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(7) ABSTRACT

Methods are described for the preparation of quantities of
preselected polynucleotide sequences in purified form. The
method is independent of length or sequence, and can be
used to prepare multi-milligram quantities of, for example,
single length, isotope-enriched duplex DNA following a
single-step chromatographic purification of the desired
product. The method of the present invention allows for
preparative scale synthesis of DNA yielding a single product
length. The application of the method to NMR spectroscopy
of DNA provides the opportunity to identify biologically
relevant interactions between polynucleotide sequences and
other macromolecules, and assist in the identification and
development of agents having therapeutic utility as a con-
sequence of the promotion or antagonism of these interac-
tions.
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METHOD FOR PREPARING
POLYNUCLEOTIDE SEQUENCES AND USES
THEREOF

FIELD OF THE INVENTION

The present invention relates to methods for the prepara-
tion of quantities of substantially pure polynucleotide
sequences, which may be isotopically enriched. Such
sequences may be used for therapeutic purposes, for the
identification of interactions between the polynucleotide
sequences and proteins or other binding partners, and to
identify agents which modulate these interactions.

BACKGROUND OF THE INVENTION

Since the advent of DNA thermal amplification
technology, numerous procedures have been developed to
amplify polynucleotide sequences on a preparative scale. Of
these, the concatamer chain reaction developed indepen-
dently by Rudert et al. (17a) and White et al. (17b) employ
a DNA polymerase-catalyzed thermal amplification system
for the generation of DNA concatamers. In this procedure,
the primer and template for the amplification reaction are the
identical molecule, producing large sequences comprising
tandem repeats of the target DNA sequence. Following
similar procedures, Louis et al. (17¢) prepared isotopically-
labeled DNA oligonucleotides for NMR spectroscopy, uti-
lizing labeled deoxynucleotide triphosphates. Although the
lafter procedure produced oligonucleotides, amounts of
product are still limited and restrict the utility of subsequent
studies requiring larger quantities of oligonucleotides.
Furthermore, these procedures introduce a degree of hetero-
geneity in the product, making it unsuitable for certain uses,
in particular, high resolution heteronuclear NMR spectros-
copy.

Multi-dimensional heteronuclear NMR has become a
standard technique to determine the three-dimensional struc-
ture of proteins and RNA in solution (1,2). One of the most
important advances in the application of NMR spectroscopy
to the study of biological systems has been the ease of
incorporation of *>C and/or **N into proteins (2-5) and
RNA.(6-8). The enrichment of macromolecules in these
stable isotopes allows for the dispersion of *H, **C and °N
chemical shifts into multiple spectral dimensions in a man-
ner that preserves the chemical and/or spatial relationship
between atoms within a molecule of interest (2-5). The
resulting enhancement of spectral sensitivity and resolution
has had a tremendous impact on the study of chemical and
biological phenomena of proteins and RNA. (2-8). In
contrast, both the detailed analysis of structure and dynam-
ics of DNA in solution have remained largely inaccessible to
the NMR spectroscopist despite the ease of preparation of
oligonucleotide duplexes of biological interest. Poor proton
density and narrow chemical shift dispersion limits the
detailed analysis of structural parameters by homonuclear
H-NMR to very small oligonucleotides. While it is desir-
able to apply heteronuclear NMR to the study of DNA in
solution, it has required de novo synthesis of DNA precur-
sors for solid-phase synthesis (9—11). These methods require
a certain level of synthetic expertise and are both cost and
labor intensive. In this regard, an enzymatic approach would
be advantageous and a few such methods have been pro-
posed in recent years (12-17).

It is towards the improvement in the quantity and quality
of the large scale preparation of polynucleotide sequences,
and in particular, isotopically enriched polynucleotide
sequences, and uses thereof, that the present invention is
directed.
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2

The citation of any reference herein should not be con-
strued as an admission that such reference is available as
“Prior Art” to the instant application.

