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(57) ABSTRACT 

A nanoprobe for sequencing of nucleic acid molecules is 
provided, as Well as methods for using the nanoprobe. In 
particular examples, the probe includes a polymerizing agent 
and one or more molecular linkers that carry a chemical 

moiety capable of reversibly binding to the template strand of 
a nucleic acid molecule, Without being detached from the 
linker, by speci?cally binding With a complementary nucle 
otide in the target nucleic acid molecule. The reversible bind 
ing of the chemical moiety on the linker With a complemen 
tary nucleotide in the target nucleic acid molecule is indicated 
by emission of a characteristic signal that indicates pairing of 
the chemical moiety on the linker With its complementary 
nucleotide. An example of such a chemical moiety is a non 
hydrolyZable nucleotide analog. In particular examples, the 
polymerizing agent and the chemical moiety are associated 
With a tag, such as a donor ?uorophore and acceptor ?uoro 
phore characteristic of the particular type of chemical moiety. 
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PROBE FOR NUCLEIC ACID SEQUENCING 
AND METHODS OF USE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a continuation ofU.S. patent application Ser. 
No. 12/095,973, ?led Jun. 3, 2008, now US. Pat. No. , 
Which is the US. National Stage of International Application 
No. PCT/US2006/047534, ?led Dec. 12, 2006 (published in 
English under PCT Article 21 (2)), Which claims the bene?t of 
US. Provisional Application Nos. 60/749,729 and 60/749, 
858 both ?led Dec. 12, 2005 and herein incorporated by 
reference. 

FIELD 

[0002] This disclosure relates to probes and methods for 
sequencing nucleic acid molecules, such as DNA and RNA, 
Which can be used for research and the diagnosis of disease in 
clinical applications. 

BACKGROUND 

[0003] Numerous methods have been used to sequence 
nucleic acid molecules. The traditional Maxam-Gilbert 
chemical degradation method involves the chemical-speci?c 
cleavage of DNA (Maxam and Gilbert, Proc. Natl. Acad. Sci., 
USA 74:560, 1977). In this method, radio-labeled DNA mol 
ecules are incubated in four separate reaction mixtures, each 
of Which partially cleaves the DNA at one or tWo nucleotides 
of a speci?c identity (G, A+G, C or C+T). The resulting DNA 
fragments are separated by polyacrylamide gel electrophore 
sis, With each of the four reactions fractionated in a separate 
lane of the gel. The DNA sequence is determined after auto 
radiography by observing the macromolecular separation of 
the fragments in the four lanes of the gel. 
[0004] The Sanger dideoxy chain termination method 
involves generating DNA molecules of differing lengths by 
enzymatic extension of a synthetic primer, using DNA poly 
merase and a mixture of deoxy- and dideoxy-nucleoside 
triphosphates (Sanger et al., Proc. Natl. Acad. Sci., USA 
74:5463, 1977). The reactions are separated in four parallel 
lanes on polyacrylamide gels and the sequence determined 
after autoradiography. 
[0005] The use of ?uorescent nucleotides has eliminated 
the need for radioactive nucleotides, and provides a means to 
automate DNA sequencing (for example see US. Pat. No. 
5,124,247 to Ansorge, US. Pat. No. 5,242,796 to Prober et al., 
US. Pat. No. 5,306,618 to Prober et al., US. Pat. No. 5,360, 
523 to Middendorfet al., US. Pat. No. 5,556,790 to Pettit, and 
US. Pat. No. 5,821,058 to Smith et al.). HoWever, methods 
that use ?uorophores generally still require gels or capillary 
electrophoresis, and thus are sloW and macroscopic. 
[0006] Another potential obstacle With using ?uorescently 
labeled dNTPs is that no one has been able to synthesize a 
fully ?uorescently labeled DNA molecule. Therefore, 
sequencing methods that permit the synthesis of the comple 
mentary nucleic acid strand are still needed. 

SUMMARY 

[0007] The present disclosure provides an improved probe 
that can be used in the sequencing of nucleic acid molecules, 
and methods for using the probe. In particular examples the 
probe can be used to determine the transcription levels of one 
or more genes. For example, the probe can be used to count 
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individual RNA transcripts, thereby providing an estimate of 
the number produced in a cell. In particular examples, the 
probes and methods disclosed herein are used as an altema 
tive to currently available microarray technologies. 
[0008] Inparticular examples, the probe, named “Medusa”, 
includes a polymerizing agent With one or more (such as a 
plurality of) molecular linkers attached to the polymerizing 
agent to link (and in some examples space) one or more 
chemical moieties (such as a nonhydrolyzable nucleotide) to 
the polymerizing agent. The chemical moieties are capable of 
reversibly binding to the template strand of a nucleic acid 
molecule, Without being detached from the linker, by speci? 
cally binding With a complementary nucleotide in the target 
nucleic acid molecule. In disclosed examples the reversible 
incorporation occurs at the active site of the polymerizing 
agent. HoWever, ideally the chemical moieties are not capable 
of being permanently incorporated into a groWing nucleic 
acid strand. The speci?c binding of the chemical moiety on 
the linker With a complementary nucleotide in the target 
nucleic acid molecule is indicated by emission of a charac 
teristic signal that indicates pairing of the chemical moiety on 
the linker With its complementary nucleotide. 
[0009] The polymerizing agent includes an active site that 
is capable of binding to the target nucleic acid molecule to be 
sequenced, and in some examples is capable of promoting 
synthesis of a nucleic acid molecule complementary to the 
target nucleic acid molecule, Wherein the complementary 
nucleic acid molecule elongates as complementary nucle 
otides are incorporated into the complementary nucleic acid 
molecule. Polymerizing agents include compounds capable 
of reacting monomer molecules (such as nucleotides) 
together in a chemical reaction to form linear chains (such as 
a complementary nucleic acid molecule). Exemplary poly 
merizing agents include but are not limited to, DNA poly 
merase, RNA polymerase, and reverse transcriptase. In par 
ticular examples, the polymerase is a GFP-polymerase. The 
choice of polymerizing agent can depend on the nucleic acid 
to be sequenced. For example, if the target nucleic acid mol 
ecule is DNA, the polymerizing agent can be a DNA or RNA 
polymerase, While if the target nucleic acid molecule is RNA, 
the polymerizing agent can be a reverse transcriptase. 

