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Figure 1. rRNA depletion from a nucleic acid library using insert-dependent adaptor cleavage {InDA-C).
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(57) Abrege(suite)/Abstract(continued):

provided herein are useful, for example, for the production of libraries from total RNA with reduced ribosomal RNA and for the
reduction of common mMRNA species In expression profiling from mixed samples where the mRNAs of interest are present at low
levels. The methods of the invention can be employed for the elimination of non-desired nucleic acid sequences In a sequence-
specific manner, and consequently, for the enrichment of nucleic acid sequences of interest in a nucleic acid library.
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1 Encare Camplete RNA-Seq library systemis used to generate strand-specific

cDNA libraries from 100 ng of E.cofi total RNA.

(57) Abstract: The present mvention provides methods, compositions and kits for the generation of next generation sequencing
(NGS) libraries 1n which non-desired nucleic acid sequences have been depleted or substantially reduced. The methods, composi -
tions and kits provided herem are usetul, for example, for the production of libraries from total RNA with reduced ribosomal RNA
and for the reduction of common mRINA species in expression profiling from mixed samples where the mRNAs of mterest are
present at low levels. The methods of the mvention can be employed for the elimination of non-desired nucleic acid sequences 1n a

sequence-specific manner, and consequently, for the en

richment of nucleic acid sequences of interest in a nucleic acid library.
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COMPOSITIONS AND METHODS FOR NEGATIVE SELECTION OF
NON-DESIRED NUCLEIC ACID SEQUENCES

CROSS REFERENCE

[0001] This claims the priority benefit of provisional patent application U.S. Serial No.
61/661,293, filed June 18, 2012, all of which 1s incorporated herem by reference 1n 1ts
entirety.

BACKGROUND OF THE INVENTION
[0002] Next generation sequencing (NGS) libraries are collections of DNA fragments whose
nucleotide sequences will be determined. The sources of DNA for msertion into these
libraries are typically genomic DNA that has been fragmented to a desired length, or copies
of the transcriptome from a given cell population. Transcriptome libraries are generated by
making a cDNA copy of an RNA population, creating a complement to each DNA strand,
thereby generating double-stranded DNA, and then ligating the double-stranded DNAS to
library-specific adaptors. The cDNA can be synthesized by using random primers, sequence-
specific primers or primers containing oligo dT tails to prime a population of transcripts that
ar¢ polyadenylated. Frequently, these fragment populations contain DNA that 1s not of
interest to a particular study, and 1n some cases, these non-desired DNA sequences represent
a very significant percentage of the overall DNA population. For example, in whole
transcriptome studies, ribosomal RNA (rRNA) sequences comprise the majority (60-90%)
of all fragments 1n a typical cDNA library, absent steps to remove rRNA from the samples. In
another example, gene expression profiling from peripheral blood 1s primarily concerned with
mRNA from peripheral blood mononuclear cells (PBMCs), which make up less than 0.1 % of
the whole blood sample. Reduction of globin RNA from red blood cells, which make up
majority of the cells 1in the blood sample, 1s desirable 1n such assays.
[0003] In the case of rRNA removal or depletion, three general methods have been described:
1) removal of rRNA from the startimg population; 2) differential priming using oligo dT
primers ( 1.¢. priming polyadenylated transcripts only); and 3) differential priming where
primers complementary to rRNA sequences are specifically eliminated (or under-represented)
in a primer pool (Not-So-Random or NSR primer approach; see Armour ¢t al., 2009).
Priming a total RNA population with primers that only recognize poly(A)-sequences 18
problematic for two reasons. First, it cannot be used with prokaryotic organisms because
prokaryotic mRNAS do not contain poly(A)- sequences at their 3’ ends. Second, even with

cukaryotic RNA samples, many biologically important elements, such as regulatory
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transcripts, are not polyadenylated and are therefore lost from the library with oligo dT
priming. While NSR priming strategics can be effective when designed to specific
organisms, NSR priming can cause distortions in the sample populations when a less
optimized set of primers 18 employed across a broader range of sample types.
[0004] There 1s a need for improved methods for removal of specific non-desired DNA
fragments from NGS libraries. Such methods would 1deally enable starting with an unbiased
template population and eliminating non-desired DNA fragments 1n a sequence-specific
manner after the NGS library has been generated. The mvention described herein fulfills this
need.

SUMMARY OF THE INVENTION
[0005] The present invention provides novel methods, compositions and kits for construction
of NGS libraries 1n which non-desired nucleic acid sequences have been depleted or
substantially reduced. Specifically, an important aspect of this invention 1s the methods and
compositions that allow for elimination or reduction of non-desired DNA sequences 1 a
sequence-specific manner after the generation of a NGS library mm which all sequences of the
starting nucleic acid sequence population (for example, a transcriptome) are represented 1n an
undistorted, unbiased manner. The methods of the invention can be employed for the
climination of non-desired nucleic acid sequences, such as ribosomal RNA, from a nucleic
acid library, and consequently, for the enrichment of nucleic acid sequences of mterest in the
library.
[0006] In one aspect, the invention provides a method for the selective removal of non-
desired nucleic acid sequences 1n a sequence-specific manner from a nucleic acid library with
single-stranded DNA templates. In some embodiments, the method comprises: a) annealing a
sequence-specific oligonucleotide primer or a set of sequence-specific oligonucleotide
primers to the single-stranded DNA templates with adaptors of fixed orientation attached at
cach end, wherem the sequence-specific oligonucleotides are designed to be complementary
to the non-desired nucleic acid sequences or regions adjacent to the non-desired nucleic acid
sequences, and wheremn one of the two adaptor sequences contains a recognition sequence for
a restriction endonuclease specific for double-stranded DNA; b) extending the sequence-
specific primers with a DNA polymerase beyond the adaptor-DNA template junction, thereby
creating double-stranded DNA fragments where the oligonucleotide primers are
complementary to the single-stranded DNA templates ; ¢) treating the population of DNA
fragments (both single-stranded and double-stranded) with a restriction endonuclease specific

for double-stranded DNA, thereby cleaving only double-stranded DNA fragments at the

-



CA 028770%4 2014-12-17

WO 2013/191775 PCT/US2013/032606

adaptor restriction endonuclease site and thus removing adaptor from one end of the
fragments containing the non-desired nucleic acid sequences; and d) performing PCR using
primers specific to each adaptor whereby exponential amplification only occurs when
fragments have both PCR priming sites on the same template, thereby amplifying the desired
nucleic acid sequences only.

[0007] In another aspect, the invention provides a method for the construction of a nucleic
acid library from a sample of interest while retaining an unbiased nucleic acid template
population 1n which all sequences of the starting nucleic acid sequence population are
represented.

[0008] In some embodiments, the invention provides a method for the construction of a
directional (1.¢. strand-specific) nucleic acid library, the method comprising: a) reverse
transcribing an RNA sample; b) generating double-stranded cDNA from a reverse transcribed
RNA sample, wherein during the second strand cDNA synthesis at least one modified
nucleotide 1s incorporated into the second strand of cDNA along the length of the strand; ¢)
performing end repair on the double-stranded cDNA; d) higating adaptors to the double-
stranded cDNA, wherein one of the two adaptors has the modified nucleotide incorporated
into the ligation strand of the adaptor; ¢) performing gap repair; 1) selectively removing the
second strand of cDNA by a suitable degrading agent; and g) removing the degradation
products from the sample, thereby resulting in a library of single-stranded DNA templates
with adaptors of fixed orientation attached to each end.

[0009] In a preferred embodiment, the modified nucleotide incorporated mto the second
strand of cDNA 1s deoxyuridine triphosphate (dUTP), and the degrading agent 1s the nuclease
Uracil-N-Glycosylase (UNG).

[0010] In other embodiments, the nucleic acid library bemng constructed 1s not strand-
specific.

[0011] In some embodiments, the nucleic acid sample of interest comprises total RNA. In
some¢ embodiments, the nucleic acid sample of interest 1s primed using a random primer
population. In other embodiments, the nucleic acid sample of interest 1s primed using a
partially selective primer population.

[0012] In various aspects the invention relates to methods for depleting undesired nucleic
acids from a pool of nucleic acids. Libraries may be prepared with the remaiming nucleic
acids. Nucleic acid depletion and library generation may be performed 1n a strand specific
manner. According to a first aspect, the invention relates to a method for depleting or

reducing specific non-desired nucleic acid sequences from a nucleic acid hibrary, the method
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comprising: (a) generating a nucleic acid library comprising single-stranded DNA fragments
with adaptors of fixed orientation attached to each end of cach DNA fragment; (b) annealing
sequence-specific oligonucleotide probes to the single-stranded DNA fragments with
adaptors of fixed orientation attached at each end, wherein the sequence-specific
oligonucleotide probes are designed to be complementary to the non-desired nucleic acid
sequences, and wherein at least one of the two adaptors comprises a recognition sequence for
a restriction endonuclease specific for double-stranded DNA; (¢) extending the sequence-
specific oligonucleotide probes with a DNA polymerase, thereby creating double-stranded
DNA fragments comprising at least a portion of the non-desired nucleic acid sequences; (d)
treating the population of DNA fragments comprising double-stranded and single-stranded
DNA with a restriction endonuclease specific for double-stranded DNA, thereby cleaving
double-stranded DNA fragments at the restriction endonuclease site; and (¢) performing PCR
with a set of primers specific to the adaptor sequences, thereby amplifying the DNA
fragments comprising the desired nucleic acid sequences. In some embodiments, the method
further comprises an additional step of sequencing the amplified products. In some
embodiments, the nucleic acid library originates from a population of sorted cells. In some
embodiments, the nucleic acid library originates from a single cell. In some embodiments, the
method further comprises sorting cells into a multiwell plate, microarray, microfluidic device,
or shide and thereby generating the population of sorted cells. In some embodiments, the
sorting 1s performed according to a cell surface marker. In some embodiments, the sorting 1s
performed according to optical properties of the cells. In some embodiments, the sorting 1s
performed according to cell size. In some embodiments, the non-desired nucleic acid
sequences comprise bacterial ribosomal RNA, mitochondrial DNA, human globin mRNA,
human cytoplasmic rRNA, human mitochondrial rRNA, grape cytoplasmic rRNA, grape
mitochondrial rRNA, or grape chloroplast rRNA. In some embodiments, the restriction
endonuclease of step d. 1s BspQI. In some embodiments, the DNA polymerase comprises a
hot start polymerase. In some embodiments, the DNA polymerase 1s MyTaq polymerase. In
some embodiments, step (a) comprises 1. reverse transcribing a RNA sample; 1. generating
double-stranded ¢cDNA from the reverse transcribed RNA sample, wherein at least one of the
four ANTPs dATP, dCTP, dGTP or dTTP 1s replaced by a non-canonical ANTP during
second strand synthesis and mcorporated into the second strand; 111. performing end repair on
the double-stranded cDNA; 1v. ligating adaptors to a 5° end of the double-stranded cDNA,
wherem one of the adaptor strands has the non-canonical nucleotide mcorporated mto a

ligation strand of the adaptor; v. performing gap reparir; and 1v. selectively removing the
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second strand by a cleavage agent. In some embodiments, the non-canonical nucleotide
comprises uridine or mosine. In some embodiments, step vi comprises cleaving a base
portion of the one or more non-canonical nucleotides, thereby forming an abasic site. In some
embodiments, the cleavage agent comprises a glycosylase. In some embodiments, the
glycosylase 1s UNG or UDG. In some embodiments, the cleavage agent comprises a primary
amine. In some embodiments, the cleavage agent comprises a polyamine. In some
embodiments, the polyamine 1s DMED. In some embodiments, the cleavage agent comprises
a glycosylase and a polyamine. In some embodiments, the cleavage agent comprises
endonuclease V.

