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SEQUENCING METHOD USING MAGNIFYING TAGS

The present invention relates to new methods of
sequencing in which the information embodied by each
5 base 1s effectively magnified, and methods which are
particularly suitable for sequencing long nucleic acid
molecules in which sequénce information for portions of
the séquence and details on the portions' positions
within the sequence is combined, and kits for performing
10 such methods.

Ever since Watson and Crick clarified the structure
of the DNA molecule in 1953, genetic researchers have
wanted to find fast and cheap ways of sequencing
individual DNA molecules. Sanger/Barrell and

15 Maxam/Gilbert developed two new methods for DNA
sequencing between 1975 and 1977 which represented a
major breakthrough in sequencing technology. All
methods in extensive use today are based on the
Sanger/Barrell method and developments in DNA sequencing

20 in the last 23 years have more or less been
modifications of this method.

In 1988, however, DNA sequencing technology
acquired an entirely new focus. Led by the'US, eighteen
countries joined together in perhaps the largest

25 individual project in the history of science, the
sequencing of the entire human genome of 3x10°bp (the
Human Genome Project, also called HGP), in addition to
several other smaller genomes. As of today, the
objective is to be finished during the year 2003. 1In

30 spite of the fact that the project ties up large
scientific resources and carries a large price tag, the
gains of the project are considered sufficiently
important to justify the cost.

. An 1mportant part of the project is to develop new

35 methods of DNA sequencing that are both more reasonably
priced and faster than current technology. 1In

principle, these can be divided into gel-based
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(primarily new variants of the Sanger/Barrell method)
and non gel-based techniques. The non gel-based
techniques probably have a greater potential and mass
spectrometry, flow cytometry, and the use of gene chips
that hybridize small DNA molecules are some of the
approaches that are being tested. Methods that are
substantially better than current methods would result
1n a revolution not only for gene research but also for
modern medicine since they would provide the opportunity
for extensive patient gene testing and may play an
lmportant role in identification and development of
drugs. The economic potential of such methods are
naturally very great.

Using the currently known sequencing techniques, it
has proved difficult to extend the length of the
sequences that can be read for each sequencing reaction,
and most methods used today are limited to about 7-800
base pairs per sequencing reaction. Nor is it possible
Lo sequence more than one sequence per sequencing
reaction with the methods widely used today.

To sequence many or long sequences, it is generally
necessary to perform many parallel sequencing reactions
(e.g. to sequence a diploid human genome of 6 billion
base pairs, several million parallel sequencing
reactions would be necessary). This is a considerable
bottleneck because the total number of processes, the
use of enzymes and reagents, the number of unique
primers required, etc. are often directly proportional
to the number of sequencing reactions that have to be
performed. Furthermore, resources often have to be
devoted to sequencing overlapping sequences. In
addition, different types of organisation work must be
performed, such as setting up and sorting a DNA library.
It 1s also necessary to expend resources in order to
1solate a possible target sequence if it is found among
other sequences.

In order to i1llustrate the fundamental problems
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that limit the length of sequencing reactions, it is
appropriate to divide the sequencing methods currently
used and under development into two large groups (there
are 1ndividual methods that fall outside this division,
put they represent a small minority). In the first
group, we have methods based on the size range of
polynucleotides. The starting point is to make one or
more polynucleotide ladders in which all molecules have
one common and one arbitrary end. For example, the
classical sequencing methods of Sanger and Maxam-Gilbert
are based on four sequence ladders that represent each
of the four bases A, C, G, and T.

The limiting factor with respect to the length of a
sequencing reaction that can be read is that one must be
able to distinguish between polynucleotides that only
vary with one monomer. The longer the polynucleotides
in the sequence ladder, the smaller the relative
differences 1n size between the polynucleotides. Most
of the methods for determining the size of molecules
thus quickly reach a limit where it is not possible to
distinguish between two adjacent polynucleotides.

In the other group the methods are based on a
different principle. By identifying short pieces of
sequences that are present in a target molecule, the
target sequence can be reconstructed by utilising the
overlaps between the sequence pieces.

Thus, in many sequencing methods target molecules
are fragmented into smaller pieces, the composition of
each fragment 1s deduced and by finding overlapping
sequences the original sequence is constructed. For
example, microarrays have been created with 65,536
addresses where each address contains unique octamers.
All permutations with octamers (44=65,536) are thus
covered. If the target molecules then are tagged with
fluorescence and hybridised with the octamers, the
information about what sequence pieces are present in

the target sequence can be obtained by registering the
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addresses that have been labelled with fluorescence.

