wo 20117109825 A2 I 00 000 OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau WIP0)

-

U
(43) International Publication Date :
9 September 2011 (09.09.2011)

(10) International Publication Number

WO 2011/109825 A2

(51) International Patent Classification: Not classified

(21) International Application Number:

PCT/US2011/027433 (74)

(22) International Filing Date:

7 March 2011 (07.03.2011)
English
English

25) (81)

(26)
(30)

Filing Language:
Publication Language:

Priority Data:
61/310,822 5 March 2010 (05.03.2010)

Applicant (for all designated States except US): UNI-
VERSITY OF UTAH RESEARCH FOUNDATION
[US/US]; 615 Arapeen Dr., Suite 310, Salt Lake City, UT
84108 (US).

Us
1

(72)
(73)

Inventors; and

Inventors/Applicants (for US only): BURROWS, Cyn-
thia, J. [US/US]; 1322 E. Chandler Drive, Salt Lake City,
UT 84103 (US). WHITE, Henry, S. [US/US]; 6625 Kil-
lyons Canyon, Salt Lake City, UT 84108 (US).
KAWANO, Ryuji [JP/JP]; 2-37-15 Room 505, Somechi,
Chofu City, Tokyo, 182-0023 (JP). FLEMING, Aaron,
M. [US/US]; 1609 E. Roosevelt Avenue, Salt Lake City,

84)

UT 84105 (US). AN, Na [CN/CN]; 1155 E 200 S Apt
303, Salt Lake City, UT 84102 (US).

Agents: ERICKSEN, Erik, S. et al,; Thorpe North &
Western, LLP, PO Box 1219, Sandy, UT 84091-1219
(US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

[Continued on next page]

(54) Title: DETECTION OF NUCLEIC ACID LESIONS AND ADDUCTS USING NANOPORES

(57) Abstract: Methods, systems,
and compounds for detecting modi-

Directing a nucleic acid adduct into a channel,
where the nucleic acid adduct includes a nucleic
acid having a lesion and a current modulating
compound coupled to the nucleic acid at the
lesion

fied nucleic acid bases are disclosed
and described. In one example, a
method of detecting a nucleic acid le-
sion can include directing a nucleic
acid adduct into a channel, the nucle-
ic acid adduct including a nucleic
acid having a lesion and a current
modulating compound coupled to the

F 110

nucleic acid at the lesion (110), and

measuring changes in  current
through the channel in response to
the current modulating compound to
detect the lesion (112). In some cases

Measuring changes in current through the channel
in response to the current modulating compound
to detect the lesion

the method can include forming the
nucleic acid adduct.

fllZ

FIG. 61



WO 2011/109825 A2 I 0000 ) A0 0 O U A

SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, Published:

GW, ML, MR, NE, SN, TD, TG). —  without international search report and to be republished

upon receipt of that report (Rule 48.2(g))



10

15

20

25

30

WO 2011/109825

DETECTION OF NUCLEIC ACID LESIONS AND ADDUCTS USING NANOPORES
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invention.

BACKGROUND

Exposure of DNA to carcinogens, radiation, oxidation agents or other agents can
damage base pairs. Such damage can ultimately lead to cell apoptosis or tumor growth.
Detection and diagnosis of such damage could potentially lead to treatments and/or
preventative measures. However, methods for detecting such damage are limited.
Conventional methods for detecting specific DNA damage include: (I) DNA digestion
followed by LC-MS analysis and (2) gel electrophoretic analysis of primer extension
studies. The first method is widely employed but requires substantial chemical and
enzymatic manipulation that may introduce artifacts. In addition, no sequence
information is gained, and the sensitivity is limited. In the second method, the sequence
of the area of the genome of interest must already be known, and the sensitivity is also
limited. A third method for assessing global DNA damage is the "comet assay".
Although widely employed to analyze generic DNA damage, it does not provide any

information on either the type or location of the lesions.

SUMMARY

Methods, systems, and compounds for detecting modified nucleic acid bases is
disclosed and described. In one aspect, for example, a method of detecting a nucleic
acid lesion can include directing a strand of DNA or RNA containing a nucleic acid
adduct into a channel, the nucleic acid adduct including a nucleic acid having a lesion
and a current modulating compound coupled to the nucleic acid at the lesion, and
measuring changes in current through the channel in response to the current modulating
compound to detect the lesion. The current may be ionic or electronic current through
the nanopore that is sensitive to the structure or presence of the modulating compound.

In some cases, the method can include forming the nucleic acid adduct. Additionally,
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the method can optionally include coupling an immobilization compound to the nucleic
acid adduct, where the immobilization compound functions to preclude the
translocation of the nucleic acid adduct completely through the channel. In some cases,
the current modulating compound itself is of sufficient size to preclude the complete
translocation of the nucleic acid adduct through the channel. Alternatively, directing
the DNA strand with a nucleic acid adduct into the channel further includes
translocating the nucleic acid adduct through the channel.

Various covalent and noncovalent chemical modifications of nucleic acids are
contemplated. For example, the current modulating compound can optionally be
coupled to the nucleic acid at an abasic site associated with the lesion. In some cases,
the current modulating compound can be a primary amine. Non-limiting examples of
current modulating compounds can include alkanes, alkenes, alkynes, aryls, sugars,
carbohydrates, azides, halides, amines, imines, peptides, crown ethers, metal-binding
ligands, transition metal complexes, and the like, including combinations thereof. In
some cases the current modulating compound can be introduced into the nucleic acid
via an 8-0xoG intermediate. Other cases the current modulating compound can
introduced into the nucleic acid adduct via an aldehyde intermediate. In yet other cases
the current modulating compound can be introduced into the nucleic acid adduct via a
platination intermediate.

A variety of lesions are contemplated that can be detected or used for the
formation of a nucleic acid adduct, and any such lesion is considered to be within the
present scope. Non-limiting examples include uracil in DNA, 8-oxoG, 1,N°-
ethenoadenine, and the like, including combinations thereof. Other non-limiting
examples of reactions that result in lesions can include depurination, deamination,
cyclobutane photodimer generation, alkylation, oxidation, and the like, including
combinations thereof,

In another aspect, a method of obtaining DNA or RNA sequence information
from a nucleic acid is provided. Such a method includes reacting a current modulating
compound with a nucleic acid to selectively couple the current modulating compound to
a preselected nucleotide type, where the current modulating compound and the nucleic
acid thus forming a nucleic acid adduct. The method also includes directing the nucleic
acid adduct into a channel and measuring changes in current through the channel in

response to the current modulating compound to detect the preselected nucleotide type.
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Various reaction chemistries capable of incorporating a current modulating
compound into a nucleic acid are contemplated. Non-limiting examples include
oxidation reactions, alkylation reactions, platination reactions, deamination reactions,
halogenations reactions, depurination/depyrimidination reactions, and the like,
including combinations thereof. As one example, reacting the current modulating
compound with the nucleic acid includes bromination of cytosine. In another example,
reacting the current modulating compound with the nucleic acid includes reacting the
nucleic acid with cis-platin. In yet another example, reacting the current modulating
compound with the nucleic acid includes forming a lesion in the nucleic acid and
coupling the current modulating compound to the lesion to form the nucleic acid
adduct. In some cases the lesion is an abasic site. Furthermore, in some cases the
current modulating compound is a plurality of current modulating compounds coupled
exclusively to nucleic acid bases of the preselected nucleic acid type.

In some cases, measuring changes in current through the channel in response to
the current modulating compound to detect the preselected nucleotide type can
optionally include measuring multiple current modulating compounds and correlating
the multiple current modulating compounds to a sequence of the nucleic acid.
Additionally, in some cases the multiple current modulating compounds are associated
with adjacent nucleotide bases.  Alternatively, the multiple current modulating
compounds are associated with adjacent nucleotide bases on different nucleic acid
molecules having the same sequence.

Nucleic acid adducts are also provided. Such an adduct includes a nucleic acid
having a damaged region and a current modulating compound coupled to the damaged
region. Non-limiting examples of general categories of current modulating compounds
include alkanes, alkenes, alkynes, aryls, sugars, carbohydrates, azides, halides, amines,
imines, peptides, crown ethers, metal-binding ligands, transition metal complexes and
the like, including combinations thereof. Additionally, in some cases the damaged
region is an abasic site.

A system for detecting a current modulating compound is also provided. Such a
system can include a membrane including a conical nanopore having an opening with a
suspended lipid bilayer across the opening, a pair of electrodes configured to register
changes in electrical current across the opening, and a nucleic acid adduct of a nucleic
acid and a current modulating compound located within the nanopore. In some cases,

the suspended lipid bilayer includes a protein embedded therein to form a channel such
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that transport of the nucleic acid adduct across the channel is inhibited while transport
of non-adduct nucleic acid is not substantially inhibited.

There has thus been outlined, rather broadly, the more important features of the
invention so that the detailed description thereof that follows may be better understood,
and so that the present contribution to the art may be better appreciated. Other features
of the present invention will become clearer from the following detailed description of
the invention, taken with the accompanying drawings and claims, or may be learned by

the practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic depiction of various damaging chemistries occurring in
DNA in accordance with an embodiment of the present invention;

FIG. 2 is a schematic depiction of abasic site chemistry in accordance with an
embodiment of the present invention;

FIG. 3 is a schematic depiction of functionalization of an abasic site in
accordance with an embodiment of the present invention;

FIG. 4 is a schematic depiction of a reaction pathway for further oxidation of 8-
0x0Q in accordance with an embodiment of the present invention;

FIG. 5 is a schematic depiction of nucleic acid adduct formation chemistry in
accordance with an embodiment of the present invention;

FIG. 6 is a schematic depiction of nucleic acid adduct formation chemistry in
accordance with an embodiment of the present invention;

FIG. 7 is a schematic depiction of nucleic acid adduct formation chemistry in
accordance with an embodiment of the present invention;

FIG. 8 is a schematic depiction of examples of nucleic acid adducts in
accordance with an embodiment of the present invention;

FIG. 9 is a schematic depiction of DNA base lesion chemistry in accordance
with an embodiment of the present invention;

FIG. 10 is a schematic depiction of nucleic acid adduct examples in accordance
with an embodiment of the present invention;

FIG. 11 is a schematic depiction of halogenation reaction examples in

accordance with an embodiment of the present invention;
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FIG. 12 is a schematic depiction of a platination reaction example in accordance
with an embodiment of the present invention;

FIG. 13 is a date representation of mass spectrometry analysis of cis-platin
adducts in accordance with an embodiment of the present invention;

FIG. 14 is a schematic depiction of oligonucleotides employed in channel
experiments in accordance with an embodiment of the present invention;

FIG. 15 shows an i-t trace corresponding to the capture of the straptavidin-biotin
DNA complex containing both Cyg and C39Gei4 0ligomers in accordance with an
embodiment of the present invention;

FIG. 16 shows current blockade distribution data obtained in three different
experiments in accordance with an embodiment of the present invention;

FIG. 17 is a schematic depiction of molecules employed in channel experiments
in accordance with an embodiment of the present invention;

FIG. 18 shows data from channel experiments involving Strep-BTN C8OG and
Strep-BTN C80G BzAdd in accordance with an embodiment of the present invention;

FIG. 19 shows data from channel experiments involving Strep-BTN C140G and
Strep-BTN C140G BzAdd in accordance with an embodiment of the present invention;

FIG. 20 shows data from channel experiments involving Strep-BTN C140G and
C140G BzAdd in accordance with an embodiment of the present invention;

FIG. 21 shows data from channel experiments involving Strep-BTN C40 and
Strep-BTN C140G BzAdd in accordance with an embodiment of the present invention;

FIG. 22 shows data from channel experiments involving Strep-BTN C40 in
accordance with an embodiment of the present invention;

FIG. 23 shows data from channel experiments involving an open eHL channel
in accordance with an embodiment of the present invention;

FIG. 24 is a schematic depiction of molecules employed in channel experiments
in accordance with an embodiment of the present invention;

FIG. 25 shows data representing residual current distribution of C39G,14 and a
mixed C39G,14G/C39Gh,4 solution recorded using the same protein channel in
accordance with an embodiment of the present invention;

FIG. 26 shows data representing a control study on residual currents of
C38GGyi3,14 and mixed C38G G314/ C38GGyy13,14Pt in accordance with an

embodiment of the present invention;
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FIG. 27 is a schematic diagram of a glass nanopore membrane (GNM) in
accordance with an embodiment of the present invention;

FIG. 28 is a schematic diagram of Strep-BTN DNA driven into a channel
including data showing the open channel current (Io) and the blocked current (I) of the
channel in accordance with an embodiment of the present invention;

FIG. 29 shows data representing the mean percent current blockage for the
native DNA bases, C, T, A, and G, at position ;4 in accordance with an embodiment of
the present invention;

FIG. 30 shows data representing the mean percent current blockage for G
compared to OG at position w14 in channel experiments in accordance with an
embodiment of the present invention;

FIG. 31 shows data representing the mean percent current blockage for the base
modifications Sp and Gh in channel experiments in accordance with an embodiment of
the present invention;

FIG. 32 shows data representing the mean percent current blockage for
C39Gw14, C39Bzm14, and C39Sdw14 in channel experiments in accordance with an
embodiment of the present invention;

FIG. 33 shows an example i-# trace and %5//], histogram for Strep-Btn Ca9 in
accordance with an embodiment of the present invention;

FIG. 34 shows an example i-¢ trace for Strep-Bin C30Gg 14 and the resulting %6//1,
histogram compared with Strep-Btn Cso in accordance with an embodiment of the
present invention;

FIG. 35 shows an example i-¢ trace for Strep-Bin C300Ge 14 and the resulting
%I/1, histogram compared with Strep-Btn Cy in accordance with an embodiment of the
present invention;

FIG. 36 shows example i- traces for Strep-Btn C3Sp,14 and Strep-Btn
C390Ghg14, and their respective %6//1, histograms compared with Strep-Btn Cyg in
accordance with an embodiment of the present invention;

FIG. 37 shows an example i-¢ trace for Strep-Bin Csolys, 14 and the resulting
%I/1, histogram compared with Strep-Btn Cy9 in accordance with an embodiment of the
present invention;

FIG. 38 shows example i-¢ traces for Strep-Btn C3oBz,14 and Strep-Btn
C39GlcNy14 and the resulting %//1, histograms compared with Strep-Btn Cyo in

accordance with an embodiment of the present invention;
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FIG. 39 shows example i-f traces for Strep-Btn C39Spd,14 and Strep-Btn
CsoSpmy, 4 and the resulting %//1, histograms compared with Strep-Btn Cyp in
accordance with an embodiment of the present invention;