[0010] The chemical moiety that is capable of reversibly 
binding to a complementary nucleotide in the template strand 
of the target nucleic acid molecule, Without being detached 
from the linker, can include a nucleotide analog, such as a 
non-hydrolyzable nucleotide analog. Such analogs can pair 
With a complementary nucleotide in the target nucleic acid 
molecule, but are not permanently incorporated into the elon 
gating complementary nucleic acid strand. Non-hydrolyzable 
nucleotide analogs are knoWn in the art, and include non 
hydrolyzable triphosphate nucleotide analogs, such as a non 
hydrolyzable triphosphate nucleotide analog With an alpha 
beta bond that is non-hydrolyzable. 
[0011] In particular examples, the probe includes at least 
four independent linkers, each of Which carries a different 
chemical moiety capable of speci?cally pairing With a differ 
ent nucleotide in the target nucleic acid molecule, but not 
capable of being permanently incorporated into the elongat 
ing complementary nucleic acid molecule. In other examples, 
the probe includes a plurality of linkers that are joined to form 
a branched structure, Wherein each branch carries a different 
chemical moiety capable of speci?cally pairing With a differ 
ent nucleotide in the target nucleic acid molecule, but not 
capable of being permanently incorporated into the elongat 
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ing complementary nucleic acid molecule. For example, the 
branched structure may only attach to the polymerizing agent 
at one point. 

[0012] The molecular linker links the polymerizing agent 
to one or more chemical moieties that are capable of revers 

ibly binding to the template (or target) strand of a nucleic acid 
molecule. In particular examples, the molecular linker main 
tains the polymerizing agent and the chemical moieties suf 
?ciently spaced a distance from one another to avoid substan 
tial entanglement of the polymerizing agent and the chemical 
moieties in the absence of the target or template nucleic acid 
molecule, While alloWing interaction of the polymerizing 
agent and the chemical moieties in the presence of the target 
nucleic acid molecule. For example, the molecular linkers can 
be spaced around the polymerizing agent a su?icient distance 
to inhibit entanglement of the linkers, and are of su?icient 
length to reach the active site of the polymerizing agent. In 
some examples, the molecular linker (or at least a portion 
thereof) is of suf?cient rigidity to reduce interaction of the 
polymerizing enzyme and the chemical moieties in the 
absence of the target nucleic acid molecule. 
[0013] The molecular linker (or a portion thereof, such as a 
molecular rod that is part of the molecular linker) has a 
suf?cient length in vieW of its ?exibility to space the poly 
merizing agent and the chemical moieties su?iciently apart to 
avoid the undesired interaction in the absence of the target 
nucleic acid molecule, but retain su?icient ?exibility to alloW 
the polymerizing agent and the chemical moieties to interact 
With each other and With the target nucleic acid molecule, for 
example When the polymerizing agent binds to the target 
nucleic acid molecule. For example, at least part of the 
molecular linker can have a persistence length that permits at 
least a portion of the molecular linker to be of su?icient 
rigidity and length to reduce interaction of the polymerizing 
agent (such as a tag associated With the polymerizing agent) 
and the chemical moieties in the absence of the target nucleic 
acid molecule, and alloWs interaction of the polymerizing 
agent and the chemical moieties in the presence of the target 
nucleic acid molecule. 

[0014] In particular examples, the total length of the 
molecular linker is different than (such as greater or less than) 
the persistence length of one or more components that make 
up the linker, such as a double- or single-stranded nucleic acid 
molecule. HoWever, in particular examples, the total length of 
the molecular linker does not exceed a length beyond Which 
signi?cant interaction occurs betWeen the polymerizing agent 
and the chemical moieties in the absence of the target nucleic 
acid molecule, While alloWing signi?cant interaction of the 
polymerizing agent and the chemical moieties, as Well as the 
target nucleic acid molecule, in the presence of the target 
nucleic acid molecule. Such interactions can be measured 
using methods knoWn in the art, for example by measuring 
acceptor emission ?uorescence When the polymerizing agent 
includes a donor ?uorophore and one or more chemical moi 
eties include a corresponding acceptor ?uorophore of a FRET 
pair. In other examples, a polymerizing agent is substantially 
maintained at a distance of at least tWice the Foster radius 
(such as a Poster radius of 22 to 90 A) from the chemical 
moieties in the absence of the target. 
[0015] Persistence length (lp) is the average local confor 
mation for a linear chain, Which re?ects the sum of the aver 
age projections of all chain segments on a direction described 
by a given segment. Therefore, persistence length is a mea 
sure of the rigidity or stiffness of a polymer chain. In particu 

May 12, 2011 

lar examples, persistence length is the degree of bending (and 
hence the effective stiffness of the chain) Which, in effect, 
measures the contour distance over Which there occurs, on the 

average, a 68.400 bend. Therefore, the persistence length Will 
vary depending on the composition of the molecular linker. 
For example, the persistence length for a double-stranded 
DNA (dsDNA) molecule Will differ from that of a single 
stranded DNA (ssDNA) molecule and from polyethylene 
glycol (PEG). In particular examples, dsDNA has a persis 
tence length of about 400-500 A (such as 450-500 A), and 
dsRNA has a persistence length of 700-750 A, for example at 
an ionic strength of about 0.2 M and at a temperature of 20° C. 
In particular examples, ssDNA has a persistence length of 
about 40 A (for example at 20° C.) (Clossey and Carlon, Phys. 
Rev. E. Stat. Nonlin. So?. Matter. Phys. 68(6 Pt l):06l9ll, 
2003). In particular examples, PEG has a persistence length 
of about 3.8 A. 