An i1mportant limiting factor with respect to the
length of sequencing reactions that can be read is the
following combinatorial problem. The longer the
sequencing reaction that is to be performed, the longer
the sequence pieces must be in order to make
reconstruction of the target sequence possible.
However, the number of permutations that have to be
tested 1ncreases exponentially with the length of the
sequence pieces that are to be identified. This
increases the need for unique addresses on the
microarrays in a corresponding manner.

An alternative use for microarrays is resequencing
of known sequences, e.g. by screening for gene mutations

in a population. For this purpose, oligonucleotides can

be adjusted to the known sequence so that the number of
addresses required can be reduced and the length of the
sequence pieces that are identified can be increased.
However, designing microarrays for specific purposes is
expensive and resource demanding, and at present there
are only microarrays for a few DNA sequences. Since the
human genome consists of somewhere between 100-140, 000
genes, 1t would be very resource demanding to mass-
sequence human genomes in this manner.

Another disadvantage with using microarrays is that
the limitations of current construction technology (e.qg.
photolithography) does not make it possible to create
pixels of less than about 10x10 micrometers. Thus, only
a fraction of the resolution potential of the
fluorescence scanner is utilised. Current fluorescence
scanners are capable of distinguishing pixels of 0.1 x
0.1 micrometer, which means that microarrays can contain
10,000 times as much information as they currently
contain.

It would therefore be advantageous to develop new
methods/principles of identifying long sequence pieces

where the combination problems mentioned above could be
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avoided. It would likewilise be advantageous to develop
new methods/principles that make it possible to sequence
long target sequences without having the length of the
sequence pileces that must be identified increase
exponentially with the length of the target sequence.

Another sequencing method (for example as embodied
in US patent application No. 5,714,330) that is based on
identification of sequence pieces consists of
distributing fragmented target DNA over a reading plate.
Thereafter, the target DNA 1s treated so that a
fluorescence signal representing one or several of the
first base pairs 1s fixed to the target DNA. The
fluorescence signals for each position 1s read before
the procedure 1is repeated with the next base pair(s) in
the target DNA. When the DNA molecules have fixed
positions on the reading plate, it becomes possible to
construct longer pieces with sequence information by
running several cycles.

The ability to read several base palirs per cycle is
limited because the number of unique fluorescence
signals that are required increase exponentially with
the number of base pairs. In order to read one base
pair, four colours are required, two requires 16, three
requires 64, etc. It 1s uncertain whether current
technology makes i1t possible to distinguish between 64
different fluorescence colours. Regardless, the demands
on reading time and the costs would i1increase
considerably with the use of multiple colours. The
solution would then be to perform many cycles. This 1in
turn means an increase in the number of enzymatic steps
and fluorescence readlngs.

Even if it were possible to identify relatively
long pieces of sequence with the above-mentioned
strategy, important problems would be encountered in the
reconstruction. Biological DNA is very non-randomised
in its composition. Short and long sequences are often

repeated in several places on a "macro" and
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“microscopic” level. Reconstruction 1s particularly

difficult 1n areas with repetitive DNA sequences. These
can often be of biological interest; e.g. the length of
trinucleotide “repeats”.

A new approach which allows the above mentioned

problems to be overcome has now been developed.

Surprisingly 1t has been found that i1f sequence

information is obtained which i1s linked to positional

information (ie. information of the positlion of that
sequence within a target sequence), long sequences can be
identified accurately. Furthermore, the present i1nvention

g,

provides new methods of sequencing which may be used with

or without positional i1nformation in which the signal

assoclated with one or more bases 1s amplified, referred

to herein as magnification.

Thus according to a first aspect the present
invention provides a method of sequencing all or part of a
target nucleic acid molecule comprising at least the steps
of:

a) determining the segquence of a portion of said nucleic
acid molecule;

b) determining the position of said portion within said
nucleic acid molecule; and

c) combining the information obtained 1n steps a) and b)
to obtain the sequence of said molecule.