FIG. 40 shows an example i-¢ trace for Strep-Btn C30GPRP,14 and %1/,
histogram compared with Strep-Btn Cso in accordance with an embodiment of the
present invention;

FIG. 41 shows an example i-¢ trace for Strep-Btn Kras-Gei4 and the resulting
%I/1, histogram compared with Strep-Btn Cy in accordance with an embodiment of the
present invention;

FIG. 42 shows an example i-# trace for Strep-Btn Kras-OGy, 4 and the resulting
%I/1, histogram compared with Strep-Btn Kras-Gg4 in accordance with an embodiment
of the present invention;

FIG. 43 shows example i-¢ traces for Strep-Btn Kras-Spe14 and Strep-Btn Kras-
Ghy14, and the resulting %//1, histograms compared with Strep-Btn Kras-Gg4 in
accordance with an embodiment of the present invention;

FIG. 44 shows an example i-¢ trace for Strep-Btn Kras-Spmg,14 and %1/1,
histogram compared with Strep-Btn Kras-Gg;4 in accordance with an embodiment of
the present invention;

FIG. 45 shows %l//1, histograms for native base substitutions at position m14
within a poly-dC background, Strep-Btn Cs9X,14, where X = A, T, or G in accordance
with an embodiment of the present invention;

FIG. 46 shows current blockage histograms for Strep-Btn C39X14, where X = C,
T, A, G, OG, Sp, and Ghin accordance with an embodiment of the present invention;

FIG. 47 shows current blockage histograms for Strep-Btn C39X14, where X = C,
T, A, G, Lys, Bz, GlcN, Spd, Spm, and GPRP in accordance with an embodiment of the
present invention;

FIG. 48 shows an example i-f trace for Strep-Btn Cs9Ug14 and %//1, histogram
compared with Strep-Btn C49 in accordance with an embodiment of the present
invention;

FIG. 49 shows an example i-¢ trace for Strep-Btn Cs9Ab,4 and %//1, histogram
compared with Strep-Btn C40 in accordance with an embodiment of the present

invention.
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FIG. 50 shows an example i-f trace for Strep-Btn Cs9Trng,14 and %//1, histogram
compared with Strep-Btn C49 in accordance with an embodiment of the present
invention,

FIG. 51 shows an example i-¢ trace for Strep-Btn C390RHq14 and %1/1, histogram
compared with Strep-Btn C40 in accordance with an embodiment of the present
invention,

FIG. 52 shows an example i-¢ trace for Strep-Btn CsoGlcNg14 and %l/1,
histogram compared with Strep-Btn C4 in accordance with an embodiment of the
present invention,

FIG. 53 shows an example i-t trace for Strep-Btn C;yGPRP,4 and %//1,
histogram compared with Strep-Btn C4 in accordance with an embodiment of the
present invention,

FIG. 54 shows an example i-t trace for Strep-Btn C30STMg4 and %l/1,
histogram compared with Strep-Btn Cy in accordance with an embodiment of the
present invention,

FIG. 55 shows an example i-¢ trace for Strep-Btn K-rasCq14 and %1/1, histogram
compared with Strep-Btn C49 in accordance with an embodiment of the present
invention,

FIG. 56 shows an example i-¢ trace for Strep-Btn K-rasUg14 and %1/1, histogram
compared with Strep-Btn C49 in accordance with an embodiment of the present
invention,

FIG. 57 shows an example i-¢ trace for Strep-Btn K-rasAbg14 and %l/i,
histogram compared with Strep-Btn Cy in accordance with an embodiment of the
present invention,

FIG. 58 shows an example i-t trace for Strep-Btn K-rasGPRP,4 and %//1,
histogram compared with Strep-Btn C4 in accordance with an embodiment of the
present invention,

FIG. 59 shows example traces and individual duration histograms in
translocation studies for poly-dCg; and tp histogram under different voltages in
accordance with an embodiment of the present invention.

FIG. 60 shows example traces and individual duration histograms in
translocation studies for poly-dC4sGPRPAC43 and tp histogram under different voltages

in accordance with an embodiment of the present invention.,
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FIG. 61 is a schematic diagram of a method of detecting a nucleic acid lesion in
accordance with an embodiment of the present invention;

FIG. 62 is a schematic diagram of a method of obtaining sequence information
from a nucleic acid in accordance with an embodiment of the present invention;

FIG. 63 shows example traces and individual duration histograms in
translocation studies of poly- dCus[18-crown-6]dCs; and tp histogram under different

voltages.

It will be understood that the above figures are merely for illustrative purposes
in furthering an understanding of the invention. Further, the figures are not drawn to
scale, thus dimensions, particle sizes, and other aspects may, and generally are,
exaggerated to make illustrations thereof clearer. Therefore, departure can be made
from the specific dimensions and aspects shown in the figures in order to produce the

heat spreaders of the present invention.

DETAILED DESCRIPTION

While these exemplary embodiments are described in sufficient detail to enable
those skilled in the art to practice the invention, it should be understood that other
embodiments may be realized and that various changes to the invention may be made
without departing from the spirit and scope of the present invention. Thus, the
following more detailed description of the embodiments of the present invention is not
intended to limit the scope of the invention, as claimed, but is presented for purposes of
illustration only and not limitation to describe the features and characteristics of the
present invention, to set forth the best mode of operation of the invention, and to
sufficiently enable one skilled in the art to practice the invention. Accordingly, the
scope of the present invention is to be defined solely by the appended claims.

Definitions

In describing and claiming the present invention, the following terminology will
be used.

The singular forms “a,” “an,” and “the” include plural referents unless the
context clearly dictates otherwise. Thus, for example, reference to “a strand” includes
reference to one or more of such materials and reference to “subjecting” refers to one or

more such steps.
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As used herein, a “current modulating compound” refers to any compound or
molecule that, when coupled to a nucleic acid, modulates current flow through a
channel when the current modulating compound is present in the channel, as compared
to the same nucleic acid without the current modulating compound. Such modulation
can include changes in current flow (e.g. current decrease or increase) as well as
changes in the duration of current variation due to the current modulating compound
translocating into or through the channel.  Additionally, “current modulating
compound” can refer to the compound that is reacted with the nucleic acid to form the
adduct as well as to the resulting nucleic acid modification following incorporation into
the nucleic acid.

As used herein, “nucleotide type” refers to a specific moiety of nucleotide
including A, C, T, G, and U, as well as naturally occurring modified nucleotide bases
such as S5-methyl-C, and modified nucleotide bases resulting from DNA damage
processes (oxidation, alkylation, deamination, formation of abasic sites, and the like) or
treatment of DNA or RNA with modifying agents including drugs, such as, for
example, agents for platination, alkylation, oxidation, or the like. In RNA, “nucleotide
type” can additionally refer to any of the common modifications such as those found in
tRNAs including methylated base and sugar moieties. Additionally, “nucleotide type”
can also refer to multiple bases in a sequence, such as G-G, G-G-G, G-A-C, T-A-T-A,
C-C, and the like.

As used herein with respect to an identified property or circumstance,
“substantially” refers to a degree of deviation that is sufficiently small so as to not
measurably detract from the identified property or circumstance. The exact degree of
deviation allowable may in some cases depend on the specific context.

As used herein, a plurality of items, structural elements, compositional elements,
and/or materials may be presented in a common list for convenience. However, these
lists should be construed as though each member of the list is individually identified as
a separate and unique member. Thus, no individual member of such list should be
construed as a de facto equivalent of any other member of the same list solely based on
their presentation in a common group without indications to the contrary.

Concentrations, amounts, and other numerical data may be presented herein in a
range format. It is to be understood that such range format is used merely for
convenience and brevity and should be interpreted flexibly to include not only the

numerical values explicitly recited as the limits of the range, but also to include all the
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individual numerical values or sub-ranges encompassed within that range as if each
numerical value and sub-range is explicitly recited. For example, a numerical range of
about 1 to about 4.5 should be interpreted to include not only the explicitly recited
limits of 1 to about 4.5, but also to include individual numerals such as 2, 3, 4, and sub-
ranges such as 1 to 3, 2 to 4, etc. The same principle applies to ranges reciting only one
numerical value, such as “less than about 4.5,” which should be interpreted to include
all of the above-recited values and ranges. Further, such an interpretation should apply
regardless of the breadth of the range or the characteristic being described.

Any steps recited in any method or process claims may be executed in any order
and are not limited to the order presented in the claims. Means-plus-function or step-
plus-function limitations will only be employed where for a specific claim limitation all
of the following conditions are present in that limitation: a) “means for” or “step for” is
expressly recited; and b) a corresponding function is expressly recited. The structure,
material or acts that support the means-plus function are expressly recited in the
description herein. Accordingly, the scope of the invention should be determined solely
by the appended claims and their legal equivalents, rather than by the descriptions and
examples given herein.

Disclosure

Techniques for detecting nucleic acid modifications using nanopore technology
are provided. Such technology can be implemented for a variety of investigational
uses, including, without limitation, detecting damage or lesions in nucleic acids,
sequencing nucleic acids, epigenetics, and the like. It should be noted that, while
various discussion points are made below regarding one or more of such uses, any
disclosure described in relation to a given use that can be applied to any other use
would also be considered to be within the present scope. For example, discussions
relating to DNA lesion analysis should be taken as also relating to other uses where
applicable, such as sequence analysis. Similarly, discussions directed to a particular
nucleic acid adduct, such as, for example, an adduct associated with a DNA lesion,
should be applied to nucleic acid sequencing where applicable.

Regarding nucleic acid damage, a method for detecting nucleic acid lesions
through the formation of nucleic acid adducts that modulate current flow through a
nanopore as the adduct is translocating into or through the pore, is disclosed and
described. The method is based on the use of a nanopore through which single-stranded

and double stranded nucleic acids and nucleic acid adducts can be translocated in an
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applied electric field. The rate of translocation depends in part on the size of the nucleic
acid adduct passing through the nanopore. Covalent adducts are made to nucleic acid
lesions such as 8-oxoguanosine, a common biomarker of oxidative damage in DNA.
Examples of the molecules adducted are primary amines including benzyl amine,
lysine, arginine, spermine, spermidine, and an amine derivative of B-cyclodextrin.
When the adduct is sufficiently large (e.g. B-cyclodextrin), the nanopore is completely
blocked, allowing detection and identification of the position of the lesion. Smaller
adducts modulate the ion flow as DNA translocates through the nanopore, also allowing
detection and identification of the position of the lesion. This method allows analysis
of human tissue samples to evaluate oxidative stress and other forms of damage in an
extremely sensitive method. It can aid researchers interested in oxidative stress,
mutagenesis and disease, and in medical diagnostics.

Genomic and mitochondrial DNA bases undergo continuous modifications as a
result of both natural processes that introduce epigenetic markers (5-methylC), as well
as exposure to DNA damaging agents through oxidation and alkylation reactions from
endogenous sources or toxicants. DNA sequencing techniques may not directly detect
DNA damage because the sequencing takes place on PCR-amplified strands that
perforce contain only the 4 canonical bases A, C, T, and G. Mutations and SNPs
(single-nucleotide polymorphisms) can be detected by sequencing, and many of these
are the ultimate outcome of DNA damage. However, mutations themselves do not
provide much information about the chemical identity of the original damage.
Understanding the molecular origins of DNA mutations can be a key to preventative
medicine for cancer, toxicology, and age-related disorders. Approaches for the
detection of nucleotide modifications such as DNA base modifications (e.g. oxidation,
alkylation, excision, and the like) by application of chemical and enzymatic methods to
convert the modified base to an adduct that yields a detectable signal when individual
nucleic acid strands translocate through a membrane-embedded ion channel are
provided. In addition, the present scope also includes nucleic acid modifications
purposefully introduced into the nucleic acid for the purposes of sequencing and/or
sequence analysis or other qualitative investigation of sequence information.

In the case of DNA, for example, DNA strands from each cell are estimated to
undergo tens of thousands of base modification reactions per day, the vast majority of
which are corrected by DNA repair enzymes before replication or transcription occurs.

Under conditions of stress, DNA bases can be damaged beyond the capability of the
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repair system, leading to cell death (apoptosis) or worse, to immortalization and cancer,
as well as aging, neurodegenerative, and cardiovascular diseases. It is possible that
multiple damage occurrences in the same cell are the most efficacious in leading to
disease states; however, there appear to be no methods in place for single-molecule
analysis of DNA damage.

A variety of common damaging chemistries occur with the DNA bases, a few of
which are shown in FIG. 1 and in the description that follows. Depurination 12 is a
damaging reaction that results in the loss of an adenine or guanine base, thus resulting
in an abasic site (e.g. AP = apurinic or apyrimidinic) on the DNA strand. Depurination
is mediated by acidic conditions or certain base alkylating agents or platination with
compounds such as cis-platin.

The hydrolytic conversion of an exocyclic amino group to a keto group, or
deamination 14, occurs in enzyme-catalyzed RNA editing, and also represents a
naturally occurring form of DNA damage that can be mutagenic. In the case of C, the
deamination of C is a reaction that generates U, which would code as a T if unrepaired.
Deamination is catalyzed not only by acidic conditions, but also by exposure to
nitrosating agents such as nitrosamines.

Cyclobutane photodimers 16, such as T<>T shown in FIG. 1, are formed upon
exposure to UV light and are primary lesions leading to skin cancers. Their formation
is variable depending on the amount of light exposure and the wavelength of light.

Alkylation 18 reactions (e.g. methylation) of bases occurs when DNA undergoes
epigenetic marking, as in the conversion of C to 5-MeC by an enzyme catalyzed
reaction that utilizes S-adenosylmethionine (SAM). Mismethylation is one example of
DNA damage (see Fig. 2 for G methylation at N7). Another major source of alkylation
is exposure to electrophilic agents such as aldehydes generated from lipid peroxidation,
environmental alkylating agents (vinyl chloride, acrylates, etc.) or treatment with
anticancer agents such as mitomycin or chlorambucil. Cis-platin also generates a G-N7
adduct or cross-link, and though not technically an alkylating agent, this antitumor drug
bears some similarity to DNA alkylating agents.