[0016] In particular examples, the molecular linkers 
include linear polymers, such as polymers of nucleic acids, 
amino acids, sugar, PEG, or combinations thereof. For 
example, molecular linkers include, but are not limited to, 
tethers, molecular rods, or combinations thereof. For 
example, the molecular linker of su?icient rigidity can 
include a molecular rod, for example a molecular rod com 
posed of a dsDNA. In some examples, the molecular linker of 
suf?cient rigidity includes multiple molecular rods linked by 
tethers, or multiple tethers linked by molecular rods. One 
particular example of a tether is a molecule composed of (or 
in some examples consisting of) polyethylene glycol (PEG). 
[0017] The polymerizing agent and the chemical moieties 
can be linked in a spatially separated orientation by one or 
more molecular linkers so that the polymerizing agent and the 
chemical moieties do not interact to provide the reaction in 
the absence of the target nucleic acid molecule. HoWever, the 
molecular linker permits the polymerizing agent and the 
chemical moieties, under predetermined conditions, to be 
brought into su?icient proximity With one another to interact 
and produce a predetermined reaction, such as a detectable 
signal or interaction With the target nucleic acid molecule. For 
example, at least one of the tags associated With the polymer 
izing agent or the chemical moiety can be activated When 
brought into su?icient proximity to another tag, such as the 
excitation of an acceptor ?uorophore tag by a donor ?uoro 
phore tag When the donor and acceptor are in suf?cient prox 
imity With one another. 

[0018] Also provided by the present disclosure is a poly 
merizing agent that includes an active site capable of binding 
to a target nucleic acid molecule and promoting synthesis of 
a complementary nucleic acid molecule that elongates as 
complementary nucleotides are incorporated into the comple 
mentary nucleic acid molecule. The polymerizing agent fur 
ther includes one or more molecular linkers spaced apart on 
the polymerizing agent to inhibit entanglement, Wherein each 
linker carries a different chemical moiety (such as a nonhy 
drolyzable nucleotide analog) that is capable of reversibly 
binding to the template strand of a nucleic acid molecule, 
Without being detached from the linker, by speci?cally bind 
ing With a complementary nucleotide in the target nucleic 
acid molecule. In particular examples, the polymerizing 
agent further includes a tag associated With each chemical 
moiety that identi?es the chemical moiety carried by the 
linker. In addition, the polymerase can be associated With a 
tag that interacts With the tag associated With the chemical 
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moiety to emit a characteristic signal that identi?es the 
chemical moiety carried by the linker. 
[0019] Also provided by the present disclosure are methods 
of using the disclosed nanoprobes, for example to determine 
the nucleic acid sequence of a target nucleic acid molecule. In 
particular examples, the method is used to determine if a 
particular target molecule is present in a sample, and in some 
examples includes quantitating the amount of target nucleic 
acidmolecule present. For example, methods are provided for 
using the probe to diagnose a subject having a disease that is 
associated With one or more nucleic acid mutations. 

[0020] Sequencing can be done in vitro or in situ (for 
example on a microscope slide) and in vivo (for example by 
introducing the probe into a cell and observing the sequences 
of mRNA as they are produced). The method alloWs several 
nucleic acids to be sequenced simultaneously at the molecu 
lar level. For example, a plurality of sequencing reactions can 
be performed substantially simultaneously, and the signals 
from the plurality of sequencing reactions detected and con 
verted into a nucleic acid sequence. 

[0021] In particular examples, the method includes expos 
ing the target nucleic acid molecule to the probes disclosed 
herein in the presence of an oligonucleotide primer and a 
mixture of hydrolyZable nucleotides (such as dATP, dCTP, 
dGTP, and dTTP orATP, CTP, GTP and UTP) that are capable 
of being incorporated into an elongating nucleic acid mol 
ecule by base pairing With a complementary nucleotide in the 
target nucleic acid molecule, and replacing the chemical moi 
ety carried by the linker that reversibly binds to the template 
strand of the nucleic acid molecule. The emission of a 
sequence of signals is detected, Wherein the signals include 
the emission of a plurality of the characteristic signals that 
indicates pairing of the chemical moiety on the linker With its 
complementary nucleotide. In some examples, the emission 
of a sequence of signals is converted into a nucleic acid 
sequence. 
[0022] In particular examples, the polymeriZing agent is 
associated With a tag (such as a donor ?uorophore), and each 
different type of chemical moiety (such as a non-hydrolyZ 
able A, T/U, C or G nucleotide analog) is associated With a 
unique tag that identi?es the particular chemical moiety car 
ried by the linker, Wherein interaction of the tag associated 
With the polymeriZing agent With the tag associated With the 
chemical moiety induces emission of the characteristic signal 
that indicates pairing of the chemical moiety on the linker 
With its complementary nucleotide. In particular examples, 
the tag is directly attached to the polymerizing agent or the 
chemical moiety. HoWever, the tag need not be directly 
attached, and instead can be found on a molecular linker in 
suf?cient proximity to the polymeriZing agent or the chemical 
moiety to produce an emission of the characteristic signal 
When the chemical moiety on the linker pairs With its comple 
mentary nucleotide. 
[0023] For example, the tag associated With the polymeriZ 
ing agent can be a donor ?uorophore and the tag that identi?es 
a particular chemical moiety can include one or more accep 
tor ?uorophores, Wherein interaction of the polymeriZing 
agent and the chemical moiety that cannot be incorporated 
into a synthesiZed nucleic acid molecule brings the acceptor 
?uorophore into a proximity With a donor ?uorophore that 
permits excitation of the acceptor ?uorophore by the donor 
?uorophore. In such an example, detecting the signal can 
include detecting a ?uorescent signal emitted from the accep 
tor ?uorophore (or a decreased emission signal from the 
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donor ?uorophore). In particular examples, the method fur 
ther includes exciting the donor ?uorophore by a source of 
electromagnetic radiation (such as a laser) that speci?cally 
excites the donor ?uorophore and not the acceptor ?uoro 
phores. Alternatively, the donor ?uorophore is a chemilumi 
nescent molecule, for example aequorin. In this example, the 
donor ?uorophore does not require excitation by a source of 
electromagnetic radiation, because the chemiluminescent 
donor ?uorophore is naturally in an excited state. This exci 
tation induces the donor to emit light at a Wavelength that can 
transfer energy a distance only suf?cient to excite the accep 
tor ?uorophore(s) associated With the chemical moiety that is 
pairing With the target nucleic acid molecule. 
[0024] In particular examples, the probe is attached or ?xed 
to a substrate, for example in an addressable location via a 
linker molecule that attaches the polymerase component to 
the substrate. Exemplary linkers include streptavidin-biotin, 
histidine-Ni, S-tag-S-protein, and glutathione-glutathione-S 
transferase (GST). In another example, the target nucleic acid 
molecule to be sequenced is attached or ?xed to a substrate, 
for example in an addressable location. In particular 
examples the oligonucleotide primer is ?xed to a substrate, 
for example at its 5' end. For example, a nucleic acid molecule 
can be attached to the substrate by its 5' end, 3' end or any 
Where in betWeen. In particular examples, the sequencing 
reaction is performed in a three dimensional polyacrylamide 
gel, Wherein all of the reagents needed for sequencing are 
present in the gel. 
[0025] In some examples, a plurality of probes, primers, or 
nucleic acid molecules are ?xed directly or indirectly to the 
substrate in a predetermined pattern, for example in an 
addressable location. For example, the agents can be depos 
ited into channels Which have been etched in an orderly array 
or by micropipetting droplets containing the agent onto a 
slide, for example either by manually pipetting or With an 
automated arrayer. Such methods permit simultaneous (or 
substantially simultaneous) sequencing on a single substrate, 
in Which case signals are detected from each of the sequenc 
ing reactions. The unique emission signals can be detected, 
for example With a charge-coupled device (CCD) camera, 
Which can detect a sequence of signals from a predetermined 
position on the substrate and convert them into the nucleic 
acid sequence. The unique emission signals can be stored in a 
computer-readable medium. 
[0026] The foregoing and other features and advantages of 
the disclosure Will become more apparent from the folloWing 
detailed description of several examples Which proceeds With 
reference to the accompanying ?gures. 