F

In accordance with one aspect of the present

invention there 1s provided a method of converting all or
part of a target nucleic acid molecule into a magnified
signal or sequence comprising at least the steps of:

a) 1f not already 1n a form suitable for binding an
adapter molecule, converting at least a portion of saild
target sequence to a form suitable for binding said

adapter molecule; b) binding to at least a portion of said

region sultable for binding an adapter molecule an adapter

molecule comprising one or more magnifying tags, or

comprising a means for attaching one or more magnifying

tags, which tags represent a detectable signal or seguence
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that corresponds to one or more bases of said target
sequence, wherein 1f the magnifying tag i1s a nucleic acid
sequence, it comprises at least two bases; c¢) if not

already attached, attaching one or more of sald magnifying

tags to said adapter molecule; d) 1f required, when the

target molecule 1s double-stranded, ligating sald adapter

ﬁ

molecule to the strand of the target molecule to which it

1s not bound such that at least said magnifying tags
remain assoclated with said target molecule; e) repeating
steps a) to d) wherein said adapter molecule binds to a
further or overlapping region of said target molecule
wherein saild adapter molecules and hence sailid magnifying

r——

tags of each cycle of steps a) to d) form a single chain

comprising a defined series of magnified signals or
segquences.

Conveniently, the sequence and position of multiple
portions are determined and this information i1s combined.

As used herein the target nucleic acid molecule

refers to any naturally occurring or synthetic

polynucleotide molecule, e.g. DNA, such as genomlc or
cDNA, RNA, e.g. mRNA, PNA and their analogs, which were
appropriate may be single, double or triple stranded. The
part to be sequenced preferably comprises all of the
target molecule, but may for example be less than the

entire molecule, e.g. between 4 bases and 1lkb, e.g. 4 to
100 bases.
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Preterably the portion which is sequenced has 4 or
more bases and/or the position of said portion within
sald target molecule is determined with an accuracy of
less than 1 kb (ie. to a resolution of less than 1kb) ,
particularly preferably less than 100 bases, especially
preferably less than 10 bases. At a resolution of a few
kKb or better, it is usually not necessary to obtain
sequence 1nformation on fragments of longer than 8-10
bases which 1s readily achieved by the methods described
herein.

Sequence information may be obtained in any
convenient manner and is appropriately obtained for one
Or more bases, especially preferably 2 or more bases,
e.g. 2 to 20 bases, conveniently 4 to 10 bases. As will
be appreciated it is imperative that the sequencing
technique described above which relies on placement of
the sequence portions within the target molecule, allows
the retention of positional information which may be
assessed simultaneously or separately to the sequence
information. A number of appropriate techniques are
described below.

Positional information may similarly be obtained in
a number of convenient ways and these methods are also
described below.

As mentioned above, in this aspect of the
invention, the sequence which is obtained must be
informationally linked to its position in the target
sequence. This may be achieved in a number of ways, for
example by sequencing the end or internal region of a
nucleic acid molecule and establishing its position by
reference to a positional indicator which may for
example be the size of the molecule (e.g. length or
volume), the 1intensity of a generated signal or the
distance to a positional marker or anchor. Sequence
information may be obtained by conducting one or more
cycles of a sequencing reaction.

As mentioned previously, one of the difficulties in
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sequencing long molecules is that it becomes
increasingly difficult to distinguish the different
relative sizes of molecules which vary only by a single
base as they become longer. In one embodiment, the
present invention overcomes this particular problem by
"magnifying" the difference in size, intensity, length
or signal between molecules. Thus, in a preferred
aspect the present invention provides a method of
sequencing all or part of the sequence of a target
nucleic acid molecule wherein 2 or more bases (e.g. 3 or
more, preferably 4 or more) are sequenced per cycle of
sequencing and/or the signal associated with each base
1s magnified.

As used herein a "cycle" of sequencing refers to
execution of the series of steps resulting in an end
product which may be processed to obtain sequence
information, e.g. by generating or reading a signal
therefrom. Preferably in magnification and sequencing
reactions described herein more than one cycle is
performed, e.g. 2 or more cycles, especially preferably
more than 4 cycles, e.g. up to 10 cycles.

"Magnification" of a signal associated with a base
refers to enhancement of a signal which is associated
with, or may be attributed to, a single base. This may
for example be an increase in size (where the signal is
the size of the base) or development of a new signal,
e.g. the addition or association of a label or other
signalling means with that base.