SUMMARY OF THE INVENTION

In its broadest aspect, the present invention is directed to
a method for preparing a quantity of a preselected poly-
nucleotide sequence which is flanked by half sequence-
specific endonuclease sites, following the steps of (1) pre-
paring an amplification template/primer comprising at least
one tandem repeat of the preselected polynucleotide
sequence separated by a full sequence-specific endonuclease
site and flanked by half endonuclease sites; (2) amplifying
the template/primer by a DNA polymerase-catalyzed ther-
mal amplification reaction in a first step utilizing an opti-
mized annealing temperature; (3) further amplifying the
product of the previous step by a DNA polymerase-
catalyzed thermal amplification reaction utilizing an opti-
mized annealing temperature; and (4) cleaving the product
of the previous reaction using the endonuclease, producing
the preselected polynucleotide sequence. To enhance the
quantity of product produced by the above reaction, a
quantity of the preselected polynucleotide sequence may be
included in the second amplification step.

The template/primer for the above-described procedures
comprises at least one tandem repeat of the preselected
polynucleotide sequence. It may be prepared by solid-phase
phosphoramidite chemistry. The preselected polynucleotide
sequence may be, by way of non-limiting example, duplex
DNA, single-stranded DNA, triplex DNA, quadruplex
DNA, 3-way junction DNA, or 4-way junction DNA. The
half endonuclease sites on the template/primer may be
blunt-ended or overhanging. Additional endonuclease sites
may be included in the template/primer such that selective
cleavage after amplification may be used to generate quan-
tities of particular sequences.

To prepare a quantity of an isotopically enriched poly-
nucleotide sequence, the deoxynucleotide triphosphates
used in the amplification steps are isotopically enriched. To
enhance the quantity of isotopically enriched product, a
quantity of the preselected polynucleotide sequence may be
included in the second amplification step. This added pre-
selected polynucleotide sequence may or may not be isoto-
pically enriched. Non-limiting examples of isotopically
enriched atoms of the deoxynucleotide triphosphates include
3¢, N, ?H, and any combination thereof.

The optimal annealing temperature of the first amplifica-
tion step of the above process is selected by determining an
annealing temperature which yields a maximal amount of
endonuclease-cleaved preselected polynucleotide sequence
as a product of the first amplification step. Likewise, the
optimized annealing temperature of the second amplification
step is selected by determining an annealing temperature
which yields a maximal amount of endonuclease-cleaved
preselected polynucleotide sequence as a product of the
second amplification step.

To prepare isotopically enriched deoxynucleotide
triphosphates, enzymatic phosphorylation of deoxynucle-
otide phosphates may be obtained for example by digestion
of nucleic acid isolated from an organism grown on an
isotopically enriched carbon source, an isotopically enriched
nitrogen source, or the combination of the two. Other
isotopically enriched sources may be utilized to provide
other isotopically enriched atoms. In one non-limiting
example, nucleotide phosphates isolated from an organism
may be enzymatically phosphorylated using suitable
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enzymes in combination with thymidylate monophosphate
kinase (TMPK) and cytidylate monophosphate kinase
(CMPK).

In a second aspect of the present invention, a method is
provided for preparing a quantity of a substantially pure,
preselected polynucleotide sequence which is flanked by
half sequence-specific endonuclease sites, following the
steps of (1) preparing an amplification template/primer
comprising at least one tandem repeat of the preselected
polynucleotide sequence separated by a full sequence-
specific endonuclease site and flanked by half endonuclease
sites; (2) amplifying the template/primer by a DNA
polymerase-catalyzed thermal amplification reaction in a
first step utilizing an optimized annealing temperature; (3)
further amplifying the product of the previous step by a
DNA polymerase-catalyzed thermal amplification reaction
utilizing an optimized annealing temperature; (4) cleaving
the product of the previous reaction using the endonuclease,
producing the preselected polynucleotide sequence; and (5)
isolating the preselected polynucleotide sequence from the
previous step. Isolation may be carrier out in a single-step
chromatographic procedure, for example, using DEAE ion-
exchange HPL.C.