BRIEF DESCRIPTION OF THE FIGURES 

[0027] FIG. 1A is a schematic draWing shoWing a nano 
probe that includes a polymeriZing agent With four molecular 
linkers to attach the chemical moieties to the polymeriZing 
agent. 
[0028] FIG. 1B is a schematic draWing shoWing the nano 
probe attached to a target nucleic acid strand and a comple 
mentary primer, and the pairing of one of the chemical moi 
eties With its complementary nucleotide in the target nucleic 
acid strand. 

[0029] FIG. 1C is a schematic draWing shoWing a nano 
probe that includes a polymeriZing agent With chemical moi 
eties linked to a “hub” created by a molecular linker attached 
at a single point on the polymerase via a tether. 
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[0030] FIGS. 2A-D are schematic drawings of nanoprobes 
having the molecular linkers attached to the polymerizing 
agent at a single location in a variety of different con?gura 
tions. 
[0031] FIG. 3 is a schematic draWing illustrating a molecu 
lar linker composed of dsDNA and PEG. 
[0032] FIGS. 4A-F are graphs shoWing the distance 
betWeen ?uorophores and FRET at several molecular rod 
lengths. A rod has tWo tethers and FRET is measured betWeen 
the tether tips. This is a computer simulation. The tethers are 
120 A long and consist of segments that have the persistence 
length of PEG (3.8 A). (E and F) rod length 0 A. (C and D) rod 
length 60 A. (A and B) rod length 120 A. The data Were 
generated using the bite program and graphed using the gen 
his and genpic programs. 
[0033] FIGS. 5A-D are graphs shoWing the effect of tether 
length on FRET at various rod lengths. The FRET distance, 
R0, is 60 A. Each graph shoWs the FRET e?iciency versus the 
rod length. The color corresponds to the frequency that the 
nanoprobe gives a particular FRET signal. (A) tether length 2 
A; (B) tether length 60 A; (C) tether length 120 A; (D) tether 
length 240 A. The data of the graphs of FIG. 4 can be obtained 
from the loWer left part of FIG. 5 (such as FIG. 5C, With a 
tether length of 120 A) by taking vertical slices at rod lengths 
of 0 A, 60 A and 120 A. The data Were generated using the bite 
program and graphed using programs genhis and denplo. 
[0034] FIG. 6 is a trace shoWing an example result for a 
target sequence. 
[0035] FIG. 7 is a schematic draWing illustrating (top) a 
hairpin oligonucleotide having a 5' overhang and ?uorescent 
donor label (circle), and a 3' dideoxynucleotide. A freely 
diffusing dTTP is labeled With a FRET acceptor (hexagon). 
The labeled dTTP can bind to the ?rst base of the overhang, 
but the dTTP cannot be incorporated into the oligonucleotide. 
The bottom shoWs FRET betWeen the donor and acceptor 
When the labeled dTTP is held to the hairpin by a polymerase 
(ellipse). This dWell can be measured using methods knoWn 
in the art, for example using ?uorescence correlation spec 
troscopy (FCS). 
[0036] FIG. 8 is a schematic draWing illustrating (top) a 
hairpin oligonucleotide ending With a dideoxynucleotide at 
the 3' end and having a donor ?uorophore near the 5' end. An 
acceptor-labeled dTTP is attached via a PEG tether. Although 
the ?rst base in the overhang is an A, the tethered dTTP Will 
not stay close to the “A” and little or no FRET should occur. 
The bottom shoWs that When a DNA polymerase (ellipse) 
binds to the DNA hairpin, the tethered dTTP should dWell in 
the enZyme-DNA pocket, alloWing FRET betWeen the tWo 
?uorophores. 