Oxidative damage 20 to DNA bases (e.g. G — 8-0x0G) may be a leading cause
of age-related disorders including cancer, and may also play a role in metabolic
disorders. Oxidative damage frequently occurs to guanine, often leading to the
formation of 8-0xoG, which is a possible biomarker of oxidative stress in the cell.

Levels of 8-0x0G are elevated during chronic infection, high metabolic stress, abnormal
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utilization of redox active metals such as Fe and Cu, and after reperfusion injury. A
suite of DNA repair enzymes seek out 8-oxoG and related lesions to correct this
damage before it leads to mutation. Lack of repair of §-oxoG leads to G-to-T
mutations; a single G-to-T mutation in codon 12 of the HRAS gene, for example, may
be a factor in the development of bladder cancer.

DNA base damage is detected and corrected in the cell via multiple
mechanisms, one pertinent to the above examples being base excision repair (BER). In
this mechanism, a BER glycosylase first scans the duplex for non-canonical bases and
cleaves the glycosidic bond, thus generating an abasic (AP) site. As is shown in FIG. 2,
BER enzymes cleave the glycosidic bond to create an AP site. Some BER enzymes
also have B-lyase or B,6-lyase activity and create a strand break; others rely on a
downstream enzyme such as AP endonuclease to cleave out the remaining ribose unit
before other enzymes resynthesize the strand using the undamaged base opposite as a
template. In addition to natural processes, enzymes such as BER can be used to for the
generation of AP sites in DNA for the purpose of creating a nucleic acid adduct. For
example, DNA damage can be introduced by any of a variety of damaging mechanisms,
then enzymatically converted to an AP site for further chemical processing into an
adduct.

As has been described, AP sites can be utilized to form nucleic acid adducts.
This includes nucleic acids containing AP sites generated in vivo and nucleic acids
containing AP sites generated in vitro. DNA AP tautomerizes between ring-closed
form and ring-open aldehyde form, the existence of which allows AP to be further
functionalized. While any technique for forming an adduct is considered to be within
the present scope, in one aspect, an AP site can be functionalized to create an adduct by
coupling a current modulating compound at the aldehyde site, as is shown in FIG. 3.
As is more fully described below, a current modulating compound can be introduced at
the aldehyde site to create a nucleic acid adduct. It should be noted that various
chemistries can be used to incorporate a current modulating compound at an AP site of
a nucleic acid, and as such, any chemistry that allows such incorporation via an AP site
is considered to be within the present scope.

Accordingly, in one aspect a method of detecting a nucleic acid lesion is
provided, as is shown in FIG. 61. Such a method includes directing a nucleic acid
adduct into a channel, the nucleic acid adduct including a nucleic acid having a lesion

and a current modulating compound coupled to the nucleic acid at the lesion 110, and
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measuring changes in current through the channel in response to the current modulating
compound to detect the lesion 112. In one aspect, the method can include forming the
nucleic acid adduct.

Various channels are contemplated into which a nucleic acid adduct can be
directed in order to detect current changes associated with the adduct. Generally, any
nanopore that is capable of such current detection is considered to be within the present
scope. In one aspect, the channel can be a transmembrane protein channel. Non-
limiting examples of such protein channels include a-hemolysin (o-HL) channels, the
porin MspA of Mycobacterium smegmatis, chemical modifications of these proteins
and mutant forms of the proteins, and the like. In one specific aspect, the channel is o-
HL. In another aspect, the channel can be a manufactured nanopore in a suitable
substrate or a solid-state nanopore in a suitable membrane for recording current, such as
glass, quartz, sapphire, Si0,, SiN, and diamond. It should be noted that the following
discussion directed to a-HL channels should be applied to other channels where
applicable. Accordingly, one general non-limiting channel set up would include the
channel and a membrane or other support with electrically insulating properties to
ensure that current flows at least predominantly through the channel. By placing an
electrode on either side of the membrane, current delivered between the clectrodes will
flow through the channel. The standing open current reading of the channel can be
noted, and any change in this current would likely be due to some current impedance
within the channel. Thus directing a nucleic acid through the channel will cause a
decrease in current flow through the channel as compared to the open current reading.
Adducts having different characteristics, such as current modulating compound sizes
and/or polarities, will block current to a greater or lesser extent, and thus provide a
distinct current signature. An additional method for detecting the adduct is to measure
a current, e.g., a capacitive, electrochemical, or tunneling current, transverse to the
adducted stranded within the channel or nanopore.

The translocation of single-stranded DNA and RNA through a channel, such as,
for example, an o-HL channel, can be used to identify nucleic acid lesions and other
damage, as well as providing high-speed and low-cost methods of sequencing
polynucleotides via the exploitation of ion channel recordings. The a-HL pore, for
example, comprises a vestibule (~2.5 nm diameter cavity) and a stem region (~1.4 nm)
that is sufficiently large to allow single-stranded DNA (ss-DNA) to pass through the
interior of the pore. Double-stranded DNA (ds-DNA), with a diameter of ~2.2 nm, can
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enter the vestibule but cannot pass through the more narrow stem region. The
electrophoretically-driven translocation of ss-DNA through a solitary wild-type (WT)
or modified a-HL channel, reconstituted in an electrically insulating lipid bilayer, is
readily detected using ion channel recording methods. As ss-DNA translocates through
the pore, the ion channel current decreases to about 90% of the open channel value.
Additionally, the duration of the translocation event is a measure of the length of the ss-
DNA molecule, although thermal diffusion at room temperature requires averaging of
numerous translocation events to obtain precise length values. Ideally, the current vs.
time electrical trace recorded during the translocation of an individual ss-DNA
molecule exhibits four distinct levels, each level corresponding to one of the four bases
(adenine (A), thymine (T), guanine (G), and cytosine (C)). In principle, as the DNA
molecule translocates the channel, the electrical readout of the four current levels
provides the nucleotide sequence.

One limitation that presents itself is that available electronics are insufficiently
sensitive to reliably capture the electronic signature of each base. This limitation is
largely associated with the rapid translocation rate of DNA and RNA through WT-o-
HL (1-20 ps per base) at typical bias voltages (~100 mV), which requires MHz
bandwidth and data acquisition, coupled with the very small variations in channel
current for the different nucleotides passing through the constriction zone of o-HL.
Although measurable, the difference in ion current for different DNA homopolymers is
only on the order of a few pA. Larger differences in the signal identifying the
nucleotide can be achieved by modifying the bases with bulky adducts. Immobilization
of DNA within the channel, using a terminal hairpin or biotin-streptavidin complex to
prevent passage of the DNA through the nanopore, allows time averaging of the
current, resulting in sharply defined current distributions for each nucleotide. Reducing
the translocation velocity of DNA through the nanopore in order to obtain increased
signal-to-noise, either by reducing the temperature or increasing the solution viscosity,
has been demonstrated, but these methods also tend to reduce the channel conductance,
thus offsetting the advantage of measuring the current for each nucleotide over a longer
time. An alternative solution to improving base recognition is to use a DNA
polymerase to ratchet ss-DNA one base at a time through the channel. The
electrophoretic capture of short hairpin DNA molecules in the o-HL lumen, and
subsequent identification of the terminal bases, has also been demonstrated, although

this does not provide sequence information.
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As has been described, other biological and solid-state channels can be utilized
that have internal geometries and dimensions that are more sensitive to the nucleotide
base structure. For instance, the porin MspA of Mycobacterium smegmatis has a short
and narrow channel constriction that may be used for DNA sequencing.

It should be noted that the present disclosure includes situations whereby the
nucleic acid adduct blocks the channel and is prevented from translocating, and
situations whereby the nucleic acid adduct is translocated through the channel to the
other side of the membrane. As such, in one aspect, the method can further include
coupling an immobilization compound to the nucleic acid adduct, where the
immobilization compound functions to preclude translocation of the nucleic acid adduct
completely through the channel. In another aspect, directing the nucleic acid adduct
into the channel further includes translocating the nucleic acid adduct through the
channel. The present method also includes immobilization of DNA within the channel,
using an immobilization compound such as, for example, a terminal hairpin or biotin-
streptavidin complex to prevent passage of the DNA through the nanopore, allowing
detection of adducted nucleotides.

In addition, high-frequency noise in single channel electrical measurements is
associated with the combined inherent noise of the ion channel, thermal diffusion, and
the capacitance of the bilayer/support structure. In one aspect, novel support structures
can be used to reduce such noise. In one specific aspect, for example, a membrane
made of glass and/or fused quartz can be used. In on non-limiting example, such a
membrane can have a ~400 nm radius conical shaped nanopore as a support structures
for lipid bilayers and ion channel recordings. Details regarding such membranes and
manufacture thereof can be found in U.S. Patent Application No. 11/743,536, filed on
May 2, 2007, U.S. Patent Application No. 11/852,061, filed September 7, 2007, and
U.S. Patent Application No. 12/827,503, filed June 30, 2010, which are each
incorporated herein by reference. The small area of the bilayer in which the protein ion
channel is embedded and use of such fused quartz membranes reduces the
bilayer/support capacitance to very small values, thus allowing increased acquisition
rates. It should be noted that, while membranes of particular materials and having
conical shaped nanopores are disclosed, any suitable membrane and/or nanopore
structure or material that can be used to support the channel is considered to be within

the present scope.
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Additionally, alternating current (AC) phase-sensitive detection can be used to
measure the conductance of the ion channel, while simultaneously applying a DC bias
to electrostatically control the binding affinity and kinetics of charged molecules. A low
amplitude AC signal (~10 mV rms) allows the protein-DNA interaction to be measured
in the absence of large DC fields, thereby reducing the effects of electroosmosis,
electrophoresis, and protein deformation.

Returning to DNA damage, the electron-rich DNA bases are sensitive to
oxidation, and guanine (G), with the lowest redox potential (1.3 V. vs. NHE) of the four
bases, is particularly so. The most common product of G oxidation is 8-0x0G, a lesion
that leads to G-to-T transversion mutations if left unrepaired. Interestingly, 8-oxoG
(~0.7 V. vs. NHE) has a dramatically lower redox potential than G, and it is therefore a
hot spot for further oxidation. Products of 8-0xoG oxidation in DNA include the
hydantoins, Sp (spiroiminodihydantoin) and Gh (guanidinohydantoin). FIG. 4 shows
the reaction pathway for further oxidation of 8-0xoG to yield stable lesions Gh in ds-
DNA and Sp in ssDNA and nucleosides. Sp and Gh are ubiquitous products of guanine
oxidation from many types of reactive oxygen species as studied in an in vitro setting.

The large difference in redox potential between G and 8-0xoG allows a sensitive
method for selectively oxidizing only 8-0xoG in a DNA strand containing various
sequences, even sequences otherwise susceptible to oxidation such as 5°-GGG-3°. The
mild one-electron oxidants NayIrCls or Ks;Fe(CN)¢ are suitable for this purpose.
Additionally, a 2-¢ oxidized form of 8-0xoG (OG* in FIG. 4) is initially formed and
then trapped by a nucleophile such as H»O. In the presence of better nucleophiles such
as primary amines, covalent adducts are formed to that species (FIG. 5). For example,
oxidation of an 8-oxoG-containing oligomer in the presence of 50 uM spermine
generates a covalent adduct of spermine to the oligomer. Furthermore, many DNA
binding proteins, typically rich in lysine residues, form covalent cross-links to 8-oxoG-
containing DNA.

The inventors have developed mild conditions for converting 8-0xoG, a very
common but structurally subtle base lesion, to an adduct whose size, shape, and
functionality depend on the primary amine or other current modulating compound that
is appended. Thus, virtually any primary amine can be incorporated into a nucleic acid
via and 8-0xoG intermediate. =~ While any primary amine is contemplated for

incorporation into nucleic acid adducts, specific non-limiting examples include benzyl
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amine, lysine, arginine, spermine, spermidine, an amine derivative of B-cyclodextrin,
and the like, including combinations thereof. Further details regarding specific adduct
chemistry is described below.

Various lesions can be useful in the formation of nucleic acid adducts that are
detectible via channel recordings, including lesions such as uracil (in DNA), 8-0x0G,
and 1,N°ethenoadenosine. It should be noted that various strategies and chemistries
are contemplated for adduct formation, and any such chemistry is considered to be
within the present scope. Additionally, the present scope includes any nucleic acid
adduct generated from a nucleic acid lesion that results in a measurable change in the
rate of translocation of the adduct through the channel or a change in current as the
adduct is within the constricted portion of the channel compared to the nucleic acid
without the adduct.

The presence of uracil in DNA constitutes a mutation; often derived from a
hydrolytic deamination reaction of C, uracil (U) codes like T. Because of the frequency
of its occurrence in the genome, there exists a highly evolved protein, Uracil-DNA
Glycosylase (UDG), in all organisms to excise U. UDG operates on U in either dsDNA
or ssDNA and cleanly hydrolyzes the glycosidic bond to produce an abasic (AP) site.
AP sites can be somewhat unstable, and thus they can undergo B-elimination under
basic conditions leading to strand scission. However, when an alkoxyamine is present
in solution during generation of AP sites, the sugar aldehyde can be efficiently trapped,
leading to a stable oxime ether. The biotinylated alkoxyamine Aldehyde Reactive
Probe (ARP) can be used to detect AP sites in DNA. While the ARP adduct can be
used for ion channel measurements, the retardation in translocation rate can be slight
and the change in current level during translocation is relatively minor. This is likely
due to the flexibility of the biotin attachment. Accordingly, in various aspects, nucleic
acid adducts can be made that incorporate current modulating compounds having a size
and rigidity that allows greater discrimination in the channel recordings. In one aspect,
for example, propargyloxyamine can be converted via “click” chemistry with organic
azides to a suite of alkoxyamines for conjugation to the abasic site. Two non-limiting
examples are shown in FIG. 6 utilizing azidosugars to form the adduct. Such
compounds retain the alkoxyamine group for functionalization of the AP site while
introducing a large and relatively rigid adduct. One additional advantage of using

carbohydrates for adduction is that they will retain water solubility.
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In another aspect, various chemistries from functionalization of AP sites can
also be applied to detection of 8-oxoG with certain changes. For example, the
conditions for mild oxidation of 8-0x0G (see FIG. 5) can be adjusted such that the
adduct formation will be conducted with a primary amine instead of an alkoxyamine, as
has been discussed above. Primary amines can couple to 8-0xoG under mild oxidation
conditions. Non-limiting examples of some related primary amines that can be used for
adduct formation are shown in FIG. 7. It should be noted that any primary amine
capable of being introduced into a nucleic acid adduct and that is detectible in channel
recordings is considered to be within the present scope. Further adducts generated from
8-0x0G are shown in FIG. 8.