In a further aspect of the present invention, a method for
preparing a quantity of a substantially pure, isotopically
enriched preselected polynucleotide sequence is provided,
the preselected polynucleotide sequence which is flanked by
half sequence-specific endonuclease sites, following the
steps of (1) preparing an amplification template/primer
comprising at least one tandem repeat of the preselected
polynucleotide sequence separated by a full sequence-
specific endonuclease site and flanked by half endonuclease
sites; (2) amplifying the template/primer by a DNA
polymerase-catalyzed thermal amplification reaction in a
first step in the presence of isotopically-enriched deoxy-
nucleotide triphosphates, utilizing an optimized annealing
temperature; (3) further amplifying the product of the pre-
vious step by a DNA polymerase-catalyzed thermal ampli-
fication reaction in the presence of isotopically-enriched
deoxynucleotide triphosphates, utilizing an optimized
annealing temperature; (4) cleaving the product of the
previous reaction using the endonuclease, producing the
preselected polynucleotide sequence; and (5) isolating the
preselected polynucleotide sequence from the previous step.
Isolation may be carrier out in a single-step chromatographic
procedure, for example, using DEAE ion-exchange HPL.C.

In yet a further aspect of the present invention, a method
is provided for identifying a protein binding site on a
preselected polynucleotide sequence comprising the steps
of: (1) preparing an isotopically enriched preselected poly-
nucleotide sequence in accordance with the above-described
procedure; (2) conducting NMR spectroscopy with a mix-
ture of the preselected protein and the preselected polynucle-
otide sequence; (3) detecting chemical shift perturbations
between free and bound states at specific reporter atoms in
the preselected polynucleotide sequence; and (4) correlating
the perturbations with the presence of a protein binding site
between the preselected protein and the preselected poly-
nucleotide sequence.

The present invention is yet further directed to methods
for identifying agents capable of modulating the interaction
between a preselected protein and a preselected polynucle-
otide sequence by carrying out the following steps: (1)
preparing an isotopically enriched preselected polynucle-
otide sequence in accordance with the above-described
procedure; (2) conducting NMR spectroscopy with a mix-
ture of the preselected protein and the preselected polynucle-
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4

otide sequence in the absence and presence of an agent; (3)
detecting changes in chemical shifts between free and bound
states at specific reporter atoms in the preselected polynucle-
otide sequence as a consequence of the presence of the
agent; and (4) correlating any changes detected as a conse-
quence of the presence of the agent with the modulating by
the agent of the interaction between the preselected protein
and the preselected polynucleotide sequence. The agent may
antagonize or promote the interaction between the prese-
lected protein and the preselected polynucleotide sequence.

In still yet a further aspect of the present invention, the
procedure for preparing a quantity of a substantially pure,
preselected polynucleotide sequence may be used to prepare
therapeutically effective amounts of antisense oligonucle-
otides.

These and other aspects of the present invention will be
better appreciated by reference to the following drawings
and Detailed Description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A depicts schematically the amplification reactions
of the present invention. The first prepares a self-priming/
self-propagating template pool and the second step synthe-
sizes long, tandemly-repeated DNA.

FIG. 1B shows the course of synthesis of a preselected
polynucleotide sequence using 0.7% agarose gel electro-
phoresis. Lane M comprises molecular weight markers.
Lane 1 shows the product of Pool A from FIG. 1A. Lane 2
shows the product of Step 2 of FIG. 1A before endonuclease
cleavage. Lane 3 shows the product of the endonuclease
cleavage of the product of Step 2. Lane 4 shows the
increased product yield resulting from the addition of pre-
selected polynucleotide sequence monomer at the beginning
of Step 2.

