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in the conventional buffer system both DNA and RNA
were degraded {lane c).

In a study to see if the modified buffer protects the
DNA against a challenge of purified DNase, the DNA
and RNA pellet dissolved in this buffer was treated with
0.4 units of DNase (Sigma) for every 30 ul of sample
and incubated at 37°C for 30 min. Similar treatment
was given to a pellet dissolved in TE. Electrophoretic
separation (Figure 2) on agarose gel revealed that DNA
remained intact (lane b) and thus protected in the
modified buffer, but suffered degradation (lane c¢) in TE.
A possible explanation of inhibition of DNase 1s
removal of otherwise essential free magnesium 10nS
from the reaction by an equilibriumn ion exchange
phenomenon’ resulting in formation of a magnesium
citrate complex.

It has also been observed in another set of
experiments that (i) DNA remains unaffected n the
modified SSC buffer even when RNase is added to a
final concentration of 200 pg/ml, (i) decreasmg the
concentration of sodium citrate to 0.04 M does not
always protect the DNA against the contaminating
DNase.

The DNA in the modified SSC buffer was later
extracted with phenol and chloroform and precipitated
with ethanol. The pellet dissolved in TE was success-
fully nick-translated using the BRL kit, which conftrmed
that the DNA is in good condition. The DNA 1n the
modified SSC buffer was preserved at room temperature
for one month without any visibie change in electro-
phorefic pattern.

Our method 1s eifictent, simple (as heating and
cooling 1s dispensed with) and time-saving. It 15 a
promising method for overcoming the problems
associated with contaminating DNase in commercial
preparations of pancreatic RNase and enables safe
isolation and preservation of DNA.
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NMR recipe for sequencing short DNA
fragments
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A new recipe has been described for determination of the
base sequence in short DNA segments by two-
dimensional NMR spectroscopy. The recipe is based on
(i) A,T,G,C-distinguishing criteria obtained by analysis
of chemical shifts of the non-exchangeable protons and
(ii) cross-peak patterns in two-dimensional COSY and
NOESY spectra. The base H8 and sugar H2" chemical
shifts have been found to be characteristically dependent
on the base type to which they belong and the patterns of
H8-H2" cross-peaks in NOESY allow determination of
sequence of bases in DINA segments.

WE describe here a novel application of two-dimensional
NMR spectroscopy’?, namely sequencing of DNA
segments. The 2D-NMR methods of significance here
are J-correlated spectroscopy (COSY)P'* and nuclear
Overhauser effect correlated spectroscopy (NOESY):°.
The ‘cross-peaks’ in COSY display J-coupling {through
bond} correlations while those in NOESY display
dipolar coupling (through space) correlations and carry
pr‘gximity information (interproton distance less than
3 A),

There are basically two steps 1in the sequencing
procedure: (1) nucleotide units A, T, G and C must be
distinguished 1n the two-dimensional spectrum, and
(11} adjacent nucleotide units in the sequence must be
identified.

The nucleotide units C and T are readily distinguish-
able from the 2D COSY and NOESY spectra via the
characteristic CH6-CHS and TH6-TCH, cross-peaks,
which appear 1n distinct and identical regions m both
the spectra. Further, due to the relatively large CH6-
CHS coupling constant (& 7 Hz) the cross-peaks
originating from CH6 protons often appear as doublets
in the NOESY spectrum. As regards A and G, although
these units do not display such characteristic features in
the 2D spectra, we observed from a statistical analysis
of published chemical shift data on various right-
handed double-helical DNA segments’ ~%#, that they
can be distinguished on the basis of chemical shifts of
base H8 and sugar H2" protons (Figure 1). In Figure
1,a, the chemical shifts of H§/H6 protons of the bases
A, G, T and C in different DNA segments have been
plotted against their positions along the sequence;
Figure 1,b shows a similar plot for the H2” protons. In
both these cases, the A and G nucleotides have
markedly distinct chemical shifts, irrespective of position
along the sequence or nature of the sequence. A few
terminal units deviate from this rule but they can be
readily identified (seec below).
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&, Chemical shifts of H8 or H6 protons of bases A, G, T, C, plotted against the position of the respective nucleotde unit

along the sequence in various DNA segments. Secondary structure studies of these DNA segments have been published during the
last five years’ 2% The selected DNA segments varied from 6 to 19 nucieotides in length, and the spectra from which the chemical
shift data basc was prepared, were recorded under roughly simiiar experimental conditions of pH (=7.0), salt concentration (0.01-
0.1 M), temperature (20 35°C, ie. below melting lemperaturé}, etc. All the DNA segments had duplex structure but exhibited
localized sequence-specific variations. All of them were right-handed double helices with overall topology ranging from B DNA te
midway between A and B DNA structures. The bases are discriminated by different symbols: A (4), G (@),°C (x) and T (C).
b, Chemical shifts of H2" protons, piotted in a similar fashion as in a.

Having thus obtained a discriminating criteria for
A, G, T and C, we have devised a strategy based on 2D-
NOESY spectra, for identifying adjacent nucleotide
units in a given molecule. The useful spectral region
covers the chemical shifts of H8/H6 protons along the
w, axis and those of H2'/H2" and CH, protons along
the w, axis. However, peaks originating from H2'
protons can be clearly identified'’, and can be excluded
from the analysis. We shall label the above region as
the RISD (region of interest for sequence determination).
When a NOESY spectrum is recorded with a sufliciently
long mixing time (= 300400 ms), the RISD will contain
the cross-peaks (H8/H6), - (H2");, (H8/H6), —»(H2"),_,,
(TCH.,), = (H6), and (TCH,); - (H8/H6),_, (i increases
from the S-end to the 3-end). From this, the -
terminal (H8/H6) proton and the 3'-terminal H2"
proton can be readily identified, since each of these
protons produces only one H8/H6-H2" cross-peak.
Every other H2” proton generates two such peaks,
namely {H2"),—(H8/H6); and (H2"),~(H8/H6);,, and
thus allows identification of adjacent nucleotide umits.