SEQUENCE LISTING 

[0037] The nucleic acid sequences listed in the accompa 
nying sequence listing are shoWn using standard letter abbre 
viations for nucleotide bases. In particular examples, only 
one strand of a nucleic acid sequence is shoWn, but the 
complementary strand is understood as included by any ref 
erence to the displayed strand (for example in the case of a 
dsDNA molecular rod). 
[0038] SEQ ID NO: 1 is an exemplary target sequence. 
[0039] SEQ ID NO: 2 is the compressed version of SEQ ID 
NO: 1. 

[0040] SEQ ID NOS: 3-26 are sequences that can be used to 
generate the probe shoWn in FIG. 2C. 

May 12, 2011 

[0041] SEQ ID NOS: 27-30 are sequences that can be sub 
stituted for SEQ ID NOS: 3, 5, 7, and 9, respectively. 
[0042] SEQ ID NOS: 31-38 are sequences that can form 
hairpin loops. 
[0043] SEQ ID NO: 39 is an exemplary target sequence. 

DETAILED DESCRIPTION OF SEVERAL 
EMBODIMENTS 

Abbreviations and Terms 

[0044] The folloWing explanations of terms and methods 
are provided to better describe the present disclosure and to 
guide those of ordinary skill in the art in the practice of the 
present disclosure. As used herein, “comprising” means 
“including” and the singular forms “a” or “an” or “the” 
include plural references unless the context clearly dictates 
otherWise. For example, reference to “a molecular linker” 
includes one or a plurality of such molecular linkers, and 
reference to “the probe” includes reference to one or more 
probes and equivalents thereof knoWn to those skilled in the 
art, and so forth. The term “or” refers to a single element of 
stated alternative elements or a combination of tWo or more 

elements, unless the context clearly indicates otherWise. For 
example, the phrase “a tether or a molecular rod” refers to one 
or more tethers, one or more molecular rods, or a combination 
of both one or more tethers and one or more molecular rods. 

[0045] Unless explained otherWise, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood to one of ordinary skill in the art to Which this 
disclosure belongs. Although methods and materials similar 
or equivalent to those described herein can be used in the 
practice or testing of the present disclosure, suitable methods 
and materials are described beloW. The materials, methods, 
and examples are illustrative only and not intended to be 
limiting. Other features and advantages of the disclosure are 
apparent from the folloWing detailed description and the 
claims. 
[0046] A angstrom 
[0047] dsDNA double-stranded DNA 
[0048] FRET Forster resonance energy transfer 
[0049] GFP green ?uorescent protein 
[0050] LNA locked nucleic acid 
[0051] PEG polyethylene glycol 
[0052] PNA peptide nucleic acid 
[0053] RT reverse transcriptase 
[0054] ssDNA single-stranded DNA 
[0055] Acceptor ?uorophore: Compounds Which absorb 
energy from a donor ?uorophore, for example in the range of 
about 400 to 900 nm (such as in the range of about 500 to 800 
nm). Acceptor ?uorophores generally absorb light at a Wave 
length Which is usually at least 10 nm higher (such as at least 
20 nm higher), than the maximum absorbance Wavelength of 
the donor ?uorophore, and have a ?uorescence emission 
maximum at a Wavelength ranging from about 400 to 900 nm. 
Acceptor ?uorophores have an excitation spectrum Which 
overlaps With the emission of the donor ?uorophore, such that 
energy emitted by the donor can excite the acceptor. Ideally, 
an acceptor ?uorophore is capable of being attached to the 
disclosed nanoprobes. 
[0056] Exemplary acceptor ?uorophores include, but are 
not limited to, rhodamine and its derivatives (such as N,N,N', 
N'-tetramethyl-6-carboxyrhodamine (TAMRA), 6-carboxy 
X-rhodamine (ROX)), ?uorescein derivatives (such as 5-car 
boxy?uorescein (FAM) and 2'7'-dimethoxy-4'5'-dichloro-6 
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carboxy?uorescein (J OE)), green ?uorescent protein (GFP), 
BODIPY (4,4-di?uoro-4-bora-3a,4a-diaZa-s-indacene) and 
cyanine dyes. In particular examples, an acceptor ?uorophore 
is capable of being attached to a nucleotide analog, such as the 
base, sugar, or phosphate (01, [3, or y) of the nucleotide. 
[0057] In a particular example, an acceptor ?uorophore is a 
dark quencher, such as, Dabcyl, Black Hole QuenchersTM 
from Glen Research, EclipseTM Dark Quencher from Epoch 
Biosciences, IoWa BlackTM from Integrated DNA Technolo 
gies. In such an example, instead of detecting an increase in 
emission signal from the acceptor ?uorophore When in su?i 
cient proximity to the donor ?uorophore, a decrease in the 
emission signal from the donor ?uorophore can be detected 
When in suf?cient proximity to the quencher. 
[0058] Active site: The catalytic site of an enZyme or anti 
body, such as the region of a polymerase Where the chemical 
reaction occurs. The active site includes one or more residues 

or atoms in a spatial arrangement that permits interaction With 
the substrate to effect the reaction of the latter. 

[0059] Binding: An association betWeen tWo or more mol 
ecules, such as the formation of a complex. Generally, the 
stronger the binding of the molecules in a complex, the sloWer 
their rate of dissociation. Speci?c binding refers to a prefer 
ential binding betWeen an agent and a target. 
[0060] Particular examples of speci?c binding include, but 
are not limited to, hybridiZation of one nucleic acid molecule 
to a complementary nucleic acid molecule, and the associa 
tion of a protein (such as a polymerase) With a target protein 
or nucleic acid molecule. 

[0061] In a particular example, a protein is knoWn to bind to 
a nucleic acid molecule if a su?icient amount of the protein 
forms non-covalent chemical bonds to the nucleic acid mol 
ecule, for example a su?icient amount to permit detection of 
that binding. 
[0062] In one example, an oligonucleotide molecule (such 
as an primer) is observed to bind to a target nucleic acid 
molecule if a su?icient amount of the oligonucleotide mol 
ecule forms base pairs or is hybridized to its target nucleic 
acid molecule to permit detection of that binding. The binding 
betWeen an oligonucleotide and its target nucleic acid mol 
ecule is frequently characterized by the temperature (Tm) at 
Which 50% of the oligonucleotide is melted from its target. A 
higher (Tm) means a stronger or more stable complex relative 
to a complex With a loWer (Tm). 