Increasing the length of the sequence portions that
are ldentified can compensate for low precision in size
determination. Thereby, the potential of mass
spectrometry, gel sorting and similar methods can be
utilized, at the same time as enabling the use of
methods of size determination that currently are not
sufficiently precise, e.g. flow cytometry, DNA

stretching, etc.

Magnification of the difference between molecules
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can be achieved in a number of ways. Firstly, several

bases may be sequenced (e.g. 4 or more) per cycle such
that the resultant molecules differ in length by 2 or
more bases and can hence be discriminated e.g. in a

sequencing ladder which simultaneously provides
positional information (see for example Example 17).

Alternativély the information embodied by each base may

be magnified making discrimination easier. Examples of

these different techniques are described below.

Sequencing of 2 (e.g. 4) or more bases per cycle

can be performed by any convenient technique. In

sequencing methods relying on positional information,
any technique may be used providing the sequence
information which is obtained can be related back to the

position of those bases within the target molecule. 1In

such cases, for example, hybridization to complementary

probes (e.g. carried on a solid support) may be employed
in which the identity of the probes to which the target

molecules are bound are indicative of the terminal

sequence of a target molecule. For example solid
supports carrying probes complementary to all 2-base
permutations, 1le. carrying 16 different probes may be

used. Similarly, probes to all 4-base permutations, ie.

256 different probes could be attached to a solid

support for capture of target molecules with
complementary sequences.

In an exemplary procedure, all target molecules

that do not end with AAAA (when the probe ends in TTTT)

would not bind and would be removed. Similarly at other

addresses, target molecules having particular end

sequences would bind selectively. The target molecules

may be double stranded (with single stranded overhangs)
or single stranded such that sequences could be bound to
and ldentified at the terminal ends or also internally,
respectively. If PNA was used as the complementary
probe, since such molecules are able to bind to double

stranded forms, 1internal sequences of double stranded
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forms could also be bound. In general termsg this
technique is referred to herein as sorting based on one
or several end base pairs and may be performed in one or
more cycles. This technique may be coupled to other
techniques as described herein.

As a reverse of the above described technique,
sequencing may be performed by fixing single stranded
target DNA to a solid substrate. The target DNA may
then be mixed and hybridized, for example with 16-
fragment adapters. Adapters are described hereinafter,
but generally refer to molecules which adapt the target
sequence to a signal-enhanced or magnified target
sequence. Adapters that have not been hybridized are
then washed away from the solution. This leaves only
adapters with overhangs that are complementary to the
single strand DNA. With the aid of for example the
analysis methods described herein one can establish
which adapters remain in the solution and consequently
what sequence pieces of 16 base pairs are contained in
the DNA.

This sequencing technique represents a preferred
feature of the i1nvention when performed in conjunction
with positional information or when used as a sequencing
technique alone. In this method the information carried
by a single base 1s magnified, e.g. by multiplication of
that base or replacement or enhancement of that base
with a magnifying tag which can be used to generate a
signal. (Magnification as referred to herein is also in
some instances referred to as "conversion".)

Magnification of a target nucleic acid molecule may
be achieved by multiplying, e.g. doubling a target
molecule, or portion thereof containing the portion to
be sequenced, one or more times. It will be appreciated
that detecting the differences between molecules of e.qg.
10 and 11 bases is more difficult that detecting the
difference between magnified molecules of 320 and 352

bases (doubled 5 times). The principle of doubling can
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therefore be used, e.g. to improve most DNA analysis
methods. One appropriate technique for achieving this
1s described in Example 11. Other appropriate
techniques may also be used.

This method can therefore be used to improve most
methods based on detecting size differences between
nucleic acid molecules, e.g. gel or non-gel based
techniques. This strategy also makes it possible to
analyse nucleic acid material using techniques that are
not sensitive enough to distinguish the difference of 2
few base pairs. For example, an improved Maxam-Gilbert
method is possible in which a single stranded nucleic
acid molecule (e.g. with 5'-biotin) is attached to a
streptavidin bearing plate. Sequencing is then
conducted and the plates washed after which the
resultant nucleic acid molecules are doubled, e.g. 10
times, resulting in steps of 1024 base pairs. These
lengths may be determined by one of the analysis
techniques described below.

Thus viewed from a further aspect the present
invention provides a method of sequencing all or part of
a target molecule as described herein wherein the signal
assoclated with each base (or more than one base) is
magnified by increasing the number of times that said
base appears 1n said sequence.

