustments in this region of the
protein in order to accommodate the disulfide bond.

The regicn of the 'ii NMR spectrum (Figure V-5) immediately downfield of the
residual HOD shows resonances of « protons of residues in a B-sheet conformation
(Wiithrich, 1986). Some resonance positions do not change (Ala 52, Glu 54, Leu 42, Ile
40) while others change by small amounts (about 1.1 ppm). Much of the shift observed for
the « proton for residue 55 can be attributed to the replacement of the valine methyl groups
by sulfur (Bundi & Wiithrich, 1979).

The methy! group resonances of the two proteins are compared n Figure V-6. The
upfield shifted resonances of lle 40 and Leu 42, in the hydrophobic core of the protein, and
the methyl groups of Thr 64, Thr &5 and Ala 66 belonging to the flexible C-terminal arm of
the protein have not appreciably changed resonance positions. The thiomethyl group
resonance of Met 12 has not changed chemical shift, although the SCH3 groap of Met 1
has. The thiomethyl group of the wild-type protein was assigned by pH titration where the
ionization of the N-terminal amino group (pKa = 7.7) exerts a weak but fully identifiable
influence on the chemical shift of the SCH3 group (Kurochkin & Kirpichnikov, 1986;
unpublished experiments). Some of the largest chemical shift changes occur for

[
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Figure V-3 Comparison of 1H NMR spectra for native and V55C Cro protein
IH NMR spectra of 40 uM protein were taken in standard buffer at 35°C. The numbers

indicate assignment to particular residues of the proteins.
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Figurc V-4 H1NMR spectra of native and V55C Cro aromatic side-chains
Tt NMR spectra of 40 M protein were taken in standard buffer at 30°C. The numbers

indicate assignment to particular residues of the proteins.
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1H NMR spectra of 0.75 mM wild type Cro protein were taken in 50 mrM Fo 0 5 mM
KoH?PO4, 5 mM KHoPOy, pH 6.9, 75 uyM EDTA, at 30°C. V55C Cro was 1.5 mM in
concentration is 100 mM KCl, 5 mM K2HPO4, 5 mM KHhP0Oy4, pH 0.0, 75 uM EDTA wl

30°C. The spectra were processed with 1 Hz line broadeninz. The numbers indicate

assignment to particular residues of the proteins.
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Figure V-6 TH NMR spectra of native and V55C Cro methyl protons
TH NMFR spectra of the wild type and V55C Cro proteins were taken at 306°C. Sample

conditions are given in Figure V-5. The numbers indicate assignment to particular residues

of the proteins.



residues, such as Met 1 and Phe 41, at the portion of the B sheet distal to the site of
replacement. An alteration is possible between the monomer domains in the dimer interface
or hydrophobic packing region at this end of the protein.

The NOESY experiment has been used to determine and compare spatial relationships
of the protons in the native and V55C mutant Cro repressors. To examine in more detail the
adjustments in structure near the cross-link site, the NOEs between the ®.strands of the
proteins are compared in particular. In an anti-parallel § sheet, the ¢ prot . of one strand is
close (approximately 2.3 &) ta the o prcton of the other hydrogen-bonded strand
(Wiithrich, 1986; Figure V-7). In the corresponding NOESY spectra (Figure V-8) cross-
peaks are observed between the resonance frequencies of a-protons where ihese nrotons
are close in space. The same o proton to & proton connectivities are observed for the two
proteins with each cross-peak being of approxima* 'y equal intensity in both spectr=. Also
nbserved in this spectral region are cross-peaks indicating a Ser 6 [ to Phe 41 o contact,
and the close proximity of the a proton for Lys 56 to the 0 protons for Pro 57. The
similarity in cross-peaks indicate the same interproton distances and theretc:z a close
correspondence of the core  sheet structure of the two proteins.

The normally pretonated V55C Cro protein was re-dissolved in deuterium oxide (D0).
After approximately one day at 35°C, the amide protons for six residues arg rot exchanged
with solvent deuterons. In a COSY type experiment, these remaining amide proton
resonances give rise to cross-peaks with o protons {Figure V-9). Protons resistant to
exchange resull from shicldiig from solvent, usually by being invoived in exicnsive
hydrogen-bonding (Englander & Kallenbach, 1979). All six protons map to residues that
correspond to the central B sheet core of wild-type Cro. In Figure V-10, a qualitative
structure for the V55C Cro protein is constructed using the known amino acid sequence,
the observed NOE connectivities between a protons, and incorporation of hydrogen-bonds
to the six slowest exchanging amide protons. This structure is consistent with that observed
in the crystal structure of the wild-type Cror = >r (Anderson et al., 1981).

Circular dichroism spectra (Figure V-11) w50 highlight the similarities between the two
proteins. CD spectra represent the differential absorption of left and right circularly
polarized light, and can be interpreted in terms of contributions from protein secondary
structural elements, such as o helix, B-shect and random coil (Cantor & Schimmel, 1980).
There are some differences around 200 nm., where the magnitude of the molar ellipticity is
greater for the cross-linked protein, and around 215 nm., where it is slightly less. The
magnitudes of these differences are small, suggesting a change in conformation for not
more than one or two amino acid residues.
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Figure V-7 Antiparallel B sheet structure

In an antiparallel  shzet, the o proton of one strand is close to the o proton of the other
hydrogen-bonded strand (indicated by < ). If a contact exists between the o proton of
residue i1 for one strand and residue j of the neighboring strand, the next short contact
occurs two residues further along the chain in an antiparallel fashion, e. g. at i+2 and j-2.
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Figure V-9 DOQEF-COSY spectrum of VASC Cro protein
This region of the double quantuin filtered COSY spectrum of V55C Cro (5 nM i
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T onre V-10 Structure of the B sheet core of V5,C Cro protein
A quzlitative structure is shown for the central § sheet core of V55C Cro repressor protein,
For clarity, R groups have not been designated and only four of the six 3 strands are
shown. Circled amide protons are most resistant to exchange by deuterium. Diamonds
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