FIGS. 2A and 2B depict the purification of products
prepared in accordance with the present invention. The
endonuclease cleaved product DNA can be purified in a
single step by DEAE ion-exchange HPLC (FIG. 2A). Dena-
turing polyacrylamide gel electrophoresis demonstrates that
the two strands of the product DNA are resolved (FIG. 2B,
lanes 1 and 2). HPLC peaks A and B are shown in lanes 3
and 4, respectively. Product B from FIG. 2A is typically no
more than 10% of the total DNA produced (lane 4).

FIGS. 3A and 3B depict the products of the method of the
present invention on templates 2, 4 and 6 of Table 1 after
endonuclease digestion and visualization by ethidium bro-
mide staining of a 0.7% agarose gel (FIG. 3A). Products 2,
4 and 6 were analyzed by 15% native PAGE following
DEAE ion-exchange chromatography and 2P end-labeling
with T4 polynucleotide kinase. FIG. 3B indicates that the
duplex products are single length. The trace amount of DNA
seen as a doublet in each lane is a small amount of denatured
duplex formed during electrophoresis.

FIG. 4 depicts the sequence fidelity of DNA product 2
prepared by the method of the present invention in a single
constant-time *C—'H HSQC spectrum. The asterisks in
each panel indicate crosspeaks of at least two proton inten-
sity.

FIG. 5 shows the sequential assignment of uniformly
13C/5N-enriched DNA of product 2 using a **C-edited
NOESY spectrum (120 ms mixing time) to simultaneously
assign 'H and **C chemical shifts of isotopically-enriched
DNA in D,O. Shown is a small segment of one strand of
product 2. The sequential assignment can be followed
through the strips at either the *>C chemical shift of the bases
(Cs,s, top panel) or C,, (bottom panel).
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FIG. 6 depicts the distribution of **N and 'H chemical
shifts in the 33 kD Runt-domaine/DNA complex. Uniformly
15N-enriched Runt-domain and product 4 were utilized to
form a protein/DNA complex. The box on the lower right
indicates the sidechain N.—H, crosspeaks of arginines.

FIG. 7 depicts the core binding sequence of the Runt-
domain is PyGPyGG where Py=cytidine or thymine. Selec-
tive chemical shift changes of the imino *H and **N chemi-
cal shifts for basepairs 14-16 and relatively little change at
position 12 are shown.

FIG. 8 depicts the interfacial hydrogen-bonding at the
Runt-domain/DNA4 interface using *°N-edited NOESY
(125 ms mixing time) of the Runt-domain/DNA complex.

DETAILED DESCRIPTION OF THE
INVENTION

The methods described herein for the preparation of a
quantity of a preselected polynucleotide sequence is an
enzymatic approach to polynucleotide synthesis which over-
comes many of the shortcomings of earlier methods. Multi-
milligram quantities of, for example, single length, isotope-
enriched duplex DNA can be prepared by this method with
product to template/primer yields of equal to or greater than
about 800:1 following a single-step chromatographic puri-
fication of the desired product. Being neither sequence nor
length dependent, the method of the present invention
allows for preparative scale synthesis of DNA yielding a
single product length. The application of the instant method
to NMR spectroscopy of DNA provides the opportunity to
explore interactions between protein and polynucleotides.
The instant method has enabled the acquisition of previously
inaccessible information at the protein/DNA interface in
solution, such as the first evidence of hydrogen-bonding
between a protein and DNA. Thus, the quantity and quality
of the isotopically enriched polynucleotide sequence pro-
duced herein is sufficient such that it may be used to identify
biologically relevant interactions between polynucleotide
sequences and other macromolecules, and assist in the
identification and development of agents having therapeutic
utility as a consequence of the promotion or antagonism of
these interactions.