[0013] In a second aspect, the mvention relates to a method of adapter ligation to a pool of
nucleic acids, comprising: (a) ligating a nucleic acid comprising a first nucleic acid strand
comprising a 5’ phosphate, a second nucleic acid strand comprising a 5° phosphate and one or
mor¢ non-canonical nucleotides, with at least a first adapter comprising a first adapter strand
lacking a 5° phosphate and a second adapter strand lacking a 5° phosphate and one or more
non-canonical nucleotides; (b) performing a 3’ extension reaction; and (¢) performing a
cleavage reaction with an agent comprising one or more cleavage reagents, thereby cleaving
at least one nucleic acid strand comprising one or more non-canonical nucleotides; wherein
one of the one or more cleavage agents 18 specific for nucleic acid strands comprising the one
or more non-canonical nucleotides. In some embodiments, the method comprises ligating the
nucleic acid with a second adapter comprising a third adapter strand lacking a 5° phosphate
and a fourth adapter strand lacking a 5° phosphate and one or more non-canonical
nucleotides, wherein the first and the second adapters are different. In some embodiments, the
nucleic acid 1s ligated with a first or second adapter at cach end. In some embodiments, the
non-canonical nucleotide 1s selected from uracil and mosine. In some embodiments, step ¢
comprises cleaving a base portion of the one or more non-canonical nucleotides, thereby
forming an abasic site. In some embodiments, the one or more cleavage reagents comprises a
glycosylase. In some embodiments, the glycosylase 1s UNG or UDG. In some embodiments,
the one or more cleavage reagents comprises a primary amine. In some embodiments, the one
or more cleavage reagents comprises a polyamine. In some embodiments, the polyamine 1s
DMED. In some embodiments, the one or more cleavage reagents comprises a glycosylase
and a polyamine. In some embodiments, the one or more cleavage reagents comprises
endonuclease V. In some embodiments, the method further comprises performing an
amplification reaction comprising a first primer and second primer, wherem the first primer 1s

hybridizable to the first adapter strand and the second primer 1s hybridizable to the fourth
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adapter strand, thereby generating amplified products. In some embodiments, the first adapter
comprises a recognition sequence for a restriction endonuclease specific for double-stranded
DNA. In some embodiments, the method further comprises (d) hybridizing a probe to a
sequence on the first nucleic acid strand, (¢) extending the probe with a DNA polymerase,
thereby producing a partial duplex nucleic acid, and (f) treating the partial duplex nucleic
acid with a restriction endonuclease specific for double-stranded DNA, thereby cleaving
double-stranded DNA fragments at the recognition sequence. In some embodiments, the
method further comprises performing PCR with a set of primers specific to the adaptor
sequences, thereby amplifying at least a second nucleic acid in the pool of nucleic acids. In
some embodiments, the second nucleic acid lacks the sequence 1n step d. In some
embodiments, the method further comprises sequencing a portion of the second nucleic acid.
In some embodiments, the nucleic acid 1s generated by 1. performing a first strand synthesis
on an RNA, thereby forming a first strand synthesis product; and 11. performing a second
strand synthesis on the first strand in the presence of a non-canonical nucleotide, thereby
forming a second strand synthesis product. In some embodiments, the method further
comprises selectively cleaving the RNA. In some embodiments, selectively cleaving the
RNA comprises treatment with RNAse H. In some embodiments, the method further
comprises 111. fragmenting the first and second strand synthesis products, thereby generating
fragmented first and second strand synthesis products; 1v. performing end repair; and v.
performing 5’ phosphorylation. In some embodiments, the pool of nucleic acids originates
from a population of sorted cells. In some embodiments, the pool of nucleic acids originates
from a single cell. In some embodiments, the method further comprises sorting cells mto a
multiwell plate, microarray, microfluidic device, or shide and thereby generating the
population of sorted cells. In some embodiments, the sorting 1s performed according to a cell
surface marker. In some embodiments, the sorting 18 performed according to optical
propertics of the cells. In some embodiments, the sorting 1s performed according to cell size.
In some embodiments, the pool of nucleic acids comprises bacterial ribosomal RNA,
mitochondrial DNA, human globin mRNA, human cytoplasmic rRNA, human mitochondrial
rRNA, grape cytoplasmic rRNA, grape mitochondrial rRNA, or grape chloroplast rRNA. In
some embodiments, the restriction endonuclease 1s BspQI. In some embodiments, the 3°
extension reaction 1s performed using a hot start polymerase. In some embodiments, the 3°
extension reaction 18 performed using MyTaq polymerase.

[0014] In a third aspect, the invention relates to a method of adapter ligation to create a

strand retained library of nucleic acids comprising desired and undesired nucleic acids,
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comprising: (a) mixing pool of templates comprising an undesired nucleic acid comprising
on¢ or more non-canonical nucleotides and a desired nucleic acid comprising one or more
non-canonical nucleotides with a plurality of partial duplex primers each comprising a 3’
overhang, (b) annealing to the templates the plurality of partial duplex primers; (¢)
performing primer extension reaction along the templates, thereby forming double-stranded
nucleic acids each comprising a primer extension product, (d) ligating an adapter to at least
onc 5’ end of the primer extension products; and (¢) cleaving the templates from the double-
stranded nucleic acids with a cleavage agent that 1s specific for nucleic acids comprising the
on¢ or more nucleotides. In some embodiments, the plurality of partial duplex primers
comprise at least two partial duplex primers with dissimilar 3° overhang sequences. In some
embodiments, the plurality of partial duplex primers comprise a shared sequence within a
double-stranded portion. In some embodiments, the method further comprises a step
comprising performing a primer extension reaction along the adapter. In some embodiments,
step € comprises cleaving a base portion of the one or more non-canonical nucleotides,
thereby forming an abasic site. In some embodiments, the cleavage agent comprises a
glycosylase. In some embodiments, the glycosylase 1s UNG or UDG. In some embodiments,
the cleavage agent comprises a primary amine. In some embodiments, the cleavage agent
comprises a polyamine. In some embodiments, the polyamine 1s DMED. In some
embodiments, the cleavage agents comprises a glycosylase and a polyamine. In some
embodiments, the cleavage agent comprises endonuclease V. In some embodiments, the one
or more non-canonical nucleotides comprise uracil or mosine. In some embodiments, the one
or more non-canonical nucleotides comprise uracil and mosine. In some embodiments, the
pool of templates 1s generated by 1. performing a first strand synthesis on an RNA 1n the
presence of the one or more non-canonical nucleotides, thereby forming a first strand
synthesis product and 1. performing a fragmentation reaction. In some embodiments, the
method further comprises selectively cleaving the RNA. In some embodiments, selectively
cleaving the RNA comprises treatment with RNAse H. In some embodiments, the
fragmentation reaction comprises utilizing a cleavage agent targeting the one or more non-
canonical nucleotides. In some embodiments, fragmentation reaction comprises cleaving a
base portion of the one or more non-canonical nucleotides, thereby forming an abasic site. In
some embodiments, the cleavage agent comprises a glycosylase. In some embodiments, the
glycosylase 1s UNG or UDG. In some embodiments, the cleavage agent comprises a primary
amine. In some embodiments, the cleavage agent comprises a polyamine. In some

embodiments, the polyamine 1s DMED. In some embodiments, the cleavage agents
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comprises a glycosylase and a polyamine. In some embodiments, the cleavage agent
comprises endonuclease V. In some embodiments, the adapter comprises a recognition
sequence for a restriction endonuclease specific for double-stranded DNA. In some
embodiments, the method further comprises (), hybridizing a probe to a sequence of the
primer extension product; (g) extending the probe with a DNA polymerase, thereby
producing a partial duplex nucleic acid, and (h) treating the partial duplex nucleic acid with a
restriction endonuclease specific for double-stranded DNA, thereby cleaving double-stranded
DNA fragments at the recognition sequence. In some embodiments, the method further
comprises performing PCR with a primer that 1s hybridizable a sequence reverse
complimentary to the adapter, thereby amplifying a desired nucleic acid mn the pool of
templates. In some embodiments, the method further comprises sequencing a portion of the
desired nucleic acid. In some embodiments, the pool of templates originates from a
population of sorted cells. In some embodiments, the pool of templates origiates from a
single cell. In some embodiments, the method further comprises sorting cells into a multiwell
plate, microarray, microfluidic device, or shide and thereby generating the population of
sorted cells. In some embodiments, the sorting 1s performed according to a cell surface
marker. In some embodiments, the sorting 1s performed according to optical properties of the
cells. In some embodiments, the sorting 1s performed according to cell size. In some
embodiments, the pool of templates comprises bacterial ribosomal RNA, mitochondrial
DNA, human globin mRNA, human cytoplasmic rRNA, human mitochondrial rRNA, grape
cytoplasmic rRNA, grape mitochondrial rRNA, or grape chloroplast rRNA. In some
embodiments, the restriction endonuclease 1s BspQI. In some embodiments, the primer
extension reaction 18 performed using a hot start polymerase. In some embodiments, the
primer extension reaction 1s performed using MyTaq polymerase.