[0063] In a particular example, binding is assessed by 
detecting labels present on the nanoprobe. For example, the 
?uorescent signal generated folloWing the interaction of 
donor and acceptor ?uorophores can be measured as an indi 
cation of binding betWeen a nucleotide analog on the nano 
probe and a complementary nucleotide in the target nucleic 
acid molecule. 

[0064] Chemical moiety: A portion or functional group of a 
molecule. Examples include an agent, such as a nucleotide, 
that is capable of reversibly binding to the template strand of 
a target nucleic acid molecule by speci?cally binding With a 
complementary nucleotide in the target nucleic acid mol 
ecule. In particular examples, the chemical moiety is attached 
to a probe via a molecular linker, and does not detach from the 
linker When the chemical moiety speci?cally binds to a 
complementary nucleotide on the target nucleic acid mol 
ecule. 

[0065] Particular examples of chemical moieties include, 
but are not limited to, nucleotide analogs that cannot be incor 
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porated into a groWing complementary nucleic acid strand, 
such as a non-hydrolyZable nucleotide analog. 
[0066] cDNA (complementary DNA): A piece of DNA 
lacking internal, non-coding segments (introns) and regula 
tory sequences Which determine transcription. cDNA is 
complementary to an mRNA and can be synthesiZed using 
reverse transcriptase. 
[0067] Complementary: A double-stranded DNA or RNA 
strand consists of tWo complementary strands of base pairs. 
Since there is one complementary base for each base found in 
DNA/ RNA (such as A/ T, and C/ G), the complementary strand 
for any single strand can be determined 
[0068] Detect: To determine if an agent is present or absent. 
In some examples this can further include quanti?cation. For 
example, use of the disclosed probes in particular examples 
permits detection of a chemical moiety, for example as the 
chemical moiety binds to a complementary nucleotide in the 
target nucleic acid molecule Without being detached from the 
linker. 
[0069] Detection can be in bulk, so that a macroscopic 
number of molecules (such as at least 1023 molecules) can be 
observed simultaneously. Detection can also include identi 
?cation of signals from single molecules using microscopy 
and such techniques as total internal re?ection to reduce 
background noise. The spectra of individual molecules can be 
obtained by these techniques (Ha et al., Proc. Natl. Acad. Sci. 
USA. 93:6264-8, 1996). 
[0070] Donor Fluorophore: Fluorophores or luminescent 
molecules capable of transferring energy to an acceptor ?uo 
rophore, thereby generating a detectable ?uorescent signal. 
Donor ?uorophores are generally compounds that absorb in 
the range of about 300 to 900 nm, for example about 350 to 
800 nm. Donor ?uorophores have a strong molar absorbance 
coe?icient at the desired excitation Wavelength, for example 
greater than about 103 M“1 cm“l . A variety of compounds can 
be employed as donor ?uorescent components, including 
?uorescein (and derivatives thereof), rhodamine (and deriva 
tives thereof), GFP, phycoerythrin, BODIPY, DAPI (4',6 
diamidino-2-phenylindole), Indo-l, coumarin, dansyl, ter 
bium(and derivatives thereof), and cyanine dyes. In particular 
examples, a donor ?uorophore is a chemiluminescent mol 
ecule, such as aequorin. 
[0071] Electromagnetic radiation: A series of electromag 
netic Waves that are propagated by simultaneous periodic 
variations of electric and magnetic ?eld intensity, and that 
includes radio Waves, infrared, visible light, ultraviolet light, 
X-rays and gamma rays. In particular examples, electromag 
netic radiation is emitted by a laser, Which can possess prop 
erties of monochromaticity, directionality, coherence, polar 
iZation, and intensity. Lasers are capable of emitting light at a 
particular Wavelength (or across a relatively narroW range of 
Wavelengths), such that energy from the laser can excite a 
donor but not an acceptor ?uorophore. 
[0072] Emission signal: The light of a particular Wave 
length generated from a ?uorophore after the ?uorophore 
absorbs light at its excitation Wavelengths. 
[0073] Emission spectrum: The energy spectrum Which 
results after a ?uorophore is excited by a speci?c Wavelength 
of light. Each ?uorophore has a characteristic emission spec 
trum. In one example, individual ?uorophores (or unique 
combinations of ?uorophores) are associated With a nucle 
otide analog and the emission spectra from the ?uorophores 
provide a means for distinguishing betWeen the different 
nucleotide analogs. 
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[0074] Entangled: To be twisted together, for example in a 
tangled mass. In particular examples, entanglement of a 
nanoprobe Would reduce or prevent the chemical moieties 
(such as nucleotide analogs) from interacting With the 
complementary nucleotide of a target nucleic acid molecule, 
in the presence of the target molecule. In other particular 
examples, entanglement of a nanoprobe results in an undesir 
able interaction betWeen the chemical moieties (such as 
nucleotide analogs) or betWeen the chemical moieties and the 
polymerizing agent, for example an interaction that prevents 
interaction With the target nucleic acid molecule. 
[0075] Excitation or excitation signal: The light of a par 
ticular Wavelength necessary to excite a ?uorophore to a state 
such that the ?uorophore Will emit a different (such as a 
longer) Wavelength of light. 
[0076] Fluorophore: A chemical compound, Which When 
excited by exposure to a particular stimulus such as a de?ned 
Wavelength of light, emits light (?uoresces), for example at a 
different Wavelength. 
[0077] Fluorophores are part of the larger class of lumines 
cent compounds. Luminescent compounds include chemilu 
minescent molecules, Which do not require a particular Wave 
length of light to luminesce, but rather use a chemical source 
of energy. Therefore, the use of chemiluminescent molecules 
eliminates the need for an external source of electromagnetic 
radiation, such as a laser. Examples of chemiluminescent 
molecules include, but are not limited to, aequorin (Tsien, 
1998, Ann. Rev. Biochem. 67:509). 
[0078] Examples of particular ?uorophores that can be 
used in the nanoprobes disclosed herein are provided in Us. 
Pat. No. 5,866,366 to NaZarenko et al., such as 4-acetamido 
4'-isothiocyanatostilbene-2,2'disulfonic acid, acridine and 
derivatives such as acridine and acridine isothiocyanate, 
5 -(2' -aminoethyl)aminonaphthalene-1 -sulfonic acid 
(EDANS), 4-amino-N-[3-vinylsulfonyl)phenyl]naphthalim 
ide-3,5 disulfonate (Lucifer YelloW VS), N-(4-anilino-1 
naphthyl)maleimide, anthranilamide, Brilliant YelloW, cou 
marin and derivatives such as coumarin, 7-amino-4 
methylcoumarin (AMC, Coumarin 120), 7-amino-4 
tri?uoromethylcouluarin (Coumaran 151); cyanosine; 4',6 
diaminidino-2-phenylindole (DAPI); 5',5" 
dibromopyrogallol-sulfonephthalein (Bromopyrogallol 
Red); 7-diethylamino -3 - (4' -isothiocyanatophenyl)-4 -meth 
ylcoumarin; diethylenetriamine pentaacetate; 4,4'-diisothio 
cyanatodihydro-stilbene-2,2'-disulfonic acid; 4,4'-diisothio 
cyanatostilbene-2,2'-disulfonic acid; 5-[dimethylamino] 
naphthalene-l-sulfonyl chloride (DNS, dansyl chloride); 
4-dimethylaminophenylaZophenyl-4'-isothiocyanate 
(DABITC); eosin and derivatives such as eosin and eosin 
isothiocyanate; erythrosin and derivatives such as erythrosin 
B and erythrosin isothiocyanate; ethidium; ?uorescein and 
derivatives such as 5-carboxy?uorescein (FAM), 5-(4,6 
dichlorotriaZin-2-yl)amino?uorescein (DTAF), 2'7' 
dimethoxy-4'5'-dichloro-6-carboxy?uorescein (JOE), ?uo 
rescein, ?uorescein isothiocyanate (FITC), and QFITC 
(XRITC); ?uorescamine; IR144; IR1446; Malachite Green 
isothiocyanate; 4-methylumbelliferone; ortho cresolphtha 
lein; nitrotyrosine; pararosaniline; Phenol Red; B-phyco 
erythrin; o-phthaldialdehyde; pyrene and derivatives such as 
pyrene, pyrene butyrate and succinimidyl l-pyrene butyrate; 
Reactive Red 4 (Cibacron® Brilliant Red 3B-A); rhodamine 
and derivatives such as 6-carboxy-X-rhodamine (ROX), 
6-carboxyrhodamine (R6G), lissamine rhodamine B sulfonyl 
chloride, rhodamine (Rhod), rhodamine B, rhodamine 123, 
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rhodamine X isothiocyanate, sulforhodamine B, sulfor 
hodamine 101 and sulfonyl chloride derivative of sulfor 
hodamine 101 (Texas Red); N,N,N',N'-tetramethyl-6-carbox 
yrhodamine (TAMRA); tetramethyl rhodamine; tetramethyl 
rhodamine isothiocyanate (TRITC); ribo?avin; rosolic acid 
and terbium chelate derivatives. 