The method of the present invention provides for prepar-
ing a quantity of a preselected polynucleotide sequence, said
preselected polynucleotide sequence flanked by half of a
sequence-specific endonuclease site, comprising the steps
of:

a. preparing an amplification template/primer comprising
at least one tandem repeat of said preselected poly-
nucleotide sequence separated by a full sequence-
specific endonuclease site and flanked by half of a
sequence-specific endonuclease site;

b. amplifying said template/primer by a DNA
polymerase-catalyzed thermal amplification reaction in
a first step comprising deoxynucleotide triphosphates,
and producing a first product, said first step utilizing an
optimized first annealing temperature for said prese-
lected polynucleotide sequence;

c. amplifying said first product by a DNA polymerase-
catalyzed thermal amplification reaction in a second
step comprising deoxynucleotide triphosphates, and
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6

producing a second product, said second step utilizing
an optimized second annealing temperature for said
preselected polynucleotide sequence; and

d. cleaving said second product using said at least one
endonuclease, producing said preselected polynucle-
otide sequence.

The starting reagent for the amplification is at least one
tandem repeat of target polynucleotide sequence, providing
an enzymatic template which is both self-priming and self-
propagating. The sequence may be prepared, by way of a
non-limiting example, using solid-phase phosphoramidite
chemistry. The tandem repeat is separated and flanked on
each end by a cleavage site for a sequence-specific
endonuclease, which may be blunt-ended or overhanging.
As noted above, the tandem repeats serve both as primers
and templates for a DNA polymerase-catalyzed thermal
amplification reaction, and thus is referred to herein as the
template/primer. The first amplification step in the instant
method creates a template/primer pool (Pool A of FIG. 1A)
using the tandem repeat duplex and deoxynucleotide triph-
osphates (ANTPs). dNTPs may be prepared, for example,
from the genomic DNA of a microorganism; for the prepa-
ration of isotopically enriched polynucleotides, isotopically
enriched deoxynucleotide triphosphates prepared from
genomic DNA from a microorganism grown on isotopically
enriched compounds may be utilized. Pool A is distributed
in a second step to a series of identical reactions to initiate
self-propagating DNA polymerization resulting in a large
DNA product pool with average lengths that may be in
excess of 40 kilobasepairs. The overall yield of product
DNA can be augmented in Step 2 by the addition of a small
quantity of single repeat DNA; by way of example, about 0.5
mol %. The single repeat can be derived from Step 1 by
endonuclease cleavage or it can be prepared from DNA
following endonuclease cleavage of the starting primers. As
the single repeat DNA represents only a small fraction of the
total product, the utilization of unlabeled DNA for this
purpose does not dilute the overall level of isotope-
enrichment.

An important feature of the present invention is the
enhancement of amplification conditions by optimizing the
annealing temperature in each of the two serial synthetic
thermal amplification reactions. The annealing temperature
of the first amplification step of the above process is selected
by determining an annealing temperature which yields a
maximal amount of endonuclease-cleaved preselected poly-
nucleotide sequence as a product of the first amplification
step. Likewise, the optimized annealing temperature of the
second amplification step is selected by determined an
annealing temperature which yields a maximal amount of
endonuclease-cleaved preselected polynucleotide sequence
as a product of the second amplification step. The optimal
annealing temperatures for the first and second steps is
determined for each particular polynucleotide sequence, as
it is not predictable.

As will be noted in the Examples described below, three
different sequences were designed as structural targets for
the study of protein/DNA interactions in solution:
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TABLE 1