[0015] In a fourth aspect, the mmvention relates to a method of adapter ligation to create a
strand retained library of nucleic acids with desired and undesired nucleic acids, comprising:
(a) mixing a pool of templates comprising an undesired nucleic acid and a desired nucleic
acid with a plurality of partial duplex primers each comprising a 3’ overhang; (b) annealing
to the templates the plurality of partial duplex primers; (¢) performing primer extension
reaction along the templates, thereby forming double-stranded nucleic acids each comprising
a primer extension product; (d) ligating an adapter to at least one 5’ end of the primer
extension product; and (¢) cleaving the primer extension products from the double-stranded
nucleic acids with a cleavage agent that 1s specific for nucleic acids comprising the one or

more nucleotides. In some embodiments, the plurality of partial duplex primers comprise at
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least two partial duplex primers with dissimilar 3° overhang sequences. In some
embodiments, the plurality of partial duplex primers comprise a shared sequence within a
double-stranded portion. In some embodiments, the strand of the plurality of partial duplex
primers with the 3” overhang lacks adenines in the shared sequence within the double-
stranded portion. In some embodiments, the method further comprising a step comprising
performing a primer extension reaction along the adapter. In some embodiments, the primer
extension reaction 1s performed 1n the presence of one or more non-canonical nucleotides. In
some embodiments, step ¢ comprises cleaving a base portion of the one or more non-
canonical nucleotides, thereby forming an abasic site. In some embodiments, the cleavage
agent comprises a glycosylase. In some embodiments, the glycosylase 1s UNG or UDG. In
some embodiments, the cleavage agent comprises a primary amine. In some embodiments,
the cleavage agent comprises a polyamine. In some embodiments, the polyamine 1s DMED.
In some embodiments, the cleavage agents comprises a glycosylase and a polyamine. In some
embodiments, the cleavage agent comprises endonuclease V. In some embodiments, the one
or more non-canonical nucleotides comprise uracil or mosine. In some embodiments, the pool
of templates 1s generated by 1. performing a first strand synthesis on an RNA 1n the presence
of the one or more non-canonical nucleotides, thereby forming a first strand synthesis
product; and 11. performing a fragmentation reaction. In some embodiments, the method
further comprises selectively cleaving the RNA. In some embodiments, selectively cleaving
the RNA comprises treatment with RNAse H. In some embodiments, the fragmentation
reaction comprises utilizing a cleavage agent targeting the one or more non-canonical
nucleotides. In some embodiments, the fragmentation reaction comprises cleaving a base
portion of the one or more non-canonical nucleotides, thereby forming an abasic site. In some
embodiments, the cleavage agent comprises a glycosylase. In some embodiments, the
glycosylase 1s UNG or UDG. In some embodiments, the cleavage agent comprises a primary
amine. In some embodiments, the cleavage agent comprises a polyamine. In some
embodiments, the polyamine 1s DMED. In some embodiments, the cleavage agents
comprises a glycosylase and a polyamine. In some embodiments, the cleavage agent
comprises endonuclease V. In some embodiments, the adapter comprises a recognition
sequence for a restriction endonuclease specific for double-stranded DNA. In some
embodiments, the method further comprises, (f) hybridizing a probe to a sequence of the
undesired nucleic acid; (g) extending the probe with a DNA polymerase, thereby producing a
partial duplex nucleic acid, and (h) treating the partial duplex nucleic acid with a restriction

endonuclease specific for double-stranded DNA, thereby cleaving double-stranded DNA
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fragments at the recognition sequence. In some embodiments, the method further comprises
performing PCR with a set of primers that are hybridizable to a sequence reverse
complimentary to the adapter and the shared sequence of the partial duplex primers opposite
the 3’ overhang, thereby amplifying a desired nucleic acid in the pool of templates. In some
embodiments, the method further comprises sequencing a portion of the desired nucleic acid.
In some embodiments, the pool of templates originates from a population of sorted cells. In
some embodiments, the pool of templates originates from a single cell. In some
embodiments, the method further comprises sorting cells into a multiwell plate, microarray,
microfluidic device, or slide and thereby generating the population of sorted cells. In some
embodiments, the sorting 1s performed according to a cell surface marker. In some
embodiments, the sorting 1s performed according to optical properties of the cells. In some
embodiments, the sorting 18 performed according to cell size. In some embodiments, the pool
of templates comprises bacterial ribosomal RNA, mitochondrial DNA, human globin mRNA,
human cytoplasmic rRNA, human mitochondrial rRNA, grape cytoplasmic rRNA, grape
mitochondrial rRNA, or grape chloroplast rRNA. In some embodiments, the restriction
endonuclease 1s BspQI. In some embodiments, the primer extension reaction 1s performed
using a hot start polymerase. In some embodiments, the primer extension reaction 18
performed using MyTaq polymerase.

[0016] According to any of the aspects, the invention relates to partially, substantially, or
completely depleting undesired sequences, wherein at least 2, 5, 10, 15, 20, 25, 30, 35, 40,
45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 98, 99, 99.5, 99.8, 99.9, 99.99 percent or more of
some or all of the undesired sequences 1s depleted and, optionally, partially substantially, or
completely retaming desired sequences, wherein less than 98, 95, 90, 85, 80, 75, 70, 63, 60,
53, 50, 45, 40, 35, 30, 25, 20, 15, 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.01 percent or less of some
or all of the desired sequences 1s depleted. In some embodiments, the methods in any of the
aspects deplete some or all of the undesired sequences completely. In some embodiments, the
methods 1 any of the aspects retain some or all of the desired sequences completely. In any
of the aspects, the methods described herein may decrease the abundance ratio between an
undesired and a desired nucleic acid sequence, between some undesired and some desired
nucleic acid sequences, or between all undesired and all desired nucleic acid sequences by
1.1,1.2,1.5,2,3,4,5,6,7,8,9, 10, 15, 20, 25, 30, 35, 40, 50, 60, 75, 100, 200, 500, 1000,
5000, 10000, 100000, 1000000 fold or more.

[0017] In various aspects, the mnvention relates to kits. In a first aspect, the invention relates

to a kit comprising a restriction endonuclease, a first adapter comprising one or more non-
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canonical nucleotides on one strand and lacking 5° phosphates, a second adapter lacking said
on¢ or more non-canonical nucleotides and lacking 5° phosphates, a ligase, a polymerase, a
cleavage agent, a library of probes, a set of primers specific to the adaptor sequences;
wherein the second adapter comprises a recognition sequence for the restriction
endonuclease.

[0018] In a second aspect, the invention relates to a kit comprising a restriction endonuclease,
a first adapter lacking 5’ phosphates, a plurality of partial duplex primers each comprising a
3’ overhang and comprising a shared sequence within a double-stranded portion, a ligase, a
polymerase, a cleavage agent, a library of probes capable of acting as a primer for a primer
extension reaction; and a primer that 1s hybridizable a sequence reverse complimentary to the
adapter; wherein the first adapter comprises a recognition sequence for the restriction
endonuclease; and wherein the plurality of partial duplex primers comprise at least two
partial duplex primers with dissimilar 3° overhang sequences.

[0019] In a thard aspect, the invention relates to a kit comprising a restriction endonuclease, a
first adapter lacking 5° phosphates, a plurality of partial duplex primers each comprising a 3’
overhang, comprising a shared sequence within a double-stranded portion, and the strand of
the plurality of partial duplex primers with the 3° overhang lacking adenines 1 the shared
sequence within the double-stranded portion, a ligase, a polymerase, a cleavage agent, a
library of probes capable of acting as a primer for a primer extension reaction; and a set of
primers that are hybridizable to a sequence reverse complimentary to the adapter and the
shared sequence of the partial duplex primers opposite the 3’ overhang; wherein the first
adapter comprises a recognition sequence for the restriction endonuclease; and wherein the
plurality of partial duplex primers comprise at least two partial duplex primers with dissimilar
3’ overhang sequences.

[0020] In any of the aspects: The restriction endonuclease may be BspQI. In some
embodiments, the polymerase 1s a hot start polymerase, ¢.g. MyTaq. In some embodiments,
the kit further comprises one or more non-canonical nucleotides. In some embodiments, the
one or more non-canonical nucleotides comprise uracil or inosine. In some embodiments, the
cleavage agent comprises a glycosylase. In some embodiments, the glycosylase 1s UNG or
UDG. In some embodiments, the cleavage agent comprises a primary amine. In some
embodiments, the cleavage agent comprises a polyamine. In some embodiments, the
polyamine 1s DMED. In some embodiments, the cleavage agent comprises a glycosylase and

a polyamine. In some embodiments, the cleavage agent comprises endonuclease V.
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[0021] Kits for performing any of the methods described herein are another feature of the
invention. Such kits may include reagents, enzymes and platforms for selective enrichment,
amplification, and sequencing of nucleic acids. In one embodiment, a kit 1s provided
comprising: a) an adaptor or several adaptors, b) one or more of oligonucleotide primers, and
¢) reagents for amplification. In another embodiment, the kit further comprises a sequence
and dsDNA-specific nucleic acid modifymg enzyme, such as a restriction enzyme. In yet
another embodiment, the kit further comprises reagents for sequencing. A kit will preferably
include mstructions for employing the kit components as well as the use of any other reagent
not included 1n the kait.

[0022] In any of the aspects, the methods, compositions and kits of the mvention relate to
primer probes that are capable of acting as primers targeting sequences on undesired nucleic
acids.

[0023] In any of the aspects, the mmvention relates to a set of primer probes that are generated
by, compiling undesired nucleic acid sequences, optionally compiling desired nucleic acid
sequences, choosing one or more strands 1 each undesired nucleic acid sequence,
computationally fragmenting cach undesired nucleic acid sequence to stretches of a selected
length, for example 40-200, 50-180, 60-150, 70-120, 80-110, 90-100 bases long, selecting a
target melting temperature range, for example 40-90, 45-85, 50-80, 55-75, 60-70, 55-65° C
ctc., for amplification primers, optionally selecting a target length range, for example 10-80,
11-70, 12-65, 13-60, 14-55, 15-50, 16-45, 17-40, 18-35, 19-30, 10-30, 11-28, 12-26, 13-24,
14-22, 15-20, 10-20, 11-19, 12-18, 13-17, 14-16 nucleotides long, e¢tc., for amplification
primers, designing qualified amplification primers targeting a portion i the one or more
strands 1n each undesired nucleic acid sequence, with a predicted melting temperature within
the target temperature range and, optionally, with a length within the target length range,
optionally determining whether one or more of the designed amplification primers are
hybridizable to one or more of the desired nucleic acid sequences and optionally removing
any such designed amplification primers from a list of qualified amplification primers, and
synthesizing oligonucleotides from the list of qualified amplification primers. Those of skill
in the art appreciate that the target melting temperature range and the target length range may
fall within any range bounded by any of these values (e.g., 45-55° C or 1-12 nucleotides long
ctc.). In some embodiments, the oligonucleotide synthesis 1s performed using standard
phosporamidite chemistries known 1n the art. In some embodiments, the synthesized

oligonucleotides are pooled.
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[0024] In any of the aspects the set of primer probes targeting undesired nucleic acid
sequences may comprise between 50-10000, 55-5000, 60-1000, 70-500, 80-250, 90-200, 100-
180, 110-170, 120-180, 130-170, 140-160, 100-150, 250-1000 distinct oligonucleotides.
Thus, a composition of the invention comprises, consists essentially of, or consists of, a set of
at least 50, 100, 150, 200, 250 different oligonucleotides wherein said oligonucleotides
selectively hybridize to mitochondrial RN A, mitochondtrial DNA, human rRNA,
mitochondrial rRNA, bacterial ribosomal RNA, mitochondrial DNA, human globin mRNA,
human cytoplasmic rRNA, human mitochondrial rRNA, grape cytoplasmic rRNA, grape
mitochondrial rRNA, or grape chloroplast rRNA. Such composition can be 1solated 1n a vial
(c.g., arcagent). Each of the oligonucleotides can have the properties (¢.g., size and Tm)
described herem. Those of skill in the art appreciate that the target melting temperature range
and the target length range may fall within any range bounded by any of these values (e.g.,
60-70, 160-200, or 150-250 etc.).
INCORPORATION BY REFERENCE

[0025] All publications, patents, and patent applications mentioned 1n this specification are
herem incorporated by reference to the same extent as 1f cach individual publication, patent,
or patent application was specifically and individually indicated to be incorporated by
reference.