Figure 2 shows the approximate positions of
H8/H6->H2" and H8/H6-TCH, cross-peaks in the
RISD for all possible dinucleotide segments. Clearly, in
any given RISD all dinucleotide stretches can be readily
identified: CT/T'C discrimination which is not possible
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from H8/H6~H2" peaks is possible from TH6-TCH,
cross-peaks. Further, the RISD also allows idenfification
of adjacent dinucleotide segments with a common
partner; this is illustrated in the Figure 2 by dashed
vertical lines joining the peaks belonging to the
common units in triplets ATA and ACG. Thus, in a
given molecule the complete sequence can be read out
from H8/H6--+H2" peaks is possible from TH6—TCH,
cross-peaks. Further, the RISD also allows identification
joining the adjacent pairs with a common partner by
vertical lines as Indicated above. Such a pattern of
horizontal and vertical lines may be abbreviated as
SDCP (sequential dinucleotide connectivity pattern). In
a given RISD, there will be only one SDCP if the
molecule is self-complementary, and two patterns—of
the same length—if the two strands of the duplex have
different sequences. In the latter case, the Sequence
derived from the two patterns will be complementary.
In both cases, the total number of As equals the total
number of Ts and the total number of Gs equals the
total number of Cs. These factors provide additional
checks for the validity of the derived sequence and any
error m A, G discrimination can be immediately
identified.

Figure 3 illustrates the above methodology with an
experimental spectrum taken from the literature'*. We
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Figare 2. Schematic display of H8/H6 =+ H2” and H8/Hé -+ TCH,
cross-peaks in the RISD for all possible dinucleotide segments. The
spectral region is divided into subregions in accordance with the
chemical shift information in Figure 1, pairs of peaks belonging to
individual dinucleotide segments ar¢ joined by honzontal lines. In
reality the RISD also contains peaks originating from H2' proton and
these must be clearly distinguished. This discrimination can be easily
obtained from NOESY spectra recorded with short mixing time
(<100 ms)'®. In each box, the relative positions of the peaks is not
significant (they have been chosen arbitrarily for clarity). For
example, the A peak of AT could be above or below the A peak of
the AG segment. Accordingly, the positions of the two horizontal
lines may get reversed, but will remain in their respective domains.
Dashed vertical lines illustrate identification of adjacent dinuclectides

with a common partner. Peaks originating {romm CH6 are shown as
dcublets.

have purposely taken a spectrum from work belonging
to another laboratory to minimize our bias about the
molecule. For the reader, the sequence is unknown and
therefore, there is no bias about the analysis. The
spectrum in Figure 3 represents the RISD without the
peaks arising from the TCH, protons. Two cytosines
can be identified straightaway from their doublet
patterns. A total of ten base protons can be eastly
counted and, in every case, all the expected peaks to
H2'/H2" are clearly distingwishable. The thick vertical
arrow identifies the base proton (H8) of the 5'-terminal
nucleotide and indicates the beginning of SDCP. ¥From
another set of COSY and NOESY spectra it was
concluded that the H2" proton resonates downfield of
the H2' proton in all the cases. Using this information,
nine dinucleotide pairs originating from H2" proton
connectivitiess have been i1dentified and joined by
horizontal lines in the figure. They have been assigned
in accordance with Figure 2 and their assignments are
indicated above the honzontal lines. The adjacent
dinucleotide pairs with a common partner have then
been identified and joined by vertical dashed lines.
From these, the sequence can be readily obtained as d-

1258

H8/H6

Figure 3. Experimental demonstration of the sequencing procedure.
The 2D NOESY spectrum shows NOE cross-peaks between H8/H6
protons and H2'/H2" protons. Peaks originating from H2" protons
are joined by horizontal lines and their assignment to specific
diucleotide segments are shown above the lmes. Adjacent dinucleg-
tide pairs with common partners are joined by dashed vertical lines at
the chemucal shift posifton of the common base proton. The thick
vertical arrow Identifies the H8 proton of 5'-terminal nucieotide and
indicates the beginning of SDCP. The thick horizontal armrow
identifies the H2" proton of the 3'-termminal nuclectide and indicales
the end of SDCP in the spectrum. The NOESY spectrum has been
taken from the literature!’. Experimental conditions are: mixing
time = 300 ms; temperature=28°C, pH="170.

GCATTAATGC. This 1s indeed the true sequence of
the molecule!>.

The above approach has also been successtully tested
on a few DNA segments. An important requrement for
the successful application of the proposed procedure 1s
that the cross-peaks shouid be well separated in the
NOESY spectrum. In this context use of the modern
NMR techniques such as selective pulse techniques?’
and three-dimensional techniques®**:?° may be envi-
saged. Experimental conditions must also be suitably
adjusted to ensure right-handed duplex structure for the
molecule; other physical techniques such as circular
dichroism will be helpful in this regard. Observation of
imino proton resonances in H,O spectra will help
confirm the duplex state of the DNA segment.

The NMR method of sequencing DNA segments also
has some limitations. (i) At present the size of DNA
segment has to be less than 20 base pairs; this arises
due to large line width (short T,) problems and
insufficient resolution in the spectra. (i} Repetitive
sequences such as AAAAATTTTT or GGGGGCCCCC
are difficult to handle. (ili) Abnormal synthetic
sequences such as hair pins or loop structures are not
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amenable to analysis because of their modified chemical
shift patterns.
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