DNA Template

Product Sequence

SEQ ID NO:1
ATCAGGATGCGGTTACTGATATCAGGATGCGGTTACTGAT

TAGTCCTACGCCAATGACTATAGTCCTACGCCAATGACTA

SEQ ID NO:3
ATCAGGATGCGGTTACTGAT

TAGTCCTACGCCAATGACTA

SEQ ID NO:2

SEQ ID NO:5
ATCCAGAGGATGTGGCTTCTGATATCCAGAGGATGTGGCTTCTGAT

TAGGTCTCCTACACCGAAGACTATAGGTCTCCTACACCGAAGACTA
SEQ ID NO:6

SEQ ID NO:9
ATCGTTTGTCGATATCGTTTGTCGAT

TAGCAAACAGCTATAGCAAACAGCTA
SEQ ID NO:10

SEQ ID NO:4

SEQ ID NO:7

ATCCAGAGGATGTGGCTTCTGAT

TAGGTCTCCTACACCGAAGACTA

SEQ ID NO:8

SEQ ID NO:11
ATCGTTTGTCGAT

TAGCAAACAGCTA
SEQ ID NO:2

In accordance with the examples of the above table, of
which the double-stranded DNA is referred to herein by the
two SEQ ID numbers, the DNAs of SEQ ID NO:1/2, SEQ
ID NO:5/6 and SEQ ID NO:9/10 yield products SEQ ID
NO:3/4, SEQ ID NO:7/8 and SEQ ID NO:11/12,
respectively, following endonuclease cleavage with EcoRV.
As will be noted in the Examples below, these product
DNAs represent binding sites for the Runt-domain of the
transcription factor PEBP2/CBF (SEQ ID NO:3/4), for the
ternary molecular complex of the Runt-domain and the
DNA-binding domain of ETS1 (SEQ ID NO:7/8) and a
generic binding site for a family of high mobility group
(HMG) proteins known as the SOX proteins (SEQ ID
NO:11/12; refs. 19-21). The interaction between these poly-
nucleotides and proteins is an example of the utility of the
instant invention in preparing useful quantities and qualities
of polynucleotide sequences, in particular, isotopically
labeled sequences, and their utility in detecting polynucle-
otide sequence interaction with a biologically relevant
macromolecule, in this example, a protein.

As noted in the Example below, the DNA derived from
the method of the present invention is of a high quality and
fidelity. The product DNA from the Step 2 when analyzed by
gel electrophoresis typically does not move out of a loading
well of a 0.7% agarose gel. The product DNA is a colorless,
highly viscous solution. Cleavage with the appropriate
endonuclease, such as EcoRV in the case of the sequences
noted above, results in a product of uniform length seen as
a single band in a gel.

In one embodiment of the present invention, an enhance-
ment of at least about 20% overall yield per vessel can be
realized by the addition of single repeat DNA at the begin-
ning of Step 2. As mentioned previously, for the preparation
of isotopically enriched sequences, this added small amount
of sequence may or may not be isotopically enriched, as it
accounts for a very small fraction of product. By way of
non-limiting example, the quantity used may be about 0.5
mol %.

Purification of the product sequence can be achieved by
any one of a number of purification methods. One example
of a single-step purification which achieves a high degree of
purity of the product is preparative DEAE ion-exchange
HPLC, which separates product DNA from unincorporated
nucleotides. Denaturing polyacrylamide gel electrophoresis
(PAGE) demonstrates that the main product peak from
ion-exchange chromatography (Peak A of FIG. 2) is com-
posed of essentially single-length duplex. Under these
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PAGE conditions, the two strands of the product duplex are
resolved from each other in the gel. The shoulder seen in the
chromatogram (peak B) appears to represent some uncut and
degraded monomer fragments (lane 4). These could derive
from aberrant EcoRV cleavage (so-called star activity) and/
or PCR mutagenesis which altered the restriction site
sequence, precluding site-specific cleavage by the enzyme.
For the preparation of single-stranded DNA, purification
techniques which resolve one strand from the other, such as
an affinity matrix or tagged affinity reagent complementary
to the desired strand may be employed. Furthermore, and as
mentioned above, the introduction of different sequence-
specific endonuclease cleavage sites in the preselected poly-
nucleotide sequence offers after amplification of the
sequence the potential of preparing various particular
sequences depending on the endonuclease used. For
example, a tandem repeat of a polynucleotide sequence with
a protein binding subsequence in the internal region which
contains a particular endonuclease site may be used for
amplification by the instant method by flanking the sequence
with half sequences of a different endonuclease site, and
preparing the tandem repeat for amplification. After ampli-
fication by the two serial steps of the instant invention, a
quantity of the amplified original sequence may be purified
by cleavage with the second endonuclease, and separately, a
quantity of an amplified sequence comprising the protein
recognition sequence at the ends of the sequence may be
prepared using the first endonuclease. Other configurations
of the tandem repeat sequence and the positions of the
endonuclease sites may be utilized as appropriate for the
preparation of various types of polynucleotide sequences
and variations thereof, including but not limited to duplex
DNA, single-stranded DNA, triplex DNA, quadruplex
DNA, 3-way junction DNA, and 4-way junction DNA. In
addition, RNA sequences and variations thereof may be
prepared using the appropriate introduced cleavage sites.