BRIEF DESCRIPTION OF THE DRAWINGS
[0026] The novel features of the invention are set forth with particularity in the appended
claims. A better understanding of the features and advantages of the present mvention will be
obtaied by reference to the following description that sets forth illustrative embodiments, 1n
which the principles of the mvention are utilized, and the accompanying drawings of which:
[0027] Figure 1 depicts the elimination of non-desired nucleic acid sequences from a nucleic
acid library of single-stranded DNA fragments using msert-dependent adaptor cleavage
(InDA-C). The gene-specific primer (GSP) anneals to its complementary sequence only,
creating a population of double-stranded or partially double-stranded molecules following
polymerase-based extension. Subsequent treatment with an adaptor-specific restriction
endonuclease cleaves only fragments which were activated by the GSP extension reaction,
thereby removing one of the PCR priming sites from the non-desired fragments. PCR
amplification produces a library that 1s enriched for the nucleic acid sequences of interest.
[0028] Figure 2 depicts a summary of the results from an experiment depleting bacterial
rRNA fragments from strand-specific whole transcriptome cDNA libraries, as outlined in

Example 1.
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[0029] Figure 3 depicts a comparison of the expression profiles from the four test libraries
described m Example 1.
[0030] Figure 4 depicts targeted depletion of 16S rRNA sites by universal prokaryotic InDA -
C probes in Example 1.
[0031] Figure 5 depicts a method of directional library construction.
[0032] Figure 6 depicts a method of nucleic acid depletion using InDA-C probes, comprising
double cDNA hydrolysis.
[0033] Figure 7 depicts another method of nucleic acid depletion using InDA-C probes.
[0034] Figure 8 depicts designs for two of the partial-duplex primers.
[0035] Figure 9 depicts a method for of undesired nucleic acids by universal prokaryotic
InDA-C probes.

DETAILED DESCRIPTION OF THE INVENTION

General

[0036] The methods of the invention can be used for the generation of next generation
sequencing (NGS) libraries in which non-desired nucleic acid sequences have been depleted
or substantially reduced. Such methods are useful, for example, for the production of
sequencing libraries with reduced ribosomal RNA representation, and for the enrichment of
nucleic acid sequences of interest 1n a nucleic acid library. Altogether, the methods of the
present mvention provide an improvement over the existing methods for creating NGS
libraries which are depleted from non-desired nucleic acid sequences because the elimination
of non-desired nucleic acid sequences occurs after the generation of the nucleic acid library,
thereby enabling starting with a non-distorted, unbiased nucleic acid template population.
[0037] The methods and compositions of the invention can be used for directional library
construction. The methods of the mvention can further be used to generate adaptor ligated
single stranded DNA samples, wherein the orientation of the adaptor is fixed.

[0038] As used herem, unless otherwise indicated, some inventive embodiments heremn
contemplate numerical ranges. A variety of aspects of this invention can be presented 1n a
range format. It should be understood that the description in range format 1s merely for
convenience and brevity and should not be construed as an inflexible limitation on the scope
of the invention. Accordingly, the description of a range should be considered to have
specifically disclosed all the possible subranges as well as individual numerical values within
that range as if explicitly written out. For example, description of a range such as from 1 to 6
should be considered to have specifically disclosed subranges such as from 1 to 3, from 1 to

4, from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6 etc., as well as individual numbers within
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that range, for example, 1, 2, 3, 4, 5, and 6. This applies regardless of the breadth of the
range. When ranges are present, the ranges include the range endpoints.

[0039] Reference will now be made in detail to exemplary embodiments of the invention.
While the disclosed methods and compositions will be described in conjunction with the
exemplary embodiments, it will be understood that these exemplary embodiments are not
intended to limit the invention. On the contrary, the invention is intended to encompass
alternatives, modifications and equivalents, which may be mcluded in the spirit and scope of
the mvention.

[0040] Unless otherwise specified, terms and symbols of genetics, molecular biology,
biochemistry and nucleic acid used herein follow those of standard treatises and texts in the
ficld, e¢.g. Kornberg and Baker, DNA Replication, Second Edition (W.H. Freeman, New
York, 1992); Lehninger, Biochemistry, Second Edition (Worth Publishers, New York, 1975);
Strachan and Read, Human Molecular Genetics, Second Edition (Wiley-Liss, New York,
1999); Eckstein, editor, Oligonucleotides and Analogs: A Practical Approach (Oxford
University Press, New York, 1991); Gait, editor, Oligonucleotide Synthesis: A Practical
Approach (IRL Press, Oxford, 1984); and the like.

Oligonucleotides of the invention

[0041] As used within the invention, the term “oligonucleotide” refers to a polynucleotide
chain, typically less than 200 residues long, most typically between 15 and 100 nucleotides
long, but also intended to encompass longer polynucleotide chaimns. Oligonucleotides may be
single-or double-stranded. The terms “oligonucleotide probe™ or “probe”, as used 1 this
invention, refer to an oligonucleotide capable of hybridizing to a complementary nucleotide
sequence. As used 1n this invention, the term “oligonucleotide” may be used interchangeably
with the terms “primer”, “adaptor” and “probe”.

[0042] As used herein, the terms “hybridization”/ “hybridizing” and “annecaling” are used
interchangeably and refer to the pairing of complementary nucleic acids.

[0043] The term “primer”, as used herein, refers to an oligonucleotide, generally with a free
3’ hydroxyl group that 1s capable of hybridizing with a template (such as a target
polynucleotide, target DNA, target RNA or a primer extension product) and 1s also capable of
promoting polymerization of a polynucleotide complementary to the template. A primer may
contain a non-hybridizing sequence that constitutes a tail of the primer. A primer may still be
hybridizing to a target even though 1ts sequences are not fully complementary to the target.

[0044] The primers of the mvention are generally oligonucleotides that are employed 1n an

extension reaction by a polymerase along a polynucleotide template, such as i PCR or
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cDNA synthesis, for example. The oligonucleotide primer 18 often a synthetic polynucleotide
that 1s single stranded, containing a sequence at its 3'-end that 1s capable of hybridizing with a
sequence of the target polynucleotide. Normally, the 3" region of the primer that hybridizes
with the target nucleic acid has at least 80%, preferably 90%, more preferably 95%, most
preferably 100%, complementarity to a sequence or primer binding site.

[0045] “Complementary”, as used heremn, refers to complementarity to all or only to a
portion of a sequence. The number of nucleotides in the hybridizable sequence of a specific
oligonucleotide primer should be such that stringency conditions used to hybridize the
oligonucleotide primer will prevent excessive random non-specific hybridization. Usually,
the number of nucleotides 1n the hybridizing portion of the oligonucleotide primer will be at
lcast as great as the defined sequence on the target polynucleotide that the oligonucleotide
primer hybridizes to, namely, at least 5, at least 6, at least 7, at lcast &, at least 9, at least 10, at
lcast 11, at least 12, at least 13, at least 14, at least 135, at least about 20, and generally from
about 6 to about 10 or 6 to about 12 of 12 to about 200 nucleotides, usually about 10 to about
50 nucleotides. In general, the target polynucleotide 1s larger than the oligonucleotide primer
or primers as described previously.

[0046] Complementary may generally refer to the capacity for precise pairing between two
nucleotides. I.¢., if a nucleotide at a given position of a nucleic acid 1s capable of hydrogen
bonding with a nucleotide of another nucleic acid, then the two nucleic acids are considered
to be complementary to one another at that position. A “complement” may be an exactly or
partially complementary sequence. Complementarity between two single-stranded nucleic
acid molecules may be “partial,” in which only some of the nucleotides bind, or it may be
complete when total complementarity exists between the single-stranded molecules. The
degree of complementarity between nucleic acid strands has significant effects on the
cfficiency and strength of hybridization between nucleic acid strands. Two sequences that are
partially complementary may have, for example, at least 90% 1dentity, or at least 95%, 96%,
97%. 98%, or 99% 1dentity sequence over a sequence of at least 7 nucleotides, more typically
in the range of 10-30 nucleotides, and often over a sequence of at least 14-25 nucleotides. It
will be understood that the 3’ base of a primer sequence will desirably be perfectly
complementary to corresponding bases of the target nucleic acid sequence to allow priming
to occur.

[0047] “Specitfic hybridization™ refers to the binding of a nucleic acid to a target nucleotide
sequence 1n the absence of substantial binding to other nucleotide sequences present in the

hybridization mixture under defined stringency conditions. Those of skill in the art recognize
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that relaxing the stringency of the hybridization conditions allows sequence mismatches to be
tolerated. In particular embodiments, hybridizations are carried out under stringent
hybridization conditions.

[0048] “Tm” refers to “melting temperature™, which 1s the temperature at which a population
of double-stranded nucleic acid molecules becomes half-dissociated into single strands. The
Tm of a single stranded oligonucleotide, as used herein, refers to the Tm of a double stranded
molecule comprising the oligonucleotide and 1its exact complement. Tm may be determined
by calculation. Specifically, the Tm of an oligonucleotide may be a calculated Tm according
to the equation: “T'm (° C.)=4(G+C)+2(A+T)” (Themn and Wallace, 1986, in Human genetic
disorders, p 33-50, IRL Press, Oxford UK, imncorporated heremn by reference).

[0049] In some cases, the 1dentity of the investigated target polynucleotide sequence 18
known, and hybridizable primers can be synthesized precisely according to the antisense
sequence of the aforesaid target polynucleotide sequence. In other cases, when the target
polynucleotide sequence 1s unknown, the hybridizable sequence of an oligonucleotide primer
1s a random sequence. Oligonucleotide primers comprising random sequences may be
referred to as “random primers”, as described below. In yet other cases, an oligonucleotide
primer such as a first primer or a second primer comprises a set of primers such as for
example a set of first primers or a set of second primers. In some cases, the set of first or
second primers may comprise a mixture of primers designed to hybridize to a plurality (e.g.
2, 3,4, about 6, 8, 10, 20, 40, 80, 100, 125, 150, 200, 250, 300, 400, 500, 600, 800, 1000,
1500, 2000, 2500, 3000, 4000, 5000, 6000, 7000, 8000, 10,000, 20,000, 25,000 or more) of
target sequences. In some cases, the plurality of target sequences may comprise a group of
related sequences, random sequences, a whole transcriptome or fraction (¢.g. substantial
fraction) thereof, or any group of sequences such as mRNA.