[0079] Other suitable ?uorophores include thiol-reactive 
europium chelates Which emit at approximately 617 nm 
(Heyduk and Heyduk, Analyl. Biochem. 248:216-27, 1997; J. 
Biol. Chem. 274:3315-22, 1999), as Well as GFP, Lissa 
mineTM, diethylaminocoumarin, ?uorescein chlorotriaZinyl, 
naphtho?uorescein, 4,7-dichlororhodamine and xanthene (as 
described in Us. Pat. No. 5,800,996 to Lee et al.) and deriva 
tives thereof. In one example, the ?uorophore is a large Stokes 
shift protein (see Kogure et al., Nat. Biolech. 24:577-81, 
2006). Other ?uorophores knoWn to those skilled in the art 
can also be used, for example those available from Molecular 
Probes (Eugene, Oreg.). 
[0080] In particular examples, a ?uorophore is used as a 
donor ?uorophore or as an acceptor ?uorophore. Ideally, 
?uorophores have the ability to be attached to a nanoprobe 
component Without su?iciently interfering With the ability of 
the nanoprobe to interact With the target biomolecule, are 
stable against photobleaching, and have high quantum e?i 
ciency. In examples Where multiple acceptor ?uorophores are 
used, for example on a single nanoprobe or for example on 
different nanoprobes that are used together, the ?uorophores 
are advantageously selected to have distinguishable emission 
spectra, such that emission from one ?uorophore (or combi 
nation of tWo or more ?uorophores) is distinguishable from 
another ?uorophore (or combination of tWo or more ?uoro 
phores). 
[0081] The ?uorophores disclosed herein can be used as 
donor ?uorophores or as acceptor ?uorophores. Particularly 
useful ?uorophores have the ability to be attached to a nano 
probe (for example to a polymerase, a molecular linker, or to 
a nucleotide analog), are stable against photobleaching, and 
have high quantum e?iciency. In addition, the ?uorophores 
associated With different sets of nucleotide analogs (such as 
those that correspond to A, T/ U, G, and C) are advantageously 
selected to have distinguishable emission spectra, such that 
emission from one ?uorophore (such as one associated With 
A) is distinguishable from the ?uorophore associated With 
another nucleotide analog (such as one associated With T). 

[0082] Forster (or ?uorescence) resonance energy transfer 
(FRET): A process in Which an excited ?uorophore (the 
donor) transfers its excited state energy to a loWer-energy 
light absorbing molecule (the acceptor). This energy transfer 
is non-radiative, and due primarily to a dipole-dipole interac 
tion betWeen the donor and acceptor ?uorophores. This 
energy can be passed over a distance, for example a limited 
distance such as 10-100 A. FRET ef?ciency drops off accord 
ing to 1/(1+(R/R0)A6) Where R0 is the distance at Which the 
FRET ef?ciency is 50%. 
[0083] FRET pairs: Sets (such as pairs) of ?uorophores that 
can engage in ?uorescence resonance energy transfer 
(FRET). Examples of FRET pairs that can be used are listed 
beloW. HoWever, one skilled in the art Will recogniZe that 
numerous other combinations of ?uorophores can be used. 