The starting reagent is at least one tandem repeat of target
polynucleotide sequence, which may be constructed by
techniques known to one of ordinary skill in the art. For
example, the polynucleotide sequence may be synthesized
by using solid-phase phosphoramidite chemistry. The at
least one tandem repeat is separated and flanked on each end
by a site for a sequence-specific endonuclease.

As noted above, the method of the present invention is
independent of the length or sequence of the preselected
polynucleotide sequence. As will be noted in the Examples
below, comparison of the band intensity for products SEQ
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ID NO:3/4 (20 mer), SEQ ID NO:7/8 (23 mer) and SEQ ID
NO:11/12 (13 mer) by agarose gel electrophoresis demon-
strates that overall yield of each product DNA is similar in
each case. Analysis of the product DNAs by non-denaturing
PAGE demonstrates that these are single length product
duplexes.

An advantage of the instant method is that the unincor-
porated nucleotides are recyclable and may be recovered and
used in subsequent reactions. This is particularly advanta-
geous when isotopically enriched polynucleotide sequences
are being prepared, as the isolated and purified deoxynucle-
otide phosphates are costly and inconvenient to prepare.
Unincorporated nucleotides may re recovered from DEAE-
HPLC as a mixture of dNMPs and dNTPs, which must be
rephosphorylated prior to reuse. Desalting the nucleotide
mixture by reversed-phase (RP) HPLC followed by phos-
phorylation enables the incorporation of recovered nucle-
otides into subsequent reactions. The product yield from the
instant method is sensitive to the nucleotide concentration,
thus a second round using recovered, re-phosphorylated
dNTPs is expected to have lower overall yield relative to the
first round of synthesis from the same batch of nucleotides.

The method of the present invention produces a quantity
of polynucleotide sequence of high sequence fidelity of
DNA as compared with the input sequence. This is readily
verified by a constant-time *C—'H HSQC experiment
and/or homonuclear NOESY. The simplest verification of
DNA sequence is to count the number of H,—C, crosspeaks
of cytidine residues and H,—C, crosspeaks of adenine
residues present in the HSQC spectrum, as noted in the
Examples below. If homonuclear NOESY is used, the cyti-
dine Hs—Hj crosspeaks and the thymine methyl groups can
be identified and counted without sequence-specific assign-
ment due to their unique chemical shifts. Since there is one
H,—C (or H—H,) crosspeak per GC basepair and one
adenine H,—C, crosspeak (or methyl crosspeak) per AT
basepair, the composition of the product DNA is readily
verified. For 2, eleven adenine H,—C, correlations (two
crosspeaks have two proton intensities) and nine cytidine
H,—C; correlations (one crosspeak has two proton
intensity) are expected and observed (FIG. 4). An additional
verification of the sequence can be accomplished by count-
ing the number of H,—C,, crosspeaks of the sugars which
should equal the total number of nucleotides in the sequence,
although degeneracies in the *3C,, shifts may preclude
resolution of a full set. In the Examples herein, 37 of 40
crosspeaks are readily seen in the *C—"H HSQC spectrum
of SEQ ID NO:3/4 (4 crosspeaks have two proton
intensities), nearly consistent with the expected number for
a 20 basepair duplex; the remaining crosspeaks are assumed
to be degenerate. Sequence-specific assignment of the *H
resonances can be accomplished by a homonuclear NOESY
experiment, but the resolution of **C chemical shifts may
not be adequate to fully 5 assign their carbon shifts in a
13C—'H HSQC spectrum on the basis of the proton chemi-
cal shifts alone.