As used herein the "signal" attributed to a
particular base (or more than one base) refers to the
possibility of detecting that base (or collection of
bases) by virtue of its properties either directly or
indirectly. Thus this could refer to its properties of
for example size, charge or spatial configuration which
might be detected directly or indirectly or by
assocliation of one or more further molecules, e.q.
labelling moieties with said base from which a signal
may be generated directly or indirectly. Thus a signal
may be provided which may be detected directly or a

signalling means may be provided through which a signal
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may be generated. The signal may be unique to more than
one base, ie. the signal may be indicative or
representative of a pair of bases, e.g. a signal for AA
may be used which is different to the signal used for AT
etc. Different mechanisms for associating such
molecules and signals that may be generated are
described 1n more detail below.

A further preferred magnification technique
involves the association of one or more unique signals
(or means for producing such signals) with one or more
bases 1n a sequence. When said signals are associated
with more than one base, this may be achieved by using a
series of signals (or signalling means) each
corresponding to one or more bases or a single signal
(or signalling means) unique to two or more bases.
Conveniently these signals are carried on magnifying
tags which may become attached to the sequence through
an adapter molecule. "Asgsociation" as used herein
refers to both replacement of said base (or more than
one base) with said signal (or signalling means) or
addition of said signal (or signalling means) to said
base (or more than one base) such that they coexist.

The signal (or signalling means) need not necessarily be
attached directly to (or specifically replace) the base
(or more than one base) with which it is associated and
asgsoclation may be indirect, e.g. through the
intermediacy of one or more further molecules.
Association may be through any appropriate chemical
lnteractions, e.g. hydrophobic, ionic, covalent etc.,
but preferably 1s by covalent interaction with the
target nucleic acid molecule or associated molecule.

"Corresponding" as used herein refers to the
relationship between a base and a signal, for example as
provided by a magnifying tag, which may be read as
indicative of the presence of that particular base.
Alternatively in the context of the mapping procedure

this refers to the relationship between a nuclease and a
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signal used as a marker indicative of cleavage with that
nuclease.

As used hereiln a "magnifying tag" is a single
molecule or complex of molecules which comprise a tag
portion which provides a means for generating one or
more signals, e.g. carrying a label or a site to which a
label may be bound. Means for generating one or more
signals may be incorporated in instances in which
information other than sequence information is required,
e.g. as an 1ndicator of information relating to the
target molecule or the cleavage protocol which is used.
A magnifying tag may inherently carry a further portion
for specifically associating with one or more nucleotide
bases, e.g. when the magnifying tag is a polynucleotide.
In this case the tag is considered to additionally
comprise the adapter as described herein.

Alternatively, the magnifying tag may be attached to, or
contain means for attachment to, an adapter which allows
binding to a target sequence.

In general terms an example of the process may be
described as follows. Base pairs in the target nucleic
acid material are associated with four different tags
(hereafter called magnifying tags) that represent each
of the four bases Adenine, Cytosine, Guanine, and
Thymine. Thus, where there was an A-T base pair
"magnifying tag A" is associated, C-G is associated with
"magnifying tag C", etc. Thereby new DNA molecules are
generated where the original base order of e.g. ACGTT is
augmented by "magnifying tag A" - "magnifying tag C" -
"magnitfying tag G", etc. Each magnifying tag provides a
means of producing a signal and may in a preferred
feature be a polynucleotide molecule. In that case the
length of the four tags may vary from two base pairs to
several hundred kbp (or more i1if desired), according to
requirements. Correspondingly, the DNA fragments can
contaln reporter genes and other biological information

or consist only of sequences without a known biological
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function.

Any convenient magnifying tag may be used, but it
is of course imperative for sequencing purposes that at
least 4 unique tags exist, ie. for each base. Of course
the tag to be used depends on the sequencing technique
and, where this i1s performed, the method used to extract
the positional information.