Another useful DNA base lesion is the alkylated base 1,N°-ethenoadenine (cA).
€A is a product of vinyl chloride toxicity as well as being a member of a broader class
of alkylated bases formed by condensation of lipid peroxidation products (such as
malondialdehyde) with DNA bases. €A is conveniently synthesized by the reaction of
chloroacetaldehyde with adenosine, as is shown in FIG. 9, where the formation of €A is
shown by the condensation of A with vinyl chloride or a-haloacetaldehyde. Two types
of repair enzymes remove this damage from DNA, AlkA and AlkB, and they do so by
very different mechanisms. AlkA operates on a broad class of alkylated adenosines and
is a simple glycosylase that removes the damaged base, thus generating an abasic site.
In this sense, AlkA functions with €A very much like UDG acts on U, with the
difference that AlkA prefers double-stranded substrates. As such, dsDNA substrates
need to be denatured before they can pass through a nanopore such as a-HL. €A can
also be directly repaired from single-stranded DNA using the enzyme AlkB.

Additionally, in some aspects nanopores large enough to translocate ds-DNA
can be used in the manner described for ss-DNA in order to detect ds-DNA adducts via
the translocation dependent modulation of electrical current. As such, ds-DNA adducts
and methods of their detection are considered to be within the present scope.

Thus, numerous adducts generated from AP sites are contemplated, and the
present scope includes any current modulating compound coupled to a nucleic acid at
an abasic site, including those associated with lesions. DNA AP tautomerizes between
ring-closed form and ring-open aldehyde form, the existence of which allows AP to be
further functionalized via coupling with amines to form Schiff bases, followed by

reduction to produce stable amine adducts (Ab-NR) by NaCNBH;. Non-limiting
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examples of such adducts are shown in FIG. 10, where Taurine (Trm), glucosamine
(GIeN), Arg-His (RH), Gly-Pro-Arg-Pro amide (GPRP), streptomycin (STM), and
crown ethers are attached to DNA AP to produce adducts (AP-NR) via reductive
amination. Thus the electrical signature of AP in the adduct can be dramatically
changed and removed beyond the range of normal DNA bases in the wild-type o-HL in
both homopolymer sequences and heterosequences, which provides benefits for lesion
recognition and sequencing development. This modification method can also be
extended to DNA analysis using other proteins and solid-state nanopores. The single-
molecule lesion recognition by protein ion channel can, to a great extent, advance the
understanding of disease origins and diagnostics.

In addition to those specific examples described, the current modulating
compounds can vary depending on the desired outcome of the recording procedure and
the particular chemistry involved.  General non-limiting examples of current
modulating compounds include alkanes, alkenes, alkynes, aryls, sugars, carbohydrates,
azides, halides, amines, imines, peptides, crown ethers, metal-binding ligands, transition
metal complexes and the like, including combinations thereof.

As has been described, techniques for use in obtaining sequence information
from a nucleic acid are also provided. In such cases, a nucleic acid can have current
modulating compounds associated with certain bases or base sequences to form a
nucleic acid adduct that can allow detection via channel recording methodologies. In
one aspect, as is shown in FIG. 62, a method of obtaining sequence information from a
nucleic acid can include reacting a current modulating compound with a nucleic acid to
selectively couple the current modulating compound to a preselected nucleotide type,
where the current modulating compound and the nucleic acid thus form a nucleic acid
adduct 120. The method can also include directing the nucleic acid adduct into a
channel 122 and measuring changes in current through the channel in response to the
current modulating compound to detect the preselected nucleotide type 124. It should
be noted that many of the chemistries disclosed that relate to nucleic acid damage can
be utilized to associate current modulating compounds with distinct nucleotide base
types or sequences, and as such, can be useful in obtaining sequence information.

By modifying a specific nucleotide base type of a given nucleic acid, qualitative
sequence information of the nucleic acid sequence can be determined. Additionally,
such qualitative evaluation can extend to related inquiries, such as epigenetics. Thus

any qualitative evaluation can be made in which specific modifications can be made to
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the nucleic acid to allow the introduction of a current modulating compound to thus
form a nucleic acid adduct. For example, a halogenation reaction such as the
bromination of cytosine under mild conditions (e.g. KBr, KHSOs) results in a reaction
that is highly selective for C over T, G, and A. As is shown in FIG. 11, bromination of
cytosine can be used to selectively modify at least a portion of the cytosine bases on a
nucleic acid strand. These modified cytosines can be detected via channel recording
methods, and thus are useful for determining sequence information. FIG. 11 also shows
a general reaction that can utilized Br or I for such modifications. It should also be
noted that any halide capable of being incorporated and discriminated using channel
recording methods is considered to be within the present scope.

As another example, cis-platin can be reacted with a nucleic acid to introduce
nucleotide base modifications. Cis-platin binds preferentially to adjacent guanines via
kinetically stable coordination bonds to N7 of guanine, as is shown in FIG. 12. Thus
the cis-platin is a current modulating compound that can be detected via channel
measurements. The amine ligands can also be varied to larger groups, such as, for
example, 1,2-cyclohexanediamine, in order to further modulate the channel signal.
Additionally, several cis-platin analogs can be utilized that are commercially available.

It is also disclosed that AP sites or other lesions can be formed at nucleotide
bases within the nucleic acid, and that such sites can be utilized as has been described
above in order to selectively modify a preselected base type. Thus any technique for
forming a lesion or AP site selectively in a nucleic acid is considered to be within the
present scope. In this case, a specific nucleotide base type, such as, for example,
guanosine, can be oxidized to form 8-0xoG and current modulating compounds can be
associated with these sites as has been described. In this case, one or more, or even all
of the guanosines in the nucleic acid can be oxidized to 8-oxoG. Generally, one or
more of a specific base type can be modified by any known chemistry to incorporate a
current modulating compound that allows sequence discrimination. It should be noted
that “specific base type” also extends to epigenetic and other base modifications such as
5-methyl-C, for example.

Thus, by modifying a nucleic acid to include current modulating compounds,
such compounds can be detected, thereby allowing correlation between channel
recordings and nucleic acid sequence information. This process can allow the rapid
sequencing of nucleic acids, as well as more focused investigation of specific

sequences. For example, in one aspect, such modifications allow the detection of
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adjacent nucleotide bases of the same nucleotide type. Such a determination can be
made for adjacent nucleotide bases on the same strand provided the multiple current
modulating compounds can be discriminated via the channel recordings. Additionally,
such a determination can be made for adjacent nucleotide bases where each base of the
pair is modified on a different nucleic acid strand of the same sequence. By pooling the
channel recording data, the adjacent nature of these bases can be determined. Also,
base repeats greater than two can be investigated as well through similar methodology
by comparing the base signatures across nucleic acid strands.

Additionally, nucleic acid adducts are also provided. In one aspect, for
example, a nucleic acid adduct can include a nucleic acid having a damaged region and
a current modulating compound coupled to the damaged region. Such adducts can be
formed by a variety of chemistries, including those described herein. The current
modulating compounds that can be coupled to the damaged region include, without
limitation, alkanes, alkenes, alkynes, aryls, sugars, carbohydrates, azides, halides,
amines, imines, peptides, crown ethers, metal-binding ligands, transition metal
complexes and the like, including combinations thereof. In some cases, the damaged
region is an AP site.

Also, a system for detecting a current modulating compound is provided. Such
a system can include a nanoporous membrane including a conical nanopore having an
opening with a suspended lipid bilayer across the opening, a pair of electrodes
configured to register changes in electrical current across the opening, and a nucleic
acid adduct of a nucleic acid and a current modulating compound located within the
nanopore. Such a system can additionally include a protein embedded in the lipid
bilayer to form a channel such that transport of the nucleic acid adduct across the
channel is inhibited while transport of non-adduct nucleic acid is not substantially

inhibited, as has been described herein.

EXAMPLES

Example 1

ssDNA can be modified via individual bases and the phosphodiester backbone
to introduce high-contrast markers (i.e. current modulating compounds) by altering
measured current. These modifications will help to register DNA during multiple reads
as well as to improve the signal contrast between bases and decrease the ssDNA

translocation time.
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Cis-platin Complexation of Adjacent Guanines.

One current modulating compound that can be used to identify individual bases
is cis-platin, which binds preferentially to adjacent guanines via kinetically stable
coordination bonds to N7 of G, as shown in FIG. 12. The amine ligands can be varied to
larger groups (e.g. 1,2-cyclohexanediamine) to modulate the signal; several cis-platin
analogs are commercially available and can also be used.

The complexation of cisplatin, cis-[PtClo(NHs):], to DNA is governed by the
rate of hydrolysis to form aqua species, cis-[PtCI(NH3),(H,O0)]" and  cis-
[PtCI(NH3)2(H,0),]*". The reactive diaqua species of cisplatin was obtained in aqueous
solution through ligand exchange by the removal of CI" with 1.95 equivalents of
AgNO;3, mixing for 48h protected from light.

Oligonucleotide. The 64 base oligomer containing GG platination site was
synthesized at University of Utah Core Facilities. In this study, cis-[Pt((GpG)(NHs3),]
adducts were formed to 64-mer containing one or three GpG reactive sites. Cisplatin
adducts were obtained through incubation of 4.5 mol equivalents of diaqua platinum
species with DNA, d(T31GGT31) or d(Ti2UT10GGTGGTsGGT1oUTi2) in buffer (10
mM sodium phosphate at pH 6.0).

Characterization of the Cisplatin-GG Adduct by High Performance Liquid
Chromatography (HPLC) and Electrospray lonization Mass Spectroscopy(ESI-MS).
The platinated 64-mer GG strands were first purified by HPLC using anion exchange
column (a linear gradient from 35% to 100% 10 mM ammonium acetate (pH 7.0) in
10% acetonitrile for 30 min at a flow rate of ImL/min). Purified oligomer was dialyzed
and its concentration and purity was confirmed by denaturing gel electrophoresis.

ESI mass spectrometry analysis of 64mer containing cisplatin adducts could not
be obtained due to poor ionization in ESI-MS conditions due to residual salt present in
such a large oligomer. A representative oligonucleotide control of 15 bases containing a
GG reactive site, d(CATCTGACGGCTCAA), was successfully prepared and
characterized. Cis-platin adduct was confirmed in this 15mer with the expected mass of
4767g/mol and its expected molecular ions in positive modes, FIG. 13.

Immobilization of DNA Oligomers Using Straptavidin-Biotin DNA Complexes.

ssDNA oligomers were prepared with a biotin linker attached at the 3” end for
binding to streptavidin. Strong binding between biotin and streptavidin provides a
means to immobilize the DNA within the ion channel.  The DNA-biotin

oligonucleotides comprise a poly(dC). background in which Gs are inserted between
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positions 8 and 14 relative to the 3° end. The oligonucleotides were synthesized by the
DNA/Peptide Core Facility (University of Utah) and the biotin linker phosphoramidite
was purchased from Glen Research, VA. The presence of biotin and the purity of the
samples were determined by gel electrophoresis prior to ion channel measurements.
The four oligonucletotides shown in FIG. 14, along with biotin tethers, have been
synthesized, characterized, and employed in ion channel measurements.

FIG. 15 shows a typical i-t trace corresponding to the capture of the
straptavidin-biotin DNA complex containing both C4 and Cs;9Ggra oligomers.
Measurements were made in 1 M KCI, 25 mM tris, and 1 mm EDTA solutions.
Straptavidin-biotin DNA was captured from the cis side at negative voltage, and
removed from the channel by reversing the polarity. Typically, several hundred events
were recorded in each experiment using a single protein. The bottom trace of FIG. 16
shows a comparison of blockage currents for Cs and Cs;9Gg4 obtained in one
experiment using the same o—HL channel. Insertion of the single G at position 14
results in a ~1 pA difference in the electrical signature, in agreement with the order of
magnitude differences observed for single base substitutions.

FIG. 16 shows current blockade distributions obtained in three different
experiments, each experiment employing a different ion channel. In these experiments,
Csowas added to the solution and blockades recorded, followed by adding CsGg,14 and
recording current blockades for the mixed Ca0/C39Gei4 solution. In this manner, the
level of the current blockages for each oligomer can be determined. The higher
blockage is likely associated with C4 and the lower blockade with C39Gei4 (i.€., the
channel conductivity is ~1.2% higher when one G is substituted at the 14 position).
Table 1 summarizes the blockage currents of Cao and CsoGeu4, relative to the open
channel current, as well as the relative difference in blockage currents. While the
relative difference in normalized current between Cao and Ci9Ge14 is independent of the
ion channel (~1.2%), the normalized currents vary by as much as 3% using different ion
channels, in agreement with previous literature reports.

This demonstrates the ability to differentiate single base substitutions based on
the ion channel conductivity. These measurements can be extended to oligomers in
which a single G is substituted at different positions, to multiple G substitutions, and to

chemically modified DNA (e.g., oxidized G, halogenation and cis-platin adducts).
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Table 1. Blockage Currents for C40 and C39G.

Experiment # | T(°C) | # events | % Blockage A(% Blockage)

1 222 | 265 C40  18.110.1 1.1£0.2
C39G  19.240.1

2 219 |[379 C40  19.5+0.1 1.2£0.2
C39G  20.7+0.1

3 219 |354 C40 21.0£0.1 1402
C39G  22.440.1

Example 2

Strep-BTN Tethering Experiments.

The following molecules were analyzed using a Strep-BTN linker to immobilize
ssDNA within an aHL channel, as a means of distinguishing between single bases in
the immobilized strand. The modifications were at either position ©8 or m14. C40-Btn
was used as the control DNA sample, and modifications upon the C40 strand produced
OG or a benzylamine adduct (BzAdd) at position ®8 (Strep-BTN C80G and Strep-
BTN C80G BzAdd, respectively) or position @14 (Strep-BTN C140G and Strep-BTN
C140G BzAdd, respectively). Structures for the molecules are shown in FIG. 17. Note
that it is expected that the @8 position to be in the vestibule at the entrance to the
constriction zone and that ®14 is in the constriction zone of the channel.

Strep-BTN-ssDNA molecules were driven into the channel, held to collect a
current signal, and released by reversing the applied potential polarity; this cycle was
repeated to obtain a population of current blockage events. All data were taken with +/-
120 mV applied potential unless otherwise specified.