[0050] In some embodiments of the invention, random priming 1s used. A “random primer”,
as used herein, 1s a primer that generally comprises a sequence that 1s not designed based on a
particular or specific sequence n a sample, but rather 1s based on a statistical expectation (or
an empirical observation) that a sequence of the random primer 1s hybridizable, under a given
set of conditions, to one or more sequences 1n a sample. A random primer will generally be
an oligonucleotide or a population of oligonucleotides comprising a random sequence(s) 1n
which the nucleotides at a given position on the oligonucleotide can be any of the four
nucleotides A, T, G, C or any of their analogs. A random primer may comprise a 5° or 3’
region that 1s a specific, non-random sequence. In some embodiments of the invention, the

random primers comprise tailed primers with a 3’ random sequence region and a 5’ non-
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hybridizing region that comprises a specific, common adaptor sequence. The sequence of a
random primer, or its complement, may or may not be naturally occurring, and may or may
not be present in a pool of sequences 1n a sample of interest. A “random primer” can also
refer to a primer that 1S a member of a population of primers (a plurality of random primers)
which are collectively designed to hybridize to a desired target sequence or sequences.

[0051] The term “adaptor”, as used herem, refers to an oligonucleotide of known sequence,
the ligation or incorporation of which to a target polynucleotide or a target polynucleotide
strand of interest enables the generation of amplification-ready products of the target
polynucleotide or the target polynucleotide strand of interest. Various adaptor designs are
envisioned. Various ligation processes and reagents are known 1n the art and can be useful for
carrying out the methods of the mvention. For example, blunt ligation can be employed.
Stmilarly, a single dA nucleotide can be added to the 3'-end of the double-stranded DNA
product, by a polymerase lacking 3'-exonuclease activity and can anneal to an adaptor
comprising a dT overhang (or the reverse). This design allows the hybridized components to
be subsequently ligated (e.g., by T4 DNA ligase). Other ligation strategies and the
corresponding reagents and known 1n the art and kits and reagents for carrying out efficient
ligation reactions are commercially available (e.g., from New England Biolabs, Roche).
[0052] The term “msert-dependent adaptor cleavage” (InDA-C), as used herein, refers to a
multi-step process for depleting or removing specific nucleotide sequences from a nucleotide
library. The first step comprises annealing sequence-specific oligonucleotides, designed to be
complementary to non-desired nucleic acid sequences or sequences directly adjacent to
regions of non-desired sequence, to single-stranded nucleic acid templates with adaptors of
fixed orientation attached at cach end. The adaptors at the 5° ends of each fragment contain a
recognition sequence for a restriction endonuclease specific for double-stranded DNA.
Following the annealing of the sequence-specific oligonucleotides, primer extension 18
performed, thereby creating double-stranded DNA fragments 1n the regions where the
oligonucleotides are complementary to the single-stranded nucleic acid templates. The
resulting nucleic acid library, containing both single-stranded and double-stranded fragments,
1s treated with the restriction endonuclease, resulting 1n cleavage at the restriction
endonuclease site of the double-stranded fragments only, and thus, the removal of the
adaptor at one end of the fragments containing the non-desired nucleic acid sequences.
Following adaptor cleavage, PCR may be performed using primers specific to each adaptor,

resulting i amplification of the desired nucleic acid fragments only ( 1.e. amplification of the
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fragments containing both PCR priming sites on the same template) . Insert-dependent
adaptor cleavage 18 depicted i Figure 1.

[0053] Mecthods for designing oligonucleotides of various lengths and melting temperatures
that are capable of hybridizing or that are excluded from hybridizing to a selected list of
sequences are well known 1n the art and are described 1n further detail in EP 1957645B1,
which 1s incorporated herein by reference in 1ts entirety:.

Nucleic acid modifying enzymes

[0054] The methods of the invention employ the use of nucleic acid (NA) modifying
enzymes. The nucleic acid modifymng enzyme can be DNA-specific moditying enzyme. The
NA-modifying enzyme can be selected for specificity for double-stranded DNA. The enzyme
can be a duplex-specific endonuclease, a blunt-end frequent cutter restriction enzyme, or
other restriction enzyme. Examples of blunt-end cutters include Dral or Smal. The NA-
modifymg enzyme can be an enzyme provided by New England Biolabs. The NA-modifying
enzyme can be a homing endonuclease (a homing endonuclease can be an endonuclease that
does not have a stringently-defined recognition sequence). The NA-modifymng enzyme can be
a high fidelity endonuclease (a high fidelity endonuclease can be an engineered endonuclease
that has less “star activity” than the wild-type version of the endonuclease).

[0055] In some embodiments , the NA-modifying enzyme 1s a sequence- and duplex-specific
DNA-modifying restriction endonuclease. In a preferred embodiment, the NA-acid

modifying enzyme 1s the enzyme BspQI, a type 1IS restriction endonuclease.

Attachment of Adaptors

Ligation

[0056] The terms “joining” and “ligation™ as used heremn, with respect to two
polynucleotides, such as a stem-loop adaptor/primer oligonucleotide and a target
polynucleotide, refers to the covalent attachment of two separate polynucleotides to produce
a smgle larger polynucleotide with a contiguous backbone. Methods for joming two
polynucleotides are known 1n the art, and include without limitation, enzymatic and non-
enzymatic (¢.g. chemical) methods. Examples of ligation reactions that are non-enzymatic
include the non-enzymatic ligation techniques described in U.S. Pat. Nos. 5,780,613 and
5,476,930, which are herein incorporated by reference. In some embodiments, an adaptor
oligonucleotide 1s jomned to a target polynucleotide by a ligase, for example a DNA ligase or
RNA ligase. Multiple ligases, cach having characterized reaction conditions, are known

the art, and include, without limitation NAD -dependent ligases including tRNA ligase, Taq
DNA ligase, Thermus filiformis DNA ligase, Escherichia coli DNA ligase, Tth DNA ligase,
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Thermus scotoductus DNA ligase (I and II), thermostable ligase, Ampligase thermostable
DNA ligase, VanC-type ligase, 9° N DNA Ligase, Tsp DNA ligase, and novel ligases
discovered by bioprospecting; ATP-dependent ligases including T4 RNA ligase, T4 DNA
ligase, T3 DNA ligase, T7 DNA ligase, Pfu DNA ligase, DNA ligase 1, DNA ligase 111, DNA
ligase 1V, and novel ligases discovered by bioprospecting; and wild-type, mutant 1soformes,
and genetically engineered variants therecof. Ligation can be between polynucleotides having
hybridizable sequences, such as complementary overhangs. Ligation can also be between
two blunt ends. Generally, a 5° phosphate 1s utilized 1n a ligation reaction. The 5° phosphate
can be provided by the target polynucleotide, the adaptor oligonucleotide, or both. 5’
phosphates can be added to or removed from polynucleotides to be joined, as needed.
Methods for the addition or removal of 5° phosphates are known 1n the art, and include
without limitation enzymatic and chemical processes. Enzymes useful in the addition and/or
removal of 5’ phosphates mnclude kinases, phosphatases, and polymerases. In some
embodiments, both of the two ends joined 1n a ligation reaction (¢.g. an adaptor end and a
target polynucleotide end) provide a 5° phosphate, such that two covalent linkages are made
in joining the two ends. In some embodiments, only one of the two ends joined 1 a ligation
reaction (¢.g. only one of an adaptor end and a target polynucleotide end) provides a 5°
phosphate, such that only one covalent linkage 1s made 1n joining the two ends. In some
embodiments, only one¢ strand at one or both ends of a target polynucleotide 1s joined to an
adaptor oligonucleotide. In some embodiments, both strands at one or both ends of a target
polynucleotide are joined to an adaptor oligonucleotide. In some embodiments, 3°
phosphates are removed prior to ligation. In some embodiments, an adaptor oligonucleotide
1s added to both ends of a target polynucleotide, wherem one or both strands at each end are
joined to one or more adaptor oligonucleotides. When both strands at both ends are jomed to
an adaptor oligonucleotide, joining can be followed by a cleavage reaction that leaves a 5’
overhang that can serve as a template for the extension of the corresponding 3° end, which 3°
end may or may not mclude one or more nucleotides derived from the adaptor
oligonucleotide. In some embodiments, a target polynucleotide 1s joined to a first adaptor
oligonucleotide on one end and a second adaptor oligonucleotide on the other end. In some
embodiments, the target polynucleotide and the adaptor to which it 1s joined comprise blunt
ends. In some embodiments, separate ligation reactions are carried out for cach sample,
using a different first adaptor oligonucleotide comprising at least one barcode sequence for

cach sample, such that no barcode sequence 1s jomed to the target polynucleotides of more
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than one sample. A target polynucleotide that has an adaptor/primer oligonucleotide joined
to 1t 1s considered “tagged” by the jomed adaptor.

[0057] In some embodiments, joining of an adaptor/primer to a target polynucleotide
produces a joined product polynucleotide having a 3’ overhang comprising a nucleotide
sequence derived from the adaptor/primer. In some embodiments, a primer oligonucleotide
comprising a sequence complementary to all or a portion of the 3° overhang 1s hybridized to
the overhang and extended using a DNA polymerase to produce a primer extension product
hybridized to one strand of the joined product polynucleotide. The DNA polymerase may
comprise strand displacement activity, such that one strand of the jomed product
polynucleotide 18 displaced during primer extension.

Methods of Strand-specific Selection

[0058] The compositions and methods provided herein are useful for retaining directional
information in double-stranded DNA.

[0059] The terms “‘strand specific” or “directional”, as used herein, may refer to the ability to
differentiate in a double-stranded polynucleotide between the original template strand and the
strand that 1s complementary to the original template strand. Further, methods and
compositions of the mvention, m various embodiments, enable adapter ligation 1n a strand
specific manner. In various embodiments, an adapter 1s mcorporated at a chosen end of a
strand, preferably a selected strand. Further, an adapter may be mcorporated i a chosen
orientation. In various embodiments, strand specificity, directionality and orientation 18
accomplished by selecting or enriching the desired configurations or strands.

[0060] In some embodiments, the methods of the mvention are used to preserve mmformation
about the direction of single-stranded nucleic acid molecules while generating double-
stranded polynucleotides more suitable for molecular cloning applications. One of the strands
of the double-stranded polynucleotide 1s synthesized so that 1t has at least one modified
nucleotide incorporated into it along the entire length of the strand. In some embodiments,
the mcorporation of the modified nucleotide marks the strand for degradation or removal.
[0061] The term ““first strand synthesis” refers to the synthesis of the first strand using the
original nucleic acid (RNA or DNA) as a starting template for the polymerase reaction. The
nucleotide sequence of the first strand corresponds to the sequence of the complementary
strand.