The preparation by the instant method of preselected
polynucleotide sequences, in particular isotopically enriched
sequences, of the quantity and quality as described above,
numerous utilities of such sequences are noted, particularly
as relate to the macromolecular interactions between a
preselected polynucleotide sequences and another
macromolecule, such as a protein or another polynucleotide
sequence. Possible macromolecular interactions investigat-
able by the methods herein are not limiting and may include
other polynucleotide sequences including DNA, RNA,
duplex DNA, single-stranded DNA, triplex DNA, quadru-
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plex DNA, 3-way junction DNA, and 4-way junction DNA,
and another macromolecule including but not limited to
peptides, proteins, DNA, RNA, duplex DNA, single-
stranded DNA, triplex DNA, quadruplex DNA, 3-way junc-
tion DNA, 4-way junction DNA, and fragments thereof. The
instant methods may be used for identifying a macromo-
lecular binding site on a preselected polynucleotide
sequence comprising the steps of:

a. preparing an isotopically enriched preselected poly-
nucleotide sequence in accordance with the foregoing
methods of preparing a quantity of a preselected poly-
nucleotide sequence;

b. conducting NMR spectroscopy with a mixture of a
preselected macromolecule and said preselected poly-
nucleotide sequence;

c. detecting chemical shift perturbations between free and
bound states at specific reporter atoms in said prese-
lected polynucleotide sequence; and

d. correlating said perturbations with the presence of a
macromolecular binding site between said preselected
macromolecule and said preselected polynucleotide
sequence.

In another embodiment, a method for identifying agents
capable of modulating the interaction between a preselected
macromolecule and a preselected polynucleotide sequence
is provided. The method comprises the steps of:

a. preparing an isotopically enriched preselected poly-
nucleotide sequence in accordance with the foregoing
methods of preparing a quantity of a preselected poly-
nucleotide sequence;

b. conducting NMR spectroscopy with a mixture of the
preselected macromolecule and said preselected poly-
nucleotide sequence in the absence and presence of said
agent;

c. detecting changes in chemical shifts between free and
bound states at specific reporter atoms in said prese-
lected polynucleotide sequence as a consequence of the
presence of said agent; and

d. correlating said changes with the modulating by said
agent of said interaction between said preselected mac-
romolecule and said preselected polynucleotide
sequence.

The aforementioned method is useful for identifying not
only agents which interfere with, or antagonize, the inter-
action between the preselected polynucleotide sequence and
the macromolecule, but also those that may promote their
association. In particular, the methods herein are useful in
investigating the interaction between DNA and transcription
factors and identifying means to modulate these interactions
for therapeutic benefit.

The aforementioned methods employing heteronuclear
NMR spectroscopy for the study of the interactions between
DNA and macromolecules such as proteins, and the
described utilities, may be better understood by reference to
the Examples of the particular DNA sequences and protein
investigated herein. The DNA-binding domain of the tran-
scription factor PEBP2/CBFE, termed the Runt-domain, binds
to a conserved DNA sequence PyGPyGG where Py can be
either cytidine or thymine (19, 20). The three-dimensional
structure of the PEBP2/CBF Runt-domain bound to DNA
indicates only 20 interfacial contacts with the DNA in a 27
kD complex (20). These contacts are deemed insufficient to
unambiguously define the protein/DNA interface. The appli-
cation of heteronuclear NMR to DNA in the utility of the
instant application reveals important new information which
further delineates the sites of protein/DNA interaction. A



