Strep-BTN C8OG and Strep-BTN C80G BzAdd

Primary amine adducts to oxidized G residues are synthesized by treating
synthetic oligonucleotides containing 8-0xoG with a primary amine in the presence of a
mild oxidant such as NasFe(CN)s or NaslrCle. For example, BTN C80G BzAdd was
synthesized from a 3’-biotinylated 40mer in which one nucleotides was replaced with
the OG nucleotide as shown above. Additionally, these adducts can be prepared
directly from G-containing oligomers by treatment with Na,IrCls or singlet oxygen in
the presence of the primary amine. Initially, an experiment containing Strep-BTN
C80G was performed, and it resulted in a two-peak distribution of I/I, at 0.17 and 0.19.
Next, in a separate experiment, data were collected for Strep-BTN C8OG BzAdd, and

using the same protein, Strep-BTN C8OG was added to the same solution and data
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were again collected. Strep-BTN C80G BzAdd showed peaks similar in I/1, position to
Strep-BTN C80G, and when the mixed solution was analyzed, molecules could not be
cleanly distinguished from their I/I, values. A summary of the results for Strep-BTN
C80G and Strep-BTN C80G BzAdd are presented in FIG. 18. To the left are plots
showing the residual currents, and to the right are enlarged plots emphasizing peak
position between the samples.

Strep-BTN C140G and Strep-BTN C140G BzAdd

Experiments were also performed with Strep-BTN C140G and Strep-BTN
C140G BzAdd. Strep-BTN C140G capture produced a similar result to Strep-BTN
C80QG, there were two /I, peaks at roughly 0.17 and 0.19. In a second experiment,
Strep-BTN C140G BzAdd was analyzed and showed a remarkably different I/1,
profile, with blocking events distributed from 0.05 to 0.19. The results are summarized
in FIG. 19.

Example i-t traces are shown below in FIG. 20 for both Strep-BTN C140G
(top) and C140G BzAdd (bottom). From the i-t traces it is apparent that the different
current blockage levels can be attributed to distinct levels in the signal, rather than a
noisy signal. However, there some blocked current signals that are noisy reflecting the
dynamic motion of the adducted DNA within the channel. Such noise can be used to
identify the presense and structure of the adduct.

To further illustrate the distinctive signal produced by Strep-BTN C140G
BzAdd and to reproduce previous results, an experiment was performed to directly
compare the signal against Strep-BTN C40. Strep-BTN C40 data were collected, and to
the solution (using the same channel) the Strep-BTN C140G BzAdd sample was added
and additional data was recorded. Similar to previous results, Strep-BTN C40 produced
a single I/I, peak, around 0.17, and the Strep-BTN C140G BzAdd produced a widely
distributed population of events, FIG. 21.

Dependence of Blocking Current on Applied Voltage in the Strep-BTN DNA Tethered
Experiments

Further work was done to characterize the dependence of the blocking current
on the applied voltage. In these experiments, Strep-BTN C40 was captured and the
blocking current measured from 80 to 140 mV applied bias. It was found the I/I, for
Strep-BTN C40 shifts to larger values at larger applied voltages (FIG. 22). When
discrete values of I and I, were examined separately, it was found that extrapolation of

the current values in the range 80 to 140 mV, to 0 mV applied voltage, yiclded large
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and significantly different intercepts (~9 and 7 pA for the open and DNA blocked
channel).

In further experiments, i-t traces were recorded for a bilayer and an open aHL
channel, FIG. 23. (Note that the bilayer data analyzed correspond to the bilayer directly
preceding the channel insertion data that is also presented here in FIG. 23.) Current
was recorded between -140 mV to +140 mV at 20 mV increments, including 0 mV.
Both experiments demonstrate that the 0 mV applied current is less than 1 pA. More
importantly, the i-V trace for the open channel shows rectifying behavior.
Extrapolating to zero bias, using only the current values between 80 and 140 mV, yields
a zero bias offset of ~ 12 pA. A similar experiment to compare the extrapolated offset
with the measured value while the channel is blocked is impossible, because the DNA
does not remain in the channel at 0 bias. However, it is clear that dependence of the
blocking current, I/l,, on the applied voltage is real and is due to the non-linear i-V
behavior of ion channel. (For the open channel, this is demonstrated, as described
above; for the blocked channel, it is likely that some rectification also occurs). It is

noted that I/1, values for different DNA molecules be compared at the same voltage.

Example 3 - Additional Strep-BTN Tethered Experiments using Modified DNA

One of the goals is to investigate chemical modifications of DNA bases that
could help distinguish between bases or between runs of the same base. The following
modified DNA molecules shown in FIG. 24 were analyzed using the Strep-BTN
attachment to immobilize ssDNA within an oHL channel. Modification is at position
®14 for Gh and at w13 and 14 for the Pt adduct, where o refers to the 3’end of the
strand. Synthesis and preliminary characterization of the cis-platin DNA complex was
previously described. The guanidinohydantoin structure (Gh) is a derivative of guanine
produced by oxidation.

FIG. 25 shows the residual current distribution of C39Gg4 and a mixed
C39G,14G/C39Ghg4 solution recorded using the same protein channel. C39G,14 was
first added to the cell, and the current trace was recorded. C39Gh,14 was then added to
the solution and an additional current trace recorded for the mixed C39G,14/C39Gh,14
solution. The results demonstrate that C39G,14 can be readily distinguished from
C39Ghg14.

FIG. 26 shows a control study on residual currents of C38GGg3,14 and mixed

C38GGeyi3,14 / C38GG13,14Pt.  C38GGg13,14 was added to the cell, followed by the
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addition of C38GGg314 Pt to the same protein channel. There is no significant
separation between C38GGy3,14 and C38GGy 314 Pt in terms of their residual current
levels.

In an additional experiment, poly(dC)sp was added to the C38GGeui3,14 /
C38GGy13,14 Pt mixture. The mixture is associated with a lower blockage compared

with the homopolymer.

Example 4

lon Channel Recording with GNM

The glass nanopore membrane (GNM) is a sealed glass capillary with a single,
conically shaped pore embedded within the glass membrane as shown in FIG. 27. The
GNM acts as the solid support for a lipid bilayer following surface modification with 3-
cyanopropyldimethlychlorosilane. aHL is reconstituted in the bilayer for ion channel
measurements.

Tethered DNA Ion Channel Recordings

Single-stranded DNA can be linked to a biotin (BTN) molecule and bound to
streptavidin (Strep); this results in DNA capture and immobilization within the oHL ion
channel. As a result of increased residence time within the aHL channel, the signal
resolution is improved and the bases within the channel can be distinguished based on
blockage current levels.

The Strep-BTN DNA is driven into the aHL by an applied voltage (-120 mV
cis), captured, and released by a reversal of the applied voltage (+120 mV cis). The
current values for the open channel current (lo) and the blocked current (I) are
measured and used to determine the percent residual current (% I/lo). Histograms are
generated for the values of % I/lo and compared between molecules to determine how
base modifications influence the current blockage level as illustrated in FIG. 28.

DNA Base Modification

Although the tether technique allows the native bases to be distinguished, the
difference in the % I/lo is only 1-2%, and increasing this difference would further
improve sequencing efforts. The DNA nucleotide that resides within the oHL
constriction can be modified to significantly amplify differences in % I/lo, allowing
base-by-base molecule identification. Results presented use the capture technique for a
Strep-BTN dC40 that is modified at position m14.

DNA Base Detection

PCT/US2011/027433



10

15

20

25

30

WO 2011/109825

30

Guanine in the 14 position of poly-dC39 results in ~1% higher blockage
current compared to the homopolymer, dC40. Modification of the guanine residue
through oxidation can be used to add a bulky adduct, which can change the current
signal by more than 5%, resulting in a significantly different current blockage
histogram compared to the native bases, making it easily distinguishable. The following
is an example of how powerful base modification can be for discerning between bases,
especially when the chemistry used for modification is base specific; the i-¢ trace for a
Strep-BTN C40 is compared to a molecule where the w14 position has been modified to
contain a benzylamine (Bz) adduct , C39Bzw14. The adduct changes the current level
as well as current fluctuations associated with individual capture events. The ability to
control the current signal (both magnitude and noise) in a base specific manner has
many implications for DNA sequencing.

Experiments were performed with the following conditions: bilayers were
painted on GNMs with 10 mg DPhPC per mL decane, 1 M KCI, 25 mM Tris-HCI, 1
mM EDTA (pH 7.9) was used as the buffered electrolyte, ~200 nM Strep-BTN DNA
was present in the experimental cell, and +/- 120 mV was used to capture/release the
molecule. DNA molecules were attached to the BTN using a tether.

Analysis and Discussion

The plot shown in FIG. 29 shows the mean percent current blockage for the
native DNA bases, C, T, A, and G, at position ®14. The % I/lo peak positions are 0 +
0.2,0.4+0.1,05+ 0.1, and 0.9 + 0.2, for C40, C39Tw14, C39An14, and C39Gw14,
respectively (the current blockage for C40 is used as the reference position, 0 % I/lo, in
all plots).

Oxidation of G to OG at position m14 does not result in a significant shift in
peak position relative to C39Gw14 as shown in FIG. 30. Further oxidation of OG
yields the base modifications Sp and Gh, and shifts the current blockage peak position
away from the C39Gw14 peak as seen in FIG. 31. C39Ghw14 has a peak shifted to
higher % I/lo values, while the peak for C39Spwl4 is shifted to lower values. The
higher current for C39Ghm14 likely reflects the higher charge and flexibility compared
to C39Spw 14.

The oxidation of guanine and the addition of an adduct result in large peak shifts
away from the position of C39Gwl14, by as much as ~5% as seen in FIG. 32. Both
C39Bzm14 and C39Sdw14 are shifted to lower % I/lo values compared to C39Gw14,

and reflect the presence of bulky adducts. The occurrence of multiple peaks here is
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attributed to multiple possible conformations of the molecule within the channel; both

C39Bzm14 and C39Sdw14 have a chiral center and contain diastereomer pairs.

Example 5 — Nanopore Detection of 8-0x0-7,8-dihydro-2’-deoxyguanosine
Reagents for Adduct Synthesis.

Gly-Pro-Arg-Pro  amide, spermine, spermidine, benzylamine, D-(+)-
glucosamine, N“-acetyllysine methyl ester hydrochloride, and Na,IrCls, were purchased
from commercial suppliers and used without further purification,

DNA preparation and purification procedures.

The 3’-biotinylated oligodeoxynucleotides (ODN) were synthesized from
commercially available phosphoramidites (Glen Research, Sterling, VA) by the DNA-
Peptide Core Facility at the University of Utah. After synthesis, each ODN was cleaved
from the synthetic column and deprotected according to the manufacturer’s protocols,
followed by purification using a semi-preparation ion-exchange HPLC column with a
linear gradient of 25% to 100% B over 30 min while monitoring absorbance at 260 nm
(A =20 mM Tris, 1 M NaCl pH 7 in 10% CH3CN/90% ddH,0, B = 10% CH3CN/90%
ddH,O, flow rate = 3 mL/min). The identities and purities of the ODNs were
determined by negative ion electron spray (ESI) on a Micromass Quattro II mass
spectrometer equipped with Zspray API source in the mass spectrometry laboratory at
the Department of Chemistry, University of Utah.

Synthesis of ODN-hydantoin/ODN-Sp-NR products.

The ODN-hydantoin/ODN-Sp-NR products were synthesized according to the
following: the ODN-Gh products were produced by incubating OG-containing
oligomers (10 uM, 1 nmole) in ddH,O at 4 °C for 30 min; 12 equivalents of Na,IrCls
(120 pM, 12 nmoles) were titrated into the ODN samples. After a 30 min incubation,
the reactions were terminated with Na,;EDTA (pH 8, 1 mM, 100 nmoles). The ODN-Sp
products were synthesized by allowing the OG-containing oligomers (10 pM, 1 nmole)
in 75 mM NaP; buffer (pH 7.4) to incubate at 45 °C for 30 min, followed by addition of
12 equivalents of NaxIrCls (120 pM, 12 nmoles), and Na,EDTA (pH 8, 1 mM, 100
nmoles) was used to quench the oxidant after the reactions proceeded for 30 min.

The syntheses of ODN-Sp-NRs were achieved by thermally equilibrating the
OG-containing oligomers (10 uM, 1 nmole) and various amines (2 mM, 200 nmoles) in

75 mM NaPi buffer (pH 8.0) at 45 °C for 30 min; then 15 equivalents of Na,IrCls (150
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uM, 15 nmoles) were titrated into the samples that were then left for 30 min. The
reactions were quenched the same way as previously described.

All the products were purified by an analytical ion-exchange HPLC column
with a linear gradient of 25% to 100% B over 30 min while monitoring absorbance at
260 nm (A = 20 mM Tris, 1 M NaCl pH 7 in 10% CH3;CN/90% ddH,O, B = 10%
CH3CN/90% ddH»O, flow rate = 1 mL/min); see Table 2. ODN-Sp-spermine and

ODN-Sp-spermidine products were used immediately due to their instability.

Table 2. Characterization of the oligonucleotides.

PCT/US2011/027433

N HPLC retention time Mass
ame .

(min) Expected Observed
Cuo 14.5 12075.2 12075.3
C39Ga4 14.4 12115.3 12116.7
C39T 14 14.4 12090.3 12089.6
C30Au14 14.4 12099.3 12099.2
C350G 14 13.9 12131.3 12131.2
C39Spaia 14.2/14.5 12147.3 12163.2°
C39Gh14 13.7 12121.3 12137.5°
C39BZ14 13.4 12236.4 12236.8
C39GICN 14 12.7 12308.5 12308.8
C39Spd 14 12.9 12274.6 12276.8
C39SpMi14 12.8 12331.7 NA
C3oLYSp14 13.9/14.1 12331.4 12348.0%
C39GPRP 14 11.3/11.9 12553.8 12553.6
KrasG4 12.0 12864.1 12864.8
KrasOG,,14 12.0 12880.1 12880.0
KrasSpg14 12.1/12.2 12896.1 12895.2
KrasGh4 11.5/11.7 12870.1 12885.9?
KrasSpmg,14 10.8 13030.4 NA

NA: not available due to instability of the adduct.
a: Products showed oxidation of the biotin during synthesis.

Chemicals and Materials.