[0062] The term “second strand synthesis” refers to the synthesis of the second strand that
uses the first strand as a template for the polymerase reaction. The nucleotide sequence of the

second strand corresponds to the sequence of the original nucleic acid template.
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[0063] The term “unmodified ANTPsS” or “classic ANTPs” refers to the four
deoxyribonucleotide triphosphates dATP (deoxyadenosine triphosphate), dCTP
(deoxycytidine triphosphate), dGTP (deoxyguanosine triphosphate) and dTTP
(deoxythymidine triphosphate) that are normally used as building blocks in the synthesis of
DNA. Similarly, the term “canonical dNTP” 1s used to refer to the four deoxyribonucleotide
triphosphates dATP, dCTP, dGTP and dTTP that are normally found in DNA. Generally,
nucleotides are present in nucleoside triphosphate form 1n a solution for a primer extension
reaction. During primer extension reactions, they are typically incorporated into a
polynucleotide m nucleoside form, ¢.g. adenosine, thymidine, guanosine, cytidine, uridine,
ctc. losmg two phosphates, while one of the phosphates forms part of the polynucleotide
backbone. The nucleobase, ¢.g. adenine, guanine, thymine, cytosine, uracil etc., of the
nucleotides may be removed according to various embodiments of the invention, forming an
abasic site. Various methods for removing nucleobases from polynucleotides, forming abasic
sites are explained in detail herein and known in the art.

[0064] The term “‘canonical” as used herem, refers to the nucleic acid bases adenine,
cytosine, guanine and thymine that are commonly found in DNA or therr
deoxyribonucleotide or deoxyribonucleoside analogs. The term “noncanonical” refers to
nucleic acid bases mm DNA other than the four canonical bases in DNA, or their
deoxyribonucleotide or deoxyribonucleoside analogs. Although uracil 1s a common nucleic
acld base in RNA, uracil 1s a non-canonical base in DNA.

[0065] The term “modified nucleotide” or “modified ANTP?”, as used herein, refers to any
molecule suitable for substituting one corresponding unmodified or classic ANTP. Such
modified nucleotide must be able to undergo a base pair matching identical or similar to the
classic or unmodified ANTP 1t replaces. The modified nucleotide or ANTP can be suitable for
specific degradation m which 1t 1s selectively degraded by a suitable degrading agent, thus
rendering the DNA strand containing at least one modified and degraded ANTP essentially
unfit for amplification and/or hybridization. Alternatively, the modified nucleotide must
mark the DNA strand containing the modified nucleotide eligible for selective removal or
facilitate separation of the polynucleotide strands. Such a removal or separation can be
achieved by molecules, particles or enzymes mteracting selectively with the modified
nucleotide, thus selectively removing or marking for removal only one polynucleotide
strand.

[0066] As used 1 this application, the term “‘strand marking” refers to any method for

distinguishing between the two strands of a double-stranded polynucleotide. The term

-



CA 028770%4 2014-12-17

WO 2013/191775 PCT/US2013/032606

“selection” refers to any method for selecting between the two strands of a double-stranded
polynucleotide. The term “‘selective removal” or “selective marking for removal” refers to
any modification to a polynucleotide strand that renders that polynucleotide strand unsuitable
for a downstream application, such as amplification or hybridization.

[0067] In a onec embodiment, the selection 1s done by incorporation of at least one modified
nucleotide into one strand of a synthesized polynucleotide, and the selective removal 1s by
treatment with an enzyme that displays a specific activity towards the at least one modified
nucleotide. In a preferred embodiment, the modified nucleotide being mcorporated into one
strand of the synthesized polynucleotide 1s deoxyuridine triphosphate (dUTP), replacing
dTTP in the ANTP mix, and the selective removal of the marked strand from downstream
applications 1s carried by the nuclease Uracil-N-Glycosylase (UNG). UNG selectively
degrades dUTP while 1t 1s neutral towards other ANTPs and their analogs. Treatment with
UNG results 1n the cleavage of the N-glycosylic bond and the removal of the base portion of
dU residues, forming abasic sites. In a preferred embodiment, the UNG treatment 18 done
the presence of an apurmic/apyrimidinic endonuclease (APE) to create nicks at the abasic
sites. Consequently, a polynucleotide strand with incorporated dUTP that 1s treated with
UNG/APE 1s cleaved and unable to undergo amplification by a polymerase. In another
embodiment, nick generation and cleavage 1s achieved by treatment with a polyamine, such
as N,N'-dimethylethylenediamine (DMED), or by heat treatment. In a preferred embodiment,
UNG treatment 18 conducted in a reaction buffer containing about 32 mM DMED.

[0068] As used in this application, the term “‘at least one nucleotide™ or ““at least one modified
nucleotide” refers to a plurality of dNTP molecules of the same kind or species. Thus, use of
“one modified nucleotide” refers to the replacement 1 the ANTP mix of one of the classic
dNTPs dATP, dCTP, dGTP or dTTP with a corresponding modified nucleotide species.
[0069] In a preferred embodiment, the at least one modified nucleotide 1s dUTP, replacing
dTTP in the ANTP mix. In another embodiment, the at least one modified nucleotide 1s a
biotinylated NTP. In another embodiment, the at least one modified nucleotide contains a
thio group. In another embodiment, the at least one modified nucleotide 1s an aminoallyl
dNTP. In yet another embodiment, the at least one modified nucleotide 1s mosine, replacing
dGTP m the ANTP mix.

[0070] In some embodiments, the methods of the invention are used for construction of
directional cDNA libraries. Strand marking 1s necessary, but not sufficient for construction of
directional cDNA libraries when using adaptors that are not polarity-specific, 1.¢. adaptors

generating ligation products with two adaptor orientations. Construction of directional cDNA

23



CA 028770%4 2014-12-17

WO 2013/191775 PCT/US2013/032606

libraries according to the methods of invention requires strand marking of both the cDNA
insert and one of the two adaptors at the ligation strand of the adaptor. A usetul feature of the
present invention 18 the ability to switch around the adaptor orientation. For example, 1 a
duplex adaptor system where P1/P2 designates adaptor orientation resulting in sense strand
selection and (optional) sequencing, and where the P2 adaptor has at least one modified
nucleotide mcorporated along the ligation strand of the adaptor, modification of the protocol
such that the P1 adaptor (as opposed to P2 adaptor) has at least one modified nucleotide
incorporated along the ligation strand allows for antisense strand selection and (optional)
sequencing.

[0071] The methods of the present mmvention may further include a step of cleaving the input
nucleic acid template. In some cases, the input nucleic acid template may be cleaved with an
agent such as an enzyme. In the embodiment where the polynucleotide comprises a non-
canonical nucleotide, the polynucleotide may be treated with an agent, such as an enzyme,
capable of generally, specifically, or selectively cleaving a base portion of the non-canonical
deoxyribonucleoside to create an abasic site. As used herein, “abasic site” encompasses any
chemical structure remaining following removal of a base portion (including the entire base)
with an agent capable of cleaving a base portion of a nucleotide, ¢.g., by treatment of a non-
canonical nucleotide (present in a polynucleotide chamn) with an agent (e.g., an enzyme,
acidic conditions, or a chemical reagent) capable of effecting cleavage of a base portion of a
non-canonical nucleotide. In some embodiments, the agent (such as an enzyme) catalyzes
hydrolysis of the bond between the base portion of the non-canonical nucleotide and a sugar
in the non-canonical nucleotide to generate an abasic site comprising a hemiacetal ring and
lacking the base (interchangeably called “AP” site), though other cleavage products are
contemplated for use m the methods of the mmvention. Suitable agents and reaction conditions
for cleavage of base portions of non-canonical nucleotides include: N-glycosylases (also
called “DNA glycosylases” or “glycosidases™) mcluding Uracil N-Glycosylase (“UNG™;
specifically cleaves dUTP) (interchangeably termed “uracil DNA glyosylase™),
hypoxanthine-N-Glycosylase, and hydroxy-methyl cytosine-N-glycosylase; 3-methyladenine
DNA glycosylase, 3- or 7-methylguanine DNA glycosylase, hydroxymethyluracile DNA
glycosylase; T4 endonuclease V. See, ¢.g., Lindahl, PNAS (1974) 71(9):3649-3653;
Jendrisak, U.S. Pat. No. 6,190,865 B1 or any of the glycosidases provided in Table 1 or
homologues therecof such as enzymes with greater than about 50%, 55%, 60%, 65%, 70%,
75%., 80%, 85%, 90%, 95%., 99%, 99.5%, or higher homology or 1dentity at the amino acid or

nucleotide level with any of the glycosydases provided herein. In one embodiment, uracil-N-
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glycosylase 15 used to cleave a base portion of the non-canonical nucleotide. In other

embodiments, the agent that cleaves the base portion of the non-canonical nucleotide 1s the

same agent that cleaves a phosphodiester backbone at the abasic site.
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[0072] Cleavage of base portions of non-canonical nucleotides may provide general, specific
or selective cleavage (in the sense that the agent (such as an enzyme) capable of cleaving a
base portion of a non-canonical nucleotide generally, specifically or selectively cleaves the
base portion of a particular non-canonical nucleotide), whereby substantially all or greater
than about 99.9%, 99.5%, 99%, 98.5%, 98%, about 95%, about 90%, about 85%, about 80%,
about 75%, about 70%, about 65%, about 60%, about 55%, about 50%, about 45%. or about
40% of the base portions cleaved are base portions of non-canonical nucleotides. However,
extent of cleavage can be less. Thus, reference to specific cleavage 1s exemplary. General,
specific or selective cleavage 1s desirable for control of the fragment size in the methods of

generating template polynucleotide fragments of the mnvention (1.¢., the fragments generated
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by cleavage of the backbone at an abasic site). Reaction conditions may be selected such that
the reaction 1n which the abasic site(s) are created can run to completion, or the reaction may
be carried out until 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%., 99%., or about
100% of the non-canonical nucleotides are converted to abasic sites. In some cases, the
reaction conditions may be selected such that the reaction m which abasic site(s) are created
at between about 10% and about 100% of the one or more non-canonical nucleotides present
in the template nucleic acid, between about 20% and about 90%, between about 30% and
about 90%, between about 50% and about 90% 95%. 99%. or 100% ot the non-canonical
nucleotides 1 the template nucleic acid.

[0073] In some embodiments, the template polynucleotide comprising a non-canonical
nucleotide 1s purified following synthesis of the template polynucleotide (to eliminate, for
example, residual free non-canonical nucleotides that are present in the reaction mixture). In
other embodiments, there 1s no mtermediate purification between the synthesis of the
template polynucleotide comprising the non-canonical nucleotide and subsequent steps (such
as hybridization of primers, extension of primers to produce primer extension products that
do not comprise non-canonical nucleotides, or do not comprise the same non-canonical
nucleotides as the template nucleic acid, cleavage of a base portion of the non-canonical
nucleotide and cleavage of a phosphodiester backbone at the abasic site).