Tags may be provided in a number of alternative
forms. The tag has means for direct or indirect
detection through the generation of unique signals, ie.
the tag comprises one or more signalling means.
Fluorescence, radiation, magnetism, paramagnetism,
electric charge, size, and volume are examples of
properties with which the magnifying tag pérticles can
be equipped 1n order to be able to detect them and
separate them from each other. These properties may be
present on one or more labels present on the magnifying
tags, the signals from which may be detected directly or
indirectly. Appropriate labels are those which directly
or 1ndirectly allow detection and/or determination of
the magnifying tag by the generation of a signal. Such
labels i1nclude for example radiolabels, chemical labels
(e.g. EtBr, TOTO, YOYO and other dyes), chromophores or
fluorophores (e.g. dyes such as fluorescein and
rhodamine), or reagents of high electron density such as
ferritin, haemocyanin or colloidal gold. Alternatively,
the label may be an enzyme, for example peroxidase or
alkaline phosphatase, wherein the presence of the enzyme
1s visualized by its interaction with a suitable entity,
for example a substrate. The label may also form part
of a signalling pair wherein the other member of the
pair may be introduced into close proximity, for
example, a fluorescent compound and a quench fluorescent
substrate may be used.

A label may also be provided on a different entity,
such as an antibody, which recognizes at least a region

of the magnifying tag, e.g. a peptide moiety of the
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magnifying tag. If the magnifying tag is a
polynucleotide, one way in which a label may be
introduced for example is to bind a suitable binding
partner carrying a label, e.g. fluorescent labelled
5 probes or DNA-binding proteins. Thus, alternatively the
tag may carry a molecule or itself be a molecule to
which a label may be attached, e.g. by virtue of its
sequence. Labels may be attached as single molecules or
in the form of microparticles, nanoparticles, liposomes
10 or other appropriate form of carrier.
In a preferred aspect, the magnifying tags are
themselves nuclelc acid sequences of at least 2 bases,
e.g. from 30 to 1000 bases, preferably 6 to 100 bases,
especially preferably 10 to 30 bases in length. These
15 sequences may have one or more labels attached to them,
e.g. by the use of fluorescing probes, proteins and the
like complementary to that sequences, from which one or
more signals may be generated. Alternatively, proteiln
molecules may comprise the tag or be attached to the tag
20 and may be recognized, e.g. by immunoreagents or by
another appropriate binding partner, e.g. DNA: DNA-
binding proteins. Other properties of such tag
molecules may also be examined, e.g. cleavage patterns
(by restriction enzymes, or proteinases), charge, size,
25 shape etc.
The magnifying tags may also contain information by
virtue of 1its sequence which can be used to generate a
signal. Thus, another alternative strategy is to create
chains that contain reporter genes, cis-regulatory
30 elements, and the like. These can then be
transfected/transformed into cells where the composition
of e.g. reporter genes or cis-regulatory elements are
converted i1nto one or several signals. Whilst this
technique requires a transformation/transfection step,
35 the cells may be programmed to perform the complete
sequencing reaction including the conversion step (ie.

the addition of magnifying tags). A huge repertoire of
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signals may be generated, such as the use of genes
expressing fluorescence proteins or membrane-proteins
that can be labelled with fluorescence, genes expressing
antibiotic resistance etc. Signal quality, quantity
and position can be exploited in addition to changes
with time and other properties to indicate the presence
of particular bases in a sequence.

Conveniently solitary cells are used in these
methods, although multicellular organisms or structures
could also be used. Non-living cell equivalents could
also be used for the generation of the labels or
signals, e.g. using nanotechnology. Where appropriate,
signals which are generated may be directed to different
locations for identification, e.g. by the use of
different promoters. Examples of how this technique
might be performed is shown in Example 18.

Whilst conveniently 4 magnifying tags specific to
each of the nucleotide bases may be used, as mentioned
above, where appropriate magnifying tags which may be
used to generate signals unique to more than one base
may be used. Thus for example, for reading methods
where e.g. 16 different fluorophores can be used, it may
be appropriate to use 16 different tags which are used
to generate 16 different signals that represent all
permutations of two base pairs.

In other contexts, it may be appropriate to use
fewer than four different tags. For example, only two
magnifying tags where one is for A/T while the other is
for C/G. Another alternative is to use less than 4
unique signal events to create 4 magnifying tags which
give rise to 4 unique signals (in instances in which
individual bases are tagged) by virtue of particular
combinations of those signal events. For example,
sequencing 1nformation may be converted into a binary
system. In this system, adenine may be converted to a
series of signal events "0"+"0", cytosine to "Q"4+"1™",

guanine to "1"+"0", and thymine to "1"+"1". In
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