Aqueous solutions mentioned below were prepared using >18 MQ-cm ultrapure
water from a Barnstead E-pure water purifier. KCI (Sigma-Aldrich), trizma base
(Sigma-Aldrich), EDTA (Mallinckrodt Chemicals), and HC1 (EMD) were used as
received. A buffered electrolyte solution of 1.0 M KCl, 25 mM Tris-HCI, and 1.0 mM
EDTA (pH 7.9) was prepared and used for all ion channel recording measurements.

The buffered electrolyte solution was filtered using a sterile 0.22 mm Millipore vacuum
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filter (Fisher Scientific). The wild type protein channel a-hemolysin (aHL), isolated
from Staphylococcus aureus as a monomer, was obtained as a lyophilized powder from
List Biological Laboratories and stored at concentration of 0.5 mg oHL per mL ultra
pure water in a -20 °C freezer. Upon use, the aHL solution was diluted to a
concentration of 0.05 mg aHL per mL using the above mentioned buffered electrolyte
and added directly to the experimental cell. The phospholipid 1,2-diphytanoyl-sn-
glycero-3-phosphocholine (DPhPC) was purchased from Avanti Polar Lipids as a
powder and stored in a -20 °C freezer. Upon use, the DPhPC powder was dispersed in
decane (Fisher Scientific) to a concentration of 10 mg DPhPC per mL decane. Glass
nanopore membranes (GNMs) were fabricated, and before use as a bilayer support,
were silanized in 2% (v:v) 3-cyanopropyldimethylchlorosilane in acetonitrile (Fisher
Scientific) overnight. Ag/AgCl electrodes were prepared by soaking silver wire (0.25
mm diameter, Alfa Aesar) in bleach. All DNA oligomers studied were obtained as
described above, and DNA molecule binding to streptavidin was achieved by mixing
DNA and streptavidin at a 4:1 ratio and incubating at room temperature for 10 minutes.
Immobilization lon Channel Recording Measurements.

Current-time (i-f) measurements were performed using a custom built high-
impedance, low noise amplifier and data acquisition system (Electronic Bio Sciences,
San Diego CA). Before use, a glass nanopore membrane (GNM) was rinsed with
ethanol and ultra pure water, and finally filled with buffered electrolyte. The GNM was
positioned within the EBS DC System via a pipette holder (Dagan Corporation), where
the back end was sealed to a pressure gauge and 10 mL gas-tight syringe (Hamilton).
An Ag/AgCl] electrode wire was positioned inside the GNM and a second Ag/AgCl
electrode was positioned in the experimental cell, external to the GNM. The same
buffered electrolyte used to fill the GNM was added to the EBS DC System
experimental cell, tHL was also added to the experimental cell (external to the GNM).
Voltage was applied across the GNM orifice, cis vs. trans with respect to the aHL
channel, and external vs. internal with respect to the GNM, and the resultant current
was measured as a function of time.

Suspended bilayers were generated through painting. To form a suspended
bilayer, a plastic pipette tip (gel-loading tips, flat, 1-200 uL, 0.4 mm) was filled with
lipid solution and gently pulled across the GNM face, over the orifice. The
establishment of a bilayer was confirmed by observing a drop in conductance as voltage

was applied across the GNM orifice; an open pore has a resistance of approximately 10
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MQ, while a bilayer suspended across a GNM exhibits a resistance of around 100 GQ.
After bilayer formation, a pressure was applied to the back of the GNM for protein
channel reconstitution to occur. Strep-Btn DNA was added to the cell in 100-200 nM
increments. DNA was captured and held using an applied voltage of -120 mV (cis vs.
trans), and released by reversing the bias. The modified sample of interest was added
to the experimental cell first, and after an adequate number of blockage events are
collected, a second control sample, Strep-Btn Ca, was added to the cell to provide a
reference position. Data were collected with a 10 kHz low pass filter, and 50 kHz data
acquisition rate.

DNA Immobilization Data Analysis.

Only capture events longer than 1 second were included in data analysis. All
event current blockage values (I) were normalized by the immediately preceding open
channel current (1), and expressed as %l/I,. The Strep-Btn Cyg %l/1, peak position was
set as the reference position 0. %l/I, for all other molecules is reported relative to
Strep-Btn Cao; more blocking %l/1, values are negative relative to Strep-Btn Cso and
less blocking %l/1, values are positive relative to Strep-Btn Ca.

FIG. 33 shows an example i-¢ trace and %s///, histogram for Strep-Btn Cao.
Strep-Btn Cyo current blockages result in a single, sharp, prominent %//1, peak. Strep-
Btn C4 consistently yielded a single, sharp %l//1, peak, and since all modifications
discussed below are present within a C4 background, Strep-Btn C, was used as a
reference molecule. %//1, histograms in the text and in the following figures for single-
modified base substitutions are plotted relative to %//1, for Strep-Btn Cso peak position,
which is assigned a value of 0.

FIG. 34 shows an example i-¢ trace for Strep-Btn C30Ge14 and the resulting %61/7,
histogram compared with Strep-Btn Cy,.

FIG. 35 shows an example i-t trace for Strep-Btn C3;0OGg14 and the resulting
%l/1, histogram compared with Strep-Btn Cy.

FIG. 36 shows example i-f traces for Strep-Btn CsoSpg,14 (upper) and Strep-Btn
C39Ghg14 (lower), and their respective %6//1, histograms compared with Strep-Btn Ca.

FIG. 37 shows an example i-t trace for Strep-Btn Csolysg4 and the resulting
%lI/1, histogram compared with Strep-Btn C4. The lysine adduct produced multiple
current blockage levels and noise amplitudes.

FIG. 38 shows example i-¢ traces for Strep-Btn C;9Bzq14 (upper) and Strep-Btn
C39GlcNg14 (lower) and the resulting %//1, histograms compared with Strep-Btn Cy,.
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Both adducts produced multiple current blockage levels and noise amplitudes.
Although the glucosamine adduct is a six-membered ring similar to the benzylamine
adduct, it contains hydroxyl groups and is not aromatic.

FIG. 39 shows example i-¢ traces for Strep-Btn CsoSpdai4 (upper) and Strep-Btn
CsoSpmy,14 (lower) and the resulting %//1, histograms compared with Strep-Btn Ca.
Both adducts are linear and contain amine groups, with spermine being the longer of the
two. %l/1, histograms for both show multiple peak levels, but similar levels of noise.
Both displayed less variable current blockage and noise levels relative to the cyclic
adducts (Trp, Bz, and GIcN).

FIG. 40 shows an example i-f trace for Strep-Btn C;0GPRP, 4 and %//1,
histogram compared with Strep-Bin C4. The glycine-proline-arginine-proline amide
adduct produced the deepest current blockages events relative to other adducts in this
study. There was a large spread in current blockage levels as well as noise amplitude,
and a relatively strong peak %5//1, = 0. The presence of this peak may indicate that the
molecule is too large to enter the sensing region of the oHL channel and the
surrounding poly-dC sequence is being occasionally detected.

FIG. 41 shows an example i-¢ trace for Strep-Btn Kras-G,14 and the resulting
%I/1, histogram compared with Strep-Btn Cy9. Strep-Btn Kras-Gg,14 produces current
blockage levels similar to Strep-Btn Cyg, but with a larger spread.

FIG. 42 shows an example i-f trace for Strep-Btn Kras-OG 4 and the resulting
%I/1, histogram compared with Strep-Btn Kras-Ge4.

FIG. 43 shows example i-¢ traces for Strep-Btn Kras-Sp,i14 (upper) and Strep-
Btn Kras-Ghg14 (lower), and the resulting %//1, histograms compared with Strep-Btn
Kras-Gg14.

FIG. 44 shows an example i-# trace for Strep-Btn Kras-Spmg4 and %//1,
histogram compared with Strep-Btn Kras-Ggi4. Strep-Btn Kras-Spmy, 4 yields deeper
current blockages relative to Strep-Btn Kras-Gg,4, and a single %/, peak that is
sharper relative to Strep-Btn CsoSpmy, 4.

FIG. 45 shows %l/1, histograms for native base substitutions at position w14
within a poly-dC background, Strep-Btn C;39X,,14, where X = A, T, or G. Strep-Btn Cyg
is used as a reference sample; the %l//1, for Strep-Btn Ca is set to 0 and %1//, for all

other samples is relative to Strep-Btn Cao.
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FIG. 46 shows current blockage histograms for Strep-Btn C39X,14, where X =C,
T, A, G, OG, Sp, and Gh. Strep-Btn Cy is used as a reference sample; the %l//1, for
Strep-Btn Cyg is set to 0 and %i/1, for all other samples is relative to Strep-Btn Cyy.

FIG. 47 shows current blockage histograms for Strep-Btn C39X 14, where X = C,
T, A, G, Lys, Bz, GlcN, Spd, Spm, and GPRP. Cy4 was used as a reference sample; the
%lI/1, for C4o was set equal to 0, and %//1, for all other samples is relative to Cao.

Example 6 — DNA Abasic Site Adducts

1. Preparation and synthesis of DNA abasic sites adducts

Chemicals.

KCl, EDTA, Tris-HCI, taurine, Arg-His, D-(+)-glucosamine, Gly-Pro-Arg-Pro
amide, streptomycin, [15-crown-5]-methylamine and [18-crown-6]-methylamine,
NaCNBH;, wild-type a-HL, phospholipid 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC), streptavidin and urical-DNA glycosylase (UDG) were

purchased from commercial suppliers and used without further purification.

1.1. DNA Ab adduct synthesis and characterization

The oligodeoxynucleotides (ODN) were synthesized from commercially
available phosphoramidites (Glen Research, Sterling, VA) by the DNA-Peptide Core
Facility at the University of Utah. After synthesis, each ODN was cleaved from the
synthetic column and deprotected according to the manufacturer’s protocols, followed
by purification using a semi-preparation ion-exchange HPLC column with a linear
gradient of 25% to 100% B over 35 min while monitoring absorbance at 260 nm (A =
20 mM Tris, 1 M NaCl pH 7 in 10% CH3CN/90% ddH,O, B = 10% CH3;CN/90%
ddH;0, flow rate = 3 mL/min). Uridine-containing oligomers (10 pM, 1 nmole) and 1
unit UDG were thermally equilibrated in UDG buffer (pH 8.0) at 37 °C for 30 min,
followed by dialysis against ddH,O for 12 h. The resulting AP-containing ODNs (10
uM, 1 nmole) were dried and resuspended in MOPS buffer (pH 6.5), followed by the
addition of the appropriate amine (20 mM, 2 pmoles) and NaCNBH; (100 mM, 10
umoles); then the reactions were kept at 37 °C for 24 h. Unreacted AP-containing
ODNs were cleaved by 0.1 M NaOH. After dialysis again ddH,O for 12 h, all products
were purified by analytical ion-exchange HPLC running a linear gradient of 25% to

100% B over 35 min while monitoring absorbance at 260 nm (A =20 mM Tris, 1 M
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NaCl pH 7 in 10% CH3CN/90% ddH,0, B = 10% CH;CN/90% ddH,»0, flow rate = 1
mL/min). Analysis of the crude reaction products indicated the yields of approximately
85-90%. The identities of the 3’-biotinylated ODNs were determined by negative ion
electron spray (ESI") mass spectrometry on a Micromass Quattro 1l mass spectrometer
equipped with Zspray APl source in the mass spectrometry laboratory at the
Department of Chemistry, University of Utah.

1.2. Single ion-channel current recording

Materials.

Ultra-pure water (>18 MQescm) was prepared by a Barnstead E-pure water
purifier and used to make buffered electrolyte solution (1.0 M KCl, 1.0 mM EDTA, 25
mM Tris, pH=7.9) that was used for the single ion channel current recording. The
electrolyte was filtered with a sterile 0.22 mm Millipore vacuum filter before the
measurement. The protein a-HL was diluted to a 0.5 mg/mL solution in ultra-pure water
and the lipid DPhPC was dissolved in decane to a concentration of 10 mg/mL, both of
which were stored in a -20 °C freezer. The glass nanopore membrane (GNM) (radius =
600 nm) was silanized in 2% (v:v) 3-cyanopropyldimethylchlorosilane in CH;CN for 6
h. Ag/AgCl electrodes were prepared by soaking silver wires (diameter = 0.25 mm) in
bleach. In the immobilization studies, the 3’-biotinyliated ODNs (160 pmol) were
mixed with streptavidin (40 pmol) and kept at 23 °C for 20 min before the
measurements, while in the translocation studies, the 87-mer ODNs were used directly
after purification and dialysis.

Single lon-Channel Recording Measurements.

A custom built high-impedance, low noise amplifier and data acquisition
system, donated by Electronic Bio Sciences, San Diego, CA, was used for the current-
time (i-f) recordings. The GNM was rinsed with CH3CN, ethanol and ultra-pure water,
and then filled with the electrolyte described above. A pipette holder with a pressure
gauge and a 10 mL gas-tight syringe was used to locate the GNM to the DC system.
Two Ag/AgCl electrodes were positioned inside and outside of the GNM to apply a
voltage.

The lipid DPhPC solution (1 pL) was painted on the GNM surface using a
plastic pipette tip (flat gel-loading tips, 1-200 pL) to form a suspended bilayer, which
was confirmed by the resistance of approximately 100 G€, a dramatic decrease from

that of an open GNM orifice (10 MQ). After the addition of a-HL (0.2 pL), pressure
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was applied to assist the insertion of the ion channel, which had a resistance of around 1
G under these conditions.

In the immobilization studies, Strep-Btn DNA (40 pmol, 200 nM) was added in
the cell and more than 200 capture/release events were collected under -120 mV bias
with a 10 kHz low pass filter, and 50 kHz data acquisition rate. Then the same amount
of Strep-Btn C4 was added as an internal standard, and ~200 events were collected for
each strand under the same conditions. As for the translocation studies, §7-mer DNA (2
nmol, 10 uM) was added and more than 2000 events were collected under different
voltages (-80, -100, -120, -160 mV) with a 100 kHz low pass filter, and 500 kHz data
acquisition rate.

Immobilization data analysis.

The Strep-Btn DNA was retained in the ion channel for 1 s and a histogram of
the percentage residual current %1/, was plotted with a bin width of 0.1%, setting
Strep-Btn Cag 0%.

Translocation data analysis.