[0074] It 1s understood that the choice of non-canonical nucleotide can dictate the choice of
enzyme to be used to cleave the base portion of that non-canonical enzyme, to the extent that
particular non-canonical nucleotides are recognized by particular enzymes that are capable of
cleaving a base portion of the non-canonical nucleotide. In some cases, the enzyme 18 a
glycosylase. For example, a template nucleic acid comprising non-canonical nucleotides
such as dUTP, 8-oxoguanine, or a methylated purine which may be cleaved by glycosylases
may be used in the methods of the present invention. Other suitable non-canonical
nucleotides include deoxyinosine triphosphate (dITP), 5-hydroxymethyl deoxycytidine
triphosphate (5-OH-Me-dCTP) or any of the non-canonical nucleotides provided m Table 1.
See, ¢.g., Jendrisak, U.S. Pat. No. 6,190,865. A glycosylase such as uracil DNA glycosylase
(known as UNG or UDG) which may act on dUTP to provide an abasic site, Oggl which
may act on 8-oxoguanine to provide an abasic site, or N-methyl purine DNA glycosylase
which may act on methylated purines to provide an abasic site may then be used 1n the
methods of the present invention to act on the mput nucleic acid template comprising non-
canonical nucleotides to mitiate a step of cleaving the input nucleic acid template. The

enzymes as provided herein may provide N-glycosydic bond cleavage of the input nucleic
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acid template at the one or more non-canonical nucleotides provided heremn to produce one or
more abasic (apurinic or apyrimidic) sites.

[0075] Additional glycosylases which may be used 1n the methods of the present invention
and their non-canonical nucleotide substrates include 5-methylcytosine DNA glycosylase (5-
MCDG), which cleaves the base portion of S-methylcytosine (5-MeC) from the DNA
backbone (Wolfte et al., Proc. Nat. Acad. Sci. USA 96:5894-5896, 1999); 3-
methyladenosine-DNA glycosylase 1, which cleaves the base portion of 3-methyl adenosine
from the DNA backbone (see, ¢.g. Hollis et al (2000) Mutation Res. 460: 201-210); and/or 3-
methyladenosine DNA glycosylase 11, which cleaves the base portion of 3-methyladenosine,
7-methylguanine, 7-methyladenosine, and/3-methylguanine from the DNA backbone. See
McCarthy et al (1984) EMBO J. 3:545-550. Multifunctional and mono-functional forms of 3-
MCDG have been described. See Zhu et al., Proc. Natl. Acad. Sci. USA 98:5031-6, 2001;
Zhu et al., Nuc. Acid Res. 28:4157-4165, 2000; and Nedderrnann et al., J. B. C. 271:12767-
74, 1996 (describing bifunctional 5-MCDG; Vairapandi & Duker, Oncogene 13:933-938,
1996; Vairapandi et al., J. Cell. Biochem. 79:249-260, 2000 (describing mono-functional
enzyme comprising 5-MCDG activity). In some embodiments, 5S-MCDG preferentially
cleaves fully methylated polynucleotide sites (e.g., CpG dinucleotides), and 1 other
embodiments, 5S-MCDG preferentially cleaves a hemi-methylated polynucleotide. For
example, mono-functional human 5-methylcytosine DNA glycosylase cleaves DNA
specifically at fully methylated CpG sites, and 1s relatively mactive on hemimethylated DNA
(Varrapandi & Duker, supra; Vairapandi et al., supra). By contrast, chick embryo 5-
methyleytosine-DNA glycosylase has greater activity directed to hemimethylated methylation
sites. In some embodiments, the activity of 5-MCDG 1s potentiated (increased or enhanced)
with accessory factors, such as recombimant CpG-rich RNA, ATP, RNA helicase enzyme,
and proliferating cell nuclear antigen (PCNA). See U.S. Patent Publication No. 20020197639
Al. One or more agents may be used. In some embodiments, the one or more agents cleave a
base portion of the same methylated nucleotide. In other embodiments, the one or more
agents cleave a base portion of different methylated nucleotides. Treatment with two or more
agents may be sequential or simultancous.

[0076] Appropriate reaction media and conditions for carrying out the cleavage of a base
portion of a non-canonical nucleotide according to the methods of the mvention are those that
permit cleavage of a base portion of a non-canonical nucleotide. Such media and conditions

arc known to persons of skill in the art, and are described 1 various publications, such as

Lindahl, PNAS (1974) 71(9):3649-3653; and Jendrisak, U.S. Pat. No. 6,190,865 BI; U.S. Pat.
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No. 5,035,996; and U.S. Pat. No. 5,418,149. For example, buffer conditions can be as
described above with respect to polynucleotide synthesis. In one embodiment, UDG
(Epicentre Technologies, Madison Wis.) 1s added to a nucleic acid synthesis reaction mixture,
and mcubated at 37° C. for 20 minutes. In one embodiment, the reaction conditions are the
same for the synthesis of a polynucleotide comprising a non-canonical nucleotide and the
cleavage of a base portion of the non-canonical nucleotide. In another embodiment, different
reaction conditions are used for these reactions. In some embodiments, a chelating regent
(c.g. EDTA) is added before or concurrently with UNG 1n order to prevent a polymerase
from extending the ends of the cleavage products.

[0077] The polynucleotide comprising an abasic site may be labeled using an agent capable
of labeling an abasic site, and, in embodiments involving fragmentation, the phosphodiester
backbone of the polynucleotide comprising an abasic site may be cleaved at the site of
incorporation of the non-canonical nucleotide (1.¢., the abasic site by an agent capable of
cleaving the phosphodiester backbone at an abasic site, such that two or more fragments are
produced. In embodiments mnvolving fragmentation, labeling can occur before
fragmentation, fragmentation can occur before labeling, or fragmentation and labeling can
occur simultancously.

[0078] Agents capable of labeling (¢.g., generally or specifically labeling) an abasic site,
whereby a polynucleotide (or polynucleotide fragment) comprising a labeled abasic site 1s
generated, are provided herein. In some embodiments, the detectable moiety (label) 1s
covalently or non-covalently associated with an abasic site. In some embodiments, the
detectable moiety 1s directly or indirectly associated with an abasic site. In some
embodiments, the detectable moiety (label) 1s directly or indirectly detectable. In some
embodiments, the detectable signal 1s amplified. In some embodiments, the detectable moiety
comprises an organic molecule such as a chromophore, a fluorophore, biotin or a derivative
thercof. In other embodiments, the detectable moiety comprises a macromolecule such as a
nucleic acid, an aptamer, a peptide, or a protein such as an enzyme or an antibody. In other
embodiments, the detectable signal 1s fluorescent. In other embodiments, the detectable signal
1s enzymatically generated. In some embodiments, the label 1s selected from, fluorescein,
rhodamine, a cyanine dye, an indocyanine dye, Cy3, Cy35, an Alexa Fluor dye, phycoerythrin,
5-(((2-(carbohydrazino)-methyl)thio)acetyl)Jaminofluorescein, ammooxyacetyl hydrazide
(“FARP”), or N-(aminooxyacetyl)-N'-(D-biotmoyl) hydrazine, trifluoroacetic acid salt
(ARP).
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[0079] The cleavage of the input nucleic acid template comprising one or more abasic sites
may further be provided by the use of enzymatic or chemical means or by the application of
heat, or a combination thercof. For example the input nucleic acid template comprising one
or more abasic sites may be treated with a nucleophile or a base. In some cases, the
nucleophile 1s an amine such as a primary amine, a secondary amine, or a tertiary amine. For
cxample, the abasic site may be treated with piperidine, moropholine, or a combination
thercof. In some cases, hot piperidine (e.g., IM at 90°C) may be used to cleave the input
nucleic acid template comprising one or more abasic sites. In some cases, morpholine (e.g.,
3M at 37°C or 65°C) may be used to cleave the mput nucleic acid template comprising one or
more abasic sites. Alternatively, a polyamine may be used to cleave the input nucleic acid
template comprising one or more abasic sites. Suitable polyamines include for example
spermine, spermidine, 1,4-diaminobutane, lysine, the tripeptide K-W-K, N, N-
dimethylethylenediamine (DMED), piperazine, 1,2-cthylenediamine, or any combination
thercof. In some cases, the mput nucleic acid template comprising one or more abasic sites
may be treated with a reagent suitable for carrying out a beta elimination reaction, a delta
climination reaction, or a combination thercof. In some cases, the cleavage of input nucleic
acid template comprising one or more abasic sites by chemical means may provide fragments
of mput nucleic acid template, which fragments comprise a blocked 3’ end. In some cases,
the blocked 37 end lacks a terminal hydroxyl. In other cases, the blocked 3’ end 1s
phosphorylated. In still other cases, cleavage of the mput nucleic acid template comprising
one or more abasic sites by chemical means may provide fragments of mput nucleic acid
template that are not blocked. In some cases, the methods of the present invention provide
for the use of an enzyme or combination of enzymes and a polyamine such as DMED under
mild conditions in a single reaction mixture which does not affect the canonical nucleotides
and therefore may maintain the sequence integrity of the products of the method. Suitable
mild conditions may include conditions at or near neutral pH. Other suitable conditions
include pH of about 4.5 or higher, 5 or higher, 5.5 or higher, 6 or higher, 6.5 or higher, 7 or
higher, 7.5 or higher, 8 or higher, 8.5 or higher, 9 or higher, 9.5 or higher, 10 or higher, or
about 10.5 or higher. Still other suitable conditions include between about 4.5 and 10.5,
between about 5 and 10.0, between about 5.5 and 9.5, between about 6 and 9, between about
6.5 and 8.5, between about 6.5 and 8.0, or between about 7 and 8.0. Suitable mild conditions
also may mclude conditions at or near room temperature. Other suitable conditions mclude a
temperature of about 10°C, 11°C, 12°C, 13°C, 14°C, 15°C, 16°C, 17°C, 18°C, 19°C, 20°C,
21°C, 22°C, 23°C, 24°C, 25°C, 26°C, 27°C, 28°C, 29°C, 30°C, 31°C, 32°C, 33°C, 34°C,

20_



CA 028770%4 2014-12-17

WO 2013/191775 PCT/US2013/032606

35°C, 36°C, 37°C, 38°C, 39°C, 40°C, 41°C, 42°C, 43°C, 44°C, 45°C, 46°C, 47°C, 48°C,
49°C, 50°C, 51°C, 52°C, 53°C, 54°C, 55°C, 56°C, 57°C, 58°C, 59°C, 60°C, 61°C, 62°C,
63°C, 64°C, 65°C, 66°C, 67°C, 68°C, 69°C, or 70°C or higher. Still other suitable conditions
include between about 10°C and about 70°C , between about 15°C and about 65°C , between
about 20°C and about 60°C , between about 20°C and about 55°C , between about 20°C and
about 50°C, between about 20°C and about 45°C , between about 20°C and about 40°C ,
between about 20°C and about 35°C , or between about 20°C and about 30°C. In some
cases, the use of mild cleavage conditions may provide for less damage to the primer
extension products produced by the methods of the present invention. In some cases, the
fewer damaged bases, the more suitable the primer extension products may be for
downstream analysis such as sequencing, or hybridization. In other cases, the use of mild
cleavage conditions may increase final product yields, maintain sequence integrity, or render
the methods of the present invention more suitable for automation.