As for the poly-dCss, the histogram of events longer than 0.01 ms was fit into a
Gaussian model with a peak location t, and events with duration tp > t, were selected
and fit into an exponential decay model with a decay constant T under different
voltages, as described in the early report.” As for the poly-dC4GPRPACs, the events
that had longer tp than the t, of poly-dCs; under the corresponding voltage were fit into
an exponential decay model, while the constant T was compared to poly-dCgr;. A bin

width of 0.01 ms was applied for all the analysis.

2. Example i-7 traces and individual %/, histograms in immobilization studies

FIG. 48 shows an example i-f trace for Strep-Btn Cs9Ug14 and %//1, histogram
compared with Strep-Btn Cy.

FIG. 49 shows an example i-¢ trace for Strep-Btn Cs9Ab,14 and %//1, histogram
compared with Strep-Btn Cy.

FIG. 50 shows an example i-f trace for Strep-Btn Cs9Tng,14 and %//1, histogram
compared with Strep-Btn Cy.

FIG. 51 shows an example i-¢ trace for Strep-Btn C390RHq14 and %I1/1, histogram
compared with Strep-Btn Cag.

FIG. 52 shows an example i-¢ trace for Strep-Btn Cs;9GlcNg14 and %171,
histogram compared with Strep-Btn Cy,.
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FIG. 53 shows an example i-t trace for Strep-Btn C;yGPRP,4 and %//1,
histogram compared with Strep-Btn Cy,.

FIG. 54 shows an example i-t trace for Strep-Btn C30STMg4 and %l/1,
histogram compared with Strep-Btn Cao.

FIG. 55 shows an example i-¢ trace for Strep-Btn K-rasCq14 and %1/1, histogram
compared with Strep-Btn Cag.

FIG. 56 shows an example i-¢ trace for Strep-Btn K-rasUq14 and %61/1,, histogram
compared with Strep-Btn Cy.

FIG. 57 shows an example i-¢ trace for Strep-Btn K-rasAb,i4 and %l/i,
histogram compared with Strep-Btn Cy,.

FIG. 58 shows an example i-r trace for Strep-Btn K-rasGPRP,4 and %//1,
histogram compared with Strep-Btn Cy,.

FIG. 59 shows example traces and individual duration histograms in
translocation studies for poly-dCsg7 and tp histogram under different voltages.

FIG. 60 shows example traces and individual duration histograms in
translocation studies for poly-dCs3GPRPdAC43 and tp histogram under different voltages.

FIG. 63 shows example traces and individual duration histograms in
translocation studies of poly- dCus[18-crown-6]dCa3 and tp histogram under different

voltages.

The foregoing detailed description describes the invention with reference to
specific exemplary embodiments. However, it will be appreciated that various
modifications and changes can be made without departing from the scope of the present
invention as set forth in the appended claims. The detailed description and
accompanying drawings are to be regarded as merely illustrative, rather than as
restrictive, and all such modifications or changes, if any, are intended to fall within the

scope of the present invention as described and set forth herein.
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CLAIMS

What is claimed is:
1. A method of detecting a nucleic acid lesion, comprising:

directing a nucleic acid adduct into a channel, the nucleic acid adduct including
a nucleic acid having a lesion and a current modulating compound coupled to the
nucleic acid at the lesion; and

measuring changes in current through the channel in response to the current

modulating compound to detect the lesion.

2. The method of claim 1, further comprising forming the nucleic acid adduct.

3. The method of claim 1, further comprising coupling an immobilization compound to
the nucleic acid adduct, the immobilization compound being operable to preclude

translocation of the nucleic acid adduct completely through the channel.

4. The method of claim 1, wherein the current modulating compound itself is of
sufficient size so as to preclude translocation of the nucleic acid adduct through the

channel.

5. The method of claim 1, wherein directing the nucleic acid adduct into the channel

further includes translocating the nucleic acid adduct through the channel.

6. The method of claim 1, wherein the current modulating compound is coupled to the

nucleic acid at an abasic site associated with the lesion.

7. The method of claim 6, wherein the current modulating compound is a primary

amine.

8. The method of claim 1, wherein the current modulating compound includes a
member selected from the group consisting of alkanes, alkenes, alkynes, aryls, sugars,
carbohydrates, azides, halides, amines, imines, peptides, crown ethers, metal-binding

ligands, transition metal complexes, and combinations thereof.
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9. The method of claim 1, wherein the current modulating compound is introduced into

the nucleic acid via an 8-0x0G intermediate.

10. The method of claim 1, wherein the current modulating compound is introduced

into the nucleic acid adduct via an aldehyde intermediate.

11. The method of claim 1, wherein the current modulating compound is introduced

into the nucleic acid adduct via a platination intermediate.

12. The method of claim 1, wherein the lesion includes a member selected from the
group consisting of uracil in DNA, 8-0x0G, 1,N%-ethenoadenine, and combinations

thereof.

13. The method of claim 1, wherein the lesion is a result of a reaction selected from the
group consisting of depurination, deamination, cyclobutane photodimer generation,

alkylation, oxidation, and combinations thereof.

14. A method of obtaining sequence information from a nucleic acid, comprising:
reacting a current modulating compound with a nucleic acid to selectively
couple the current modulating compound to a preselected nucleotide type, the current
modulating compound and the nucleic acid thus forming a nucleic acid adduct;
directing the nucleic acid adduct into a channel; and
measuring changes in current through the channel in response to the current

modulating compound to detect the preselected nucleotide type.

15. The method of claim 14, wherein reacting the current modulating compound with
the nucleic acid uses a coupling reaction selected from the group consisting of
oxidation, alkylation, platination, deamination, halogenations, glycosylation, conversion

to an abasic site and further adduct formation, and combinations thereof.

16. The method of claim 14, wherein reacting the current modulating compound with

the nucleic acid includes bromination of cytosine.
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17. The method of claim 14, wherein reacting the current modulating compound with

the nucleic acid includes reacting the nucleic acid with cis-platin.

18. The method of claim 14, wherein reacting the current modulating compound with
the nucleic acid includes:

forming a lesion in the nucleic acid; and

coupling the current modulating compound to the lesion to form the nucleic acid

adduct.

19. The method of claim 18, wherein the lesion is an abasic site.

20. The method of claim 18, further comprising converting the lesion to an abasic site.

21. The method of claim 14, wherein:
the nucleotide type is a 5-methylcytosine;
the 5-methylcytosine is enzymatically converted to an abasic site; and

the current modulating compound is coupled to the abasic site.

22. The method of claim 14, wherein the current modulating compound is a plurality of
current modulating compounds coupled exclusively to nucleic acid bases of the

preselected nucleic acid type.

23. The method of claim 14, wherein measuring changes in current through the channel
in response to the current modulating compound to detect the preselected nucleotide
type further includes measuring multiple current modulating compounds and correlating

the multiple current modulating compounds to a sequence of the nucleic acid.

24, The method of claim 23, wherein the multiple current modulating compounds are

associated with adjacent nucleotide bases.

25. The method of claim 24, wherein the multiple current modulating compounds are
associated with adjacent nucleotide bases on different nucleic acid molecules having the

same sequence.

PCT/US2011/027433



10

15

20

WO 2011/109825

43

26. A nucleic acid adduct, comprising:
a nucleic acid having a damaged region; and

a current modulating compound coupled to the damaged region.

27. The nucleic acid adduct of claim 26, wherein the current modulating compound
includes a member selected from the group consisting of alkanes, alkenes, alkynes,
aryls, sugars, carbohydrates, azides, halides, amines, imines, peptides, crown ethers,

metal-binding ligands, transition metal complexes, and combinations thereof.

28. The nucleic acid adduct of claim 26, wherein the damaged region is an abasic site.

29. A system for detecting a current modulating compound, comprising:

a nanoporous membrane including a conical nanopore having an opening with a
suspended lipid bilayer across the opening;

a pair of electrodes configured to register changes in electrical current across the
opening; and

a nucleic acid adduct of a nucleic acid and a current modulating compound

located within the nanopore.

30. The system of claim 29, wherein the suspended lipid bilayer includes a protein
embedded therein to form a channel such that transport of the nucleic acid adduct across
the channel is inhibited while transport of non-adduct nucleic acid is not substantially
inhibited.

PCT/US2011/027433



WO 2011/109825

PCT/US2011/027433
1/42

NH,

b </N1/£N 18,000/day
O\p*[’\l

H*, HO

YH

f\ *
7 T;E’f
free base +

L. =0
abasic site o-R
o)
NH o
(\ 500/day (\NH
LA — o
\
. ~d g
_/ |
\
\‘ o)
‘\ 3.;' NH
\‘ i
v No 10%-10%/d
\ ay )J\[ |)L
\) T HNT N NH
\ o) T )\ PN /§
G S
\ i NH
[ I
\ ~N
) i N" ~o T<> dimers
16 | -
‘\
‘\
\\ O
A
\
\
1

N 7,000/day
L

7-Me-G
N 1,000/day
I

e
O

[O]

20 —J

NH
T N7 NH,
8-oxoG

FIG. 1

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

2/42
O AN =18,
O I I P B-lyase
N glycosylase O -ly
-OIFFO activity . O;F,so _ij:O
0o 0™ 5
\\ O\ \\
B* = base damage AP site
_O_|\:I):O -O_i:l):O
O
\\<OH e
“,"::::;s’ﬁ:: {3 R rz)
HO 5-lyase HO
‘~-p=0 y p=0
o-R -0-R
O 0O
ssDNA cleavage ssDNA gap
FIG. 2
4,
%, 5 -0-p=
'O—I|3=O O—IID—O @) (FI; O
O O OH OH
Ty
O AR —‘C} —\\
= ‘ O—R
@)
O, O, -0 p=0
'O’R’O 'O’R @) E)
o) O, \
FIG. 3

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

3/42
o) HO o
H H
N NH 2x 1e oxidant N\:Eﬁ\N H20 Nf‘\N
o=< | —_— O=< [ EEE—— O=< | -
R R R
8-Ox0G OG> 5-OH-0G
(P © &
NH HN
O=<Nf 2 + A%N
Ty T oPyrf
R & NH,
Gh Sp
FIG. 4
R
\N
@]
H Na,IrCl, or /
N &M HN
NH KsFe(CN)g
o= M I — n
N™ N “NH o™ °N
2 R-NH, HN’(
oH 8 NH2
'5 : 3 '5 : 3
8-Ox0G Sp-R adduct
FIG. 5

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825

4/42

R
RO L oMH, 0
I
o R = CHs or H
OR H-C CHsq
FIG. 7

PCT/US2011/027433

HO
NH»>
O
HO OH
@)
HO o] oy
OH
OH

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/027433

WO 2011/109825

5/42

Benzylamine Adduct

0G

“,

P

Lz

il

e

Guanidinohydantoin

Spermidine Adduct

FIG. 8

or

Cl

\

Cl

3‘

'5

3|

5

eA

FIG. 9
SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

6/42
g 3 §
0-P=0 "0-P=0 0-P=0
© OH © °
\\ﬁ/ \YEHFO NaCNBH; \YEH/iNH
O. .0 A 0.0
o _S:F;”O -oP7
O., O., O,
Abasic Site Ab-NR

Crown
Ether

Crown
GPRP STM Ether

FIG. 10

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

7/42

FIG. 11

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/027433

WO 2011/109825

8/42

FIG. 13

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/027433
O UEOOS

5 g g N
NI R I RS e

2

o
e

9/42

WO 2011/109825

ey

= iy

& 3 @

el £ =< =

o Ch &g Z 0

...k i S e}

o= 8 o

£ ° 2

o] o o 8

~ o

_..L_ I b m

i g 2Q .

g e 1

w-\w Lo Qi
~ 2y s [=%
J il ﬁm 0

g %

T

OG0

e
54-' -

che

o ea

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\*\ W A,
s

RAC M EE R A

e

»

s,
A i,
iy

T
o S e e

o

FIG. 14

S

R
V
ot Ay

BACACALIS IS

T

S

50

Current/pA

PRCTNRE S

b < o

5 A ~° &

1 £ % ~—
(4 1

FIG. 15
SUBSTITUTE SHEET (RULE 26)



PCT/US2011/027433

WO 2011/109825

10/42

£y

&.r

pIIRIIIIN

g

L3

g H 5 H
S W 3 g e

1z
o:
fod pE
~
et
|5
e E
143 b
pE
P
£ st S
[l ] wncaegyrr. 5
ot P
[ J—
L It
L poed
3
i
o R
P e
cror WE
wh
forr
; e
H ¥ H
sE i e
O3 .

s

nr

cescrsees

s
trrssnsrsss s

pore B

i

e

H H 3 2
o . ras 2, =
e o et ot =
55 e ke i

.
ey

o

P

ckage

&

i

% b

X
&

FIG. 16

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/027433

WO 2011/109825

11/42

CCC OCCCCLECLC Bln

\\\\
B

3

S S SR S A
SRR TR A A
PRV A

by &
s
e

FIG. 1T

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825

12/42

100 i

L o N, Strep-BTN C8OG 100 +-
£ 3\
31184 Events T

4
H 80 1+
:»M ........ ¥
H
201
!
:
20+
J
° fmen Tpilh
80 T

\ 50
| Strep-BTN C80G BzAdd
11065 Events 1

0
| )
H
i 10
/
& 1 0-F

140 —
Strep-BTN C80G BzAdd

120 +

PCT/US2011/027433

# Events

e

; \ *+Strep-BTN €40 ol
N % 1069 Events
{ g‘ 8ot
{ I — PO X
{ i ol
\all |||
] " S o PR L0y |.I.......|||I.I||||||II.| 2 an
0.0 0.1 v 2 0.3 04 05 010 0.12 0.14 0.16 0.18 0.20 0.22
Strep-BTN C140G Compared with C140G BzAdd, +120 mV @
{Different experiments/ different aHL Channels) §
P L
®
7 \\ Strep-BTN C140G 7
80 \, 552 Events 80 °
{ y
60 ;S i 50
H H
40 = :} >>>>>>>>>>>>>>>>>>>>>>>>>>> > s
20 kY H 20
\\ i
04 o tanld .,"‘ t } | 0 L . L yllan . f
00 €1 — 4,0‘2‘ 03 D4 05 0.10 012 0.14 016 018 0.20 022
20 o

40
N\, Strep-BTN C140G BzAdd
% 1356 Events

30 30

20

H

00 oy A2 03 0.4

SUBSTITUTE SHEET (RULE 26)




PCT/US2011/027433

13/42

WO 2011/109825

{
g
022

Wi,

=

3
3
vy

SIRAT

T

g8

RE

Vg

o

3
ufy
=

Pt o

& 1%

g L7
[
g2
W
~

o .
“ons, et etrer,, s
Nt ntprnnsnnnnir ettt e ptteceicecert it

5
<l
~
O B L 5 5 £ } ) v.m 3
13 T T 7] 1 T
e 1 Q| ) % 8 % B 8 8 ° o oW
L SOt isttiets A 8 . Q - - = Wy
= _ vl o &
O & \ & 2 -
—_— Lo o —
; ::::n.u.ww _I_l = o 1
Ruuuunuuuununuu\\L.\\\\\\\\\~ : TS .ﬂm
4 B - ﬂun.. -t
, Y - 3 Lo g =3
O k B ' k, ’z
LT ok : W\\\\t\\\t nm N m N m ,rn..JL
- = iy B4 9 9
i = g [ 2 = @
Wz R @ y, Lid = =2 m id
- w @ on ] =
o e o =
a Py ” I
m \\\\\\&.\\: ..\..?.S.\.S... . =l e s e
Q ‘ O
s \\\ N /7 .‘w
F 5 i /
i . \.wu ... - \h
i o, kS ", W
et
3
)
]
B
e
D

{Same aHl Channel}

100G+
iy 4
IS
A+
MM+
o
ik
8
o+
&4
2
4]

13

FIG. 21
SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

14/42

. Strep-BTN C40, +80 to 140 mV (Same oHL Channel)

" S0my
| 8 Event/
1002 Seconds

e 3 W
i sesfin
3«&

#H Ewvents

\ i
i | / 3( 7t |
: LY & Tt
\m\\\\““ N
@% R B SRR SRR MR \\“\\

Bt 2
7
Z
//,_¢

A ‘\
(5 - e ] §
"TA00my

o430 Fvent/

9 i i X " dag M M
++ 988 Seconds SO T S TR
Valtage v
04
A
W4
A20my
i e
i oap 30
§ 2&}8 EvEnT / o &‘5’\\\\\\\ s
i iy '
| Corande W
| 1943 Seconds N
M &
;
!
@ i Y epl Az
§: e ’g : \\\\\\\N‘“
3 ° v " i !
““{i'\:“‘ 5 o
el o
4 ; \‘“\.\‘x\\\\\\\\
vy W
lﬂa V B ‘\\"\\\‘“‘“\\‘\\‘\\\
w i B ; i
H'f i _“v‘“‘\\\ e Ly

190 Even ‘ w v —
WikSeconds |

it 1 - V
i 43 40 A & B
il Volagell)

FIG. 22

SUBSTITUTE SHEET (RULE 26)

a2

=




WO 2011/109825

Bilayer Current as
Funiction of Applied
Voltage

QpenaHt Current as
Function of Applied
Voltage

15/42

PCT/US2011/027433

i b
k'ﬁ ) ; i
o i W i
! b \ |
M ! n
i | ¢
b i
M v i
; A
«' i
{ ] A s
N E o [
[ v
t& !
) & -+
] \\‘ & : o

G
K

|
1
!

Crirre vt il

CLErent pEal

SUBSTITUTE SHEET (RULE 26)

' | | ‘\\\\\i'\\,
. H N AT
] ! : o
H : I
' v R
; i §
: + ! \\\y\\\)
! : ' o
: B : i
: : . o :
: : : S !
: i H A i
: H ' o !
3 H H o |
: i | \\\\“ .
: : Y :
: | o :
: | r !
: - @‘“‘“ :
: A :
. . N . +
: I N
! ' o ' .
: & J :
: H . !
Y | |
3 o | 1
: W : :
: A i :
: & | B
! | :
o W . .
: o 3 :
. o ! :
: o i i
! a { .
: “\‘0 ! '
: \\‘" | |
g § N
R x :
L@ | {
o | :
W : :
aw ! ! |
: | !
: o) : | ‘
] : | :
o | !
oW 4 N
& ! :
| :
3 i
au] 38 v-{‘\) U L T8 r} iﬁ\\‘\
N . } | ! V) )
b i) A bt A it



WO 2011/109825 PCT/US2011/027433

CouGh Bln 5~ CCOCCCOCOT COCCOOCCCC COCCCOBRECT CLCCCCCECT -Bin

gqiﬁ“{aj‘;ﬁg 5. COCCOOOOE COCOOECCOE Cooeoodtos COCCOotoes Bin

eI

Gianidinohydantoin

FIG. 24
o C39G, 237 counts
o 2]_
[
3
w 10 —
u] n I “
16 To the same protein, add
"] Gh
i L 4
C39G+C39Gh(1:1), 253
| counts
O ﬂnnnﬂl‘mmﬂMﬂH Ml
T | o o
16 18 0 T

Residual current (%)

FIG. 25

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

17/42
":ﬂ_
ﬁ_
20 C38GG, 195 counts
15
Q 10—
5 &
7 N R W el |
16 i 7 7
. ¥
RN To the Same Protein,
15~ add GGFt
104 l
5| C38GG+C38GGPtL (1:1),
o | an "II IF! 0 1 I'I'Ith hW i} | 1 10 Counts
16 18 2] 22

Residual Current (%)

4

S
B3

%

o

FIG. 27

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

18/42

L %

P

y " [ \
i e e SR ’ s e L i AT S 1 S t

b

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825

0.4 -

0.2

Events/Total

PCT/US2011/027433

19/42

C

QQT&)I 4

C :
o
40 N
] o
o
\\\ M
. S
N, S
N "
-~
&
R
et
o
AN
= - ool
TN e an i LS
!

e
o
(&
|
a

820

UNFA

Events/Total
oo
& 5 B

o
o
by
|
i

0o
e
(%]
=

= P

=& 4 2 4

FIG. 29

e
]
[

[’

ha

7
|
(

Eve ntsﬂ otal

-4

-2 g 2 4

YAHAYE

o

¥ hRa
Csﬁ%pﬁ}‘sq

R
% SN
N g R

RO

»

R

NI N

Ny :\\\Q%:\\‘i
TR
R

3

RN TR AR e RN N 5
B O RN & NN N
m(&m&ﬁ%\‘\%\ T T T

= SRR
{

:

T el
AUAlSRNRY

|31

%
AR
%

Q

ot

&

FIG. 31

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/027433
20/42

WO 2011/109825

R

o

| 100 pA

.
»
-
. (£
s
I St >
: z S -
“ : S——————
M : p )
7 i
= i o
l!u < !
= 24 “
: 4
2 i 3 %z
L. <v\\. *

20 Seconds

LSSSUSSCS SISO

Y .
M g
M v
. g
Yossssanss o

FIG. 32

it

e 6
- .

# & B 2 &g B

= o o -4 =1 o

12304 S3Uncy

T

(i

| ]
1 i i
T o] Y o
| & = Ea
] f

8.05
g

< 23
|210] /S1UBAT

%4/,

FIG. 33
SUBSTITUTE SHEET (RULE 26)



WO 2011/109825

21/42

PCT/US2011/027433

Count/Total

025 -
020 +
015
0.10 T
005 4

0.00 hosim ~ ~efl O n LA T - o B

SUBSTITUTE SHEET (RULE 26)




WO 2011/109825

o pA

PCT/US2011/027433

22/42

Count;Total

20 Seconds ’

025 ==

Q20 +

AL o

a0t

005 4

0.00 hasBp el oo R

Count/Total

025 -

020 -

0.15 +

0.10

0.05 +

0.00

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

23/42

U oA

20 Seconds
100 pA

035+ ,
_ o+ Cap
g 0.15 +
g
§ 0.10 4 :

g C3ol¥Se4

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

24/42

0 pA

0.25 1

020 4

Q.15 4

0.70 ~

Count/Total

2pA

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

> pA

25/42

20 Seconds

425 1 ;
020 1 C4D
015+ \- :

0.10 4 Css5pd,1a

Count/Total

Q.05+

Q.00

20 Seconds

0251

020+

215 T

0.10

Coumt/Total

Q.05 1

0.00 -

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

26/42

025 = ;
D204 C4D I
a1} CoGPRPy

005 4+

Count/Total

0.00 -

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

20 Seconds

20 Seconds »

§. 0:1-'- T Kras-S5pm, g, /

FIG. 44

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

28/42

- R |

20 Seconds
025 -
§ i | Kras-G,,q
% 2154 Kras-5p,,14
=3 £
3

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

29/42

Cs-Bin &- CCCCCCCCCC CCCCCCCCCC CCCCCCX,,,,CCC CCCCCCCCCC -Btn

MH; o NHy o
_ N)j HN CHy "f‘n N NH
Xo14= OA,I‘I O’A\Nl qlil IN"'J qlil IN"L‘NH:
DA mlu DA DHA

Cytosine  Thymine  Adenine  Guanine
(o} m (A iG)

Count/Total

-4 -2 ¢ 2 4
More Blocking ——— % Ifl, — > Less Blocking
FIG. 45

cng{lﬂ# C39'A.;,.14

04T \
cﬂﬂ
- B | B
© .
5 :
T 02T : wwld
g c395pm14
“ a- ;
0.0 .
4 2 0 2 4
% 11,
FIG. 46

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

30/42
CyT,,
1 * { CEB‘ANH
= 03 “o /
o T P
E Cagl¥Si1a \‘
= 0z4 CiSpm,,, G6IeN,,, 1 g C39G1a
E CEQSpd{uM E-: : r"/
03 T CaaGPRP, P
M : i ' >
0o ; i
E] - -4 2 0 2
% /1,
FIG. 47

030+

025

0.20-

CounUTotal

0.15+

FIG. 48

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

31/42

Y )
CCL “FrErTr TR,

1

X Seconds
l 100 pA
0.36- Cu

0.30

0.26 CapAb.,
0.20

CountTotal

018+
0.104

0.0%+

0.00 -
2

opa g

0.35-
0.30-
0.25-

3 0.20-

5 0.45-
0.10-
0.05-

.00

FIG. 50

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

B o o o P

-+ i
A Seconds
|1DD|:|A
0.35- c,
050 N
£4n
0.25- :
8 o020 ﬂ'im gy
§ A
= - -
g o8 CyTrn,,, . ',\Ll
- HE A TPAL
- L
0.10 & T_I:
2.0%5-
0.00 T T
10 . ] & -4 -2 o 2 4

i
' 100 pA
0.35- Ca
Q.30
]
0.26+ 1P =y &
1 3

= % 4
£ 020- Y
% ko
g a16- | :.|:_|::“\1 _::""I-ih
X} iy

0404 -

Q.05+

0.00 T T . p—

-14 -4 E 1 -4 -2 d 2 4
w1

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

33/42

0.204

0.5+

CounbTabal

010+

0.0 -

nm' - T -F T

20 Seconds

|1|.'IJ|:|\A.
0.35- Cu
0.38- _3 " e
»y
0.25- R TR o

M el
0.20- TH,T Y ol
Moyt T TH
0.15- CayGleN .y, 0 3., .,_:-Q;‘
0.10 - H.'N‘JE '|:' i .

0.05 -

CownbTotal

0.00
-10

FIG. 54

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825

0ph

34/42

PCT/US2011/027433

100 pA

CounbTaolsl

20 Seconds
0.6 E-rasU_,
0.5-
0.4+
0.3+ c.
0.2-
0.1 1
0.0 S e . T 1
-4 -2 ] 2 4
=i,
FIG. 56

SUBSTITUTE SHEET (RULE 26)

100 p&




WO 2011/109825 PCT/US2011/027433

DpA e

* 20 Seconda
l 100 pA
0.4
0.4+
T 03
"E c., Erar Ab_,,
2 02
0.1
.0 T 1
-4 -2 ) 2 4
mb

20 Seconds

|1I‘.l]p.ﬁ.
0.35 Ca
K-+az:GCPRPF, ,, 1M, ™
‘ﬂ-;:lﬂ hF
- I'"' o H |
A ‘\P—E,V_JLN -‘JLN Q‘(m-,
E e oo Gl
8 ,
.l.. .I. 1 1
-4 -2 Q z 4
un
FIG. 58

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825

PCT/US2011/027433

l; (80 pay

0.3 =

i 0.6

0.7

5 Seconds
D ph

t,= 110 p=

=235 pa

'

{19 .20 LE ] A0 0.50

Dl Ty, oy

100 m¥

0 pA

Iz 1-412 pal

a.30
a5
0204

g 0.15+
01D

.00

i

h Seconds

HpA

L1 LY. LR LX) 0,50
Corphga Ty | [ma1

FIG. 59

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

Iz 1424 pay
- -
5 Seconds
o pA
250 P
nao{t, =58 ps
} 030
i 020 =15 pz
0,10~
D00 T ' 3 1
009 0.10 0.0 0.30 040 1L°]

Unpbun Ty (a4}

-160mV

lg 1-867 pAl
+ >
k Seconds
M pA

0.50 = / t,=41lps

LRI
} 0.5 -
3 020~ =8 pz

010+

0.00 ! ! T 1

0.00 010 0.0 0.30 040 0.50
Doyogpiom Ty | g}

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

L (00 pAs
L Seconds
50pA
0.
0.20
0,104
0. Dk T ) y
00 LR11} i ¥ ] 030 0.g 050
Dyralicn T |, {mm)
0 mV

lg 1402 pa)

L -
5 Leconds

MpA

Q40 -

r=25pms

¥ ¥
0.00 o0 ox 0.0 LAY 450
Poarploge Tmp {, [mar}

FIG. 60

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825 PCT/US2011/027433

39/42

12wV

g 1124 pal

L Seconds
o0 pA

3 i v=17Tpx

-R ' B

o T ¥ Y 1
.00 .10 L% 050 040 050
Taprphya Tamg | [mm)

SlilmY

TN

2 pa,

lg |-167 pAl

* ' >
5 Seconds

S0pA

080 -

050 =

3 030 =
r=13ps

R /

010

000 010 Q.20 0.3 o4 050

SUBSTITUTE SHEET (RULE 26)



WO 2011/109825

40/42

PCT/US2011/027433

Directing a nucleic acid adduct into a channel,
where the nucleic acid adduct includes a nucleic
acid having a lesion and a current modulating
compound coupled to the nucleic acid at the
lesion
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Measuring changes in current through the channel
in response to the current modulating compound
to detect the lesion
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Reacting a current modulating compound with a
nucleic acid to selectively couple the current
modulating compound to a preselected nucleotide
type, where the current modulating compound and
the nucleic acid thus form a nucleic acid adduct
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