[0080] In embodiments involving fragmentation, the backbone of the template
polynucleotide comprising the abasic site 1s cleaved at the abasic site, whereby two or more
fragments of the polynucleotide are generated. At least one of the fragments comprises an
abasic site, as described herein. Agents that cleave the phosphodiester backbone of a
polynucleotide at an abasic site are provided herein. In some embodiments, the agent 1s an
AP endonuclease such as E. coli AP endonuclease 1V. In other embodiments, the agent 1s
N,N'-dimethylethylenediamine (termed “DMED”). In other embodiments, the agent 1s heat,
basic condition, acidic conditions, or an alkylating agent. In still other embodiments, the
agent that cleaves the phosphodiester backbone at an abasic site 1s the same agent that cleaves
the base portion of a nucleotide to form an abasic site. For example, glycosidases of the
present invention may comprise both a glycosidase and a lyase activity, whereby the
glycosidase activity cleaves the base portion of a nucleotide (¢.g., a non-canonical nucleotide)
to form an abasic site and the lyase activity cleaves the phosphodiester backbone at the abasic
site so formed. In some cases, the glycosidase comprises both a glycosidase activity and an
AP endonuclease activity.

[0081] Depending on the agent employed for cleaving at the abasic site of the template
polynucleotide, the backbone can be cleaved 5’ to the abasic site (e.g., cleavage between the
S’-phosphate group of the abasic residue and the deoxyribose ring of the adjacent nucleotide,
generating a free 3’ hydroxyl group), such that an abasic site 1s located at the 5’ end of the
resulting fragment. In other embodiments, cleavage can also be 3’ to the abasic site (e.g.,

cleavage between the deoxyribose ring and 3'-phosphate group of the abasic residue and the
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deoxyribose ring of the adjacent nucleotide, generating a free 5' phosphate group on the
deoxyribose ring of the adjacent nucleotide), such that an abasic site 18 located at the 3" end of
the resulting fragment. In still other embodiments, more complex forms of cleavage are
possible, for example, cleavage such that cleavage of the phosphodiester backbone and
cleavage of a portion of the abasic nucleotide results. Selection of the fragmentation agent
thus permits control of the orientation of the abasic site within the polynucleotide fragment,
for example, at the 3’ end of the resulting fragment or the 5’ end of the resulting fragment.
Selection of reaction conditions also permits control of the degree, level or completeness of
the fragmentation reactions. In some embodiments, reaction conditions can be selected such
that the cleavage reaction 1s performed 1n the presence of a large excess of reagents and
allowed to run to completion with minimal concern about cleavage of the primer extension
products of the invention. By contrast, other methods known 1n the art, ¢.g., mechanical
shearing, DNase cleavage, cannot distinguish between the template polynucleotide and the
primer extension products. In other embodiments, reaction conditions are selected such that
fragmentation 1s not complete (in the sense that the backbone at some abasic sites remains
uncleaved (unfragmented)), such that polynucleotide fragments comprising more than one
abasic site are generated. Such fragments comprise internal (nonfragmented) abasic sites.
[0082] Following generation of an abasic site by cleavage of the base portion of the non-
canonical nucleotide 1f present 1 the polynucleotide, the backbone of the polynucleotide 1s
cleaved at the site of incorporation of the non-canonical nucleotide (also termed the abasic
site, following cleavage of the base portion of the non-canonical nucleotide) with an agent
capable of effecting cleavage of the backbone at the abasic site. Cleavage at the backbone
(also termed “fragmentation”) results 1n at least two fragments (depending on the number of
abasic sites present in the polynucleotide comprising an abasic site, and the extent of
cleavage).

[0083] Suitable agents (for example, an enzyme, a chemical and/or reaction conditions such
as heat) capable of cleavage of the backbone at an abasic site include: heat treatment and/or
chemical treatment (including basic conditions, acidic conditions, alkylating conditions, or
amine mediated cleavage of abasic sites, (see ¢.g., McHugh and Knowland, Nucl. Acids Res.
(1995) 23(10):1664-1670; Bioorgan. Med. Chem (1991) 7:2351; Sugiyama, Chem. Res.
Toxicol. (1994) 7: 673-83; Horn, Nucl. Acids. Res., (1988) 16:11559-71), and use of

enzymes that catalyze cleavage of polynucleotides at abasic sites, for example AP
endonucleases (also called “apurinic, apyrimidinic endonucleases”) (e.g., E. coli

Endonuclease 1V, available from Epicentre Tech., Inc, Madison Wis.), E. coli endonuclease
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III or endonuclease IV, E. coli exonuclease I1I 1 the presence of calcium 1ons. See, ¢.g.
Lindahl, PNAS (1974) 71(9):3649-3653; Jendrisak, U.S. Pat. No. 6,190,865 B1; Shida,
Nucleic Acids Res. (1996) 24(22):4572-76; Srivastava, J. Biol Chem. (1998) 273(13):21203-
209; Carey, Biochem. (1999) 38:16553-60; Chem Res Toxicol (1994) 7:673-683. As used
herein “agent” encompasses reaction conditions such as heat. In one embodiment, the AP
endonuclease, E. coli endonuclease 1V, 1s used to cleave the phosphodiester backbone at an
abasic site. In another embodiment, cleavage 1s with an amine, such as N, N'-
dimethylethylenediamine. See, ¢.g., McHugh and Knowland, supra.

[0084] Cleavage of the abasic site may occur between the nucleotide immediately 5' to the
abasic residue and the abasic residue, or between the nucleotide immediately 3’ to the abasic
residue and the abasic residue (though, as explained herein, 5’ or 3’ cleavage of the
phosphodiester backbone may or may not result i retention of the phosphate group 5’ or 3’ to
the abasic site, respectively, depending on the fragmentation agent used). Cleavage can be 5’
to the abasic site (such as endonuclease IV treatment which generally results i cleavage of
the backbone at a location immediately 5’ to the abasic site between the 5'-phosphate group of
the abasic residue and the deoxyribose ring of the adjacent nucleotide, generating a free 3’
hydroxyl group on the adjacent nucleotide), such that an abasic site 1s located at the 5" end of
the resulting fragment. Cleavage can also be 3’ to the abasic site (¢.g., cleavage between the
deoxyribose ring and 3'-phosphate group of the abasic residue and the deoxyribose ring of the
adjacent nucleotide, generating a free 5’ phosphate group on the deoxyribose ring of the
adjacent nucleotide), such that an abasic site 1s located at the 3’ end of the resulting fragment.
Treatment under basic conditions or with amines (such as N,N’-dimethylethylenediamine)
results 1n cleavage of the phosphodiester backbone immediately 3 to the abasic site. In
addition, more complex forms of cleavage are also possible, for example, cleavage such that
cleavage of the phosphodiester backbone and cleavage of (a portion of) the abasic nucleotide
results. For example, under certain conditions, cleavage using chemical treatment and/or
thermal treatment may comprise a B-climination step which results i cleavage of a bond
between the abasic site deoxyribose ring and its 3’ phosphate, generating a reactive o, [3-
unsaturated aldehyde which can be labeled or can undergo further cleavage and cyclization
reactions. See, €.g., Sugiyama, Chem. Res. Toxicol . (1994) 7: 673-83; Horn, Nucl. Acids.
Res., (1988) 16:11559-71. It 1s understood that more than one method of cleavage can be
used, including two or more different methods which result in multiple, different types of
cleavage products (¢.g., fragments comprising an abasic site at the 3’ end, and fragments

comprising an abasic site at the 5’ end).
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[0085] Cleavage of the backbone at an abasic site may be general, specific or selective (1n the
sense that the agent (such as an enzyme) capable of cleaving the backbone at an abasic site
specifically or selectively cleaves the base portion of a particular non-canonical nucleotide),
whereby greater than about 98%, about 95%, about 90%, about 85%, or about 80% of the
cleavage 1s at an abasic site. However, extent of cleavage can be less. Thus, reference to
specific cleavage i1s exemplary. General, specific or selective cleavage 1s desirable for control
of the fragment size m the methods of generating labeled polynucleotide fragments of the
invention. In some embodiments, reaction conditions can be selected such that the cleavage
reaction 1s performed in the presence of a large excess of reagents and allowed to run to
completion with minimal concern about excessive cleavage of the polynucleotide (1.¢., while
retaining a desired fragment size, which 1s determined by spacing of the incorporated non-
canonical nucleotide, during the synthesis step, above). In other embodiments, extent of
cleavage can be less, such that polynucleotide fragments are generated comprising an abasic
site at an end and an abasic site(s) within or internal to the polynucleotide fragment (1.¢., not
at an end).

[0086] In embodiments involving cleavage of the phosphodiester backbone, appropriate
reaction media and conditions for carrying out the cleavage of the phosphodiester backbone
at an abasic site according to the methods of the mvention are those that permit cleavage of
the phosphodiester backbone at an abasic site. Such media and conditions are known to
persons of skill n the art, and are described in various publications, such as Bioorgan. Med.
Chem (1991) 7:2351; Sugiyama, Chem. Res. Toxicol . (1994) 7: 673-83; Horn, Nucl. Acids.
Res., (1988) 16:11559-71); Lindahl, PNAS (1974) 71(9):3649-3653; Jendrisak, U.S. Pat. No.
6,190,865 B1; Shida, Nucleic Acids Res. (1996) 24(22):4572-76; Srivastava, J. Biol Chem.
(1998) 273(13):21203-209; Carey, Biochem. (1999) 38:16553-60; Chem Res Toxicol (1994)
7:673-683.

[0087] In some cases, nucleic acids containing abasic sites are heated 1 a buffer solution
containing an amine, for example, 25 mM Tris-HCI and 1-5 mM magnesium 1ons, for 10-30
minutes at 70°C. to 95°C. Alternatively, 1.0 M piperidine (a base) 1s added to polynucleotide
comprising an abasic site which has been precipitated with ethanol and vacuum dried. The
solution 1s then heated for 30 minutes at 90°C. and lyophilized to remove the piperidine. In
another example, cleavage is effected by treatment with basic solution, ¢.g., 0.2 M sodium
hydroxide at 37°C for 15 minutes. See Nakamura (1998) Cancer Res. 58:222-225. In yet
another example, incubation at 37°C. with 100 mM N,N’-dimethylethylenediamine acetate,
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pH 7.4 1s used to cleave. See McHugh and Knowland, (1995) Nucl. Acids Res. 23(10) 1664-
1670.

[0088] The cleavage of the mput nucleic acid template comprising one or more abasic sites
may also be performed by enzymatic means. For example an apyrimidinic endonuclease or
an apurinic endonuclease (collectively known as AP endonucleases) may be used to cleave
the mput nucleic acid template at the one or more abasic sites. In some cases, the input
nucleic acid template comprising one or more abasic sites may be cleaved with a class 1, class
I1, c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>