[0084] FAM is most ef?ciently excited by light With a 
Wavelength of 488 nm, emits light With a spectrum of 500 to 
650 nm, and has an emission maximum of 525 nm. FAM is a 
suitable donor ?uorophore for use With JOE, TAMRA, and 
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ROX (all of Which have their excitation maxima at 514 nm, 
and Will not be signi?cantly stimulated by the light that stimu 
lates FAM). 
[0085] The GFP mutant H9-40 (Tsien, 1998, Ann. Rev. 
Biochem. 67:509), Which is excited at 399 nm and emits at 
51 1 nm, can serve as a suitable donor ?uorophore for use With 

BODIPY, ?uorescein, rhodamine green and Oregon green. In 
addition, the ?uorophores tetramethylrhodamine, Lissa 
mineTM, Texas Red and naphtho?uorescein can be used as 
acceptor ?uorophores With this GFP mutant. 
[0086] The ?uorophore 3-(e-carboxy-pentyl)-3'-ethyl-5,5' 
dimethyloxacarbocyanine (CYA) is maximally excited at 488 
nm and can therefore serve as a donor ?uorophore for 

rhodamine derivatives (such as R6G, TAMRA, and ROX) 
Which can be used as acceptor ?uorophores (see Hung et al., 
Analytical Biochemistry, 243:15-27, 1996). HoWever, CYA 
and FAM are not examples of a good FRET pair, because both 
are excited maximally at the same Wavelength (488 nm). 
[0087] One particular example of a FRET pair is GFP2 and 
YFP. 

[0088] One of ordinary skill in the art can easily determine, 
using art-knoWn techniques of spectrophotometry, Which 
?uorophores Will make suitable donor-acceptor FRET pairs. 
In addition, Grant et al. (Biosens Bioeleclron. 16:231-7, 
2001) provide particular examples of FRET pairs that can be 
used in the nanoprobes disclosed herein. 
[0089] Fusion Protein: A protein that includes tWo amino 
acid sequences that are not found joined together in nature. 
The term “GFP-polymerase fusion protein” refers to a protein 
that includes a ?rst amino acid sequence and a second amino 
acid sequence, Wherein the ?rst amino acid sequence is a GFP 
molecule (mutant or Wild-type) and the second amino acid 
sequence is a polymerase. Similarly, the term “GFP-aequorin 
fusion protein” refers to a protein that includes a ?rst amino 
acid sequence and a second amino acid sequence, Wherein the 
?rst amino acid sequence is a GFP molecule (mutant or Wild 
type) and the second amino acid sequence is an aequorin. 
GFP-aequorin fusion proteins can be generated using the 
method ofBaubet et al. (Proc. Natl. Acad. Sci. USA 97:7260 
5, 2000, herein incorporated by reference). 
[0090] These fusion proteins can be represented by the 
formula X-Y Wherein X is a tag, such as GFP, and Y is a 
polymerizing agent, such as a polymerase. In some examples, 
an amino acid chain can be used to link the ?rst and second 
domains of the fusion protein. 
[0091] Green ?uorescent protein (GFP): The source of 
?uorescent light emission in Aequorea Victoria. As used 
herein, GFP refers to both the Wild-type protein, and spec 
trally shifted mutants thereof, for example as described in 
Tsien, 1998, Ann. Rev. Biochem. 67:509 and in US. Pat. Nos. 
5,777,079 and 5,625,048 to Tsien and Heim, herein incorpo 
rated by reference. In particular examples, GFP is excited 
using a laser. In other examples, GFP is excited using 
aequorin, for example using a GFP-aequorin fusion protein. 
[0092] GFP-polymerase: Recombinant fusion protein con 
taining both a functional GFP molecule and a functional 
polymerase. The GFP can be located at the N- or C-terminus 
of the polymerase, or anyWhere Within the polymerase, as 
long as the polymerase retains signi?cant polymerizing activ 
ity (for example retaining the ability to catalyze the elonga 
tion of a complementary nucleic acid strand). GFP-poly 
merase can also include a linker (linker-GFP-polymerase), 
for example to aid in its puri?cation or its attachment to a 
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substrate. Furthermore, GFP-polymerase can also include a 
functional aequorin sequence, for example if the use of LRET 
is desired. 
[0093] Hybridization: To form base pairs betWeen comple 
mentary regions of tWo strands of DNA, RNA, or betWeen 
DNA and RNA, thereby forming a duplex molecule. Hybrid 
ization conditions resulting in particular degrees of strin 
gency Will vary depending upon the nature of the hybridiza 
tion method and the composition and length of the 
hybridizing nucleic acid sequences. Generally, the tempera 
ture of hybridization and the ionic strength (such as the Na+ 
concentration) of the hybridization buffer Will determine the 
stringency of hybridization. Calculations regarding hybrid 
ization conditions for attaining particular degrees of strin 
gency are discussed in Sambrook et al., (1989) Molecular 
Cloning, second edition, Cold Spring Harbor Laboratory, 
Plainview, NY. (chapters 9 and 11). The folloWing is an 
exemplary set of hybridization conditions and is not limiting: 
[0094] Very High Stringency (Detects Sequences that 
Share at least 90% Identity) 
[0095] Hybridization: 5><SSC at 650 C. for 16 hours 
[0096] Wash tWice: 2><SSC at room temperature (RT) for 15 
minutes each 
[0097] Wash tWice: 0.5><SSC at 650 C. for 20 minutes each 
[0098] High Stringency (Detects Sequences that Share at 
least 80% Identity) 
[0099] Hybridization: 5><-6><SSC at 650 C.-70o C. for 16-20 
hours 
[0100] Wash tWice: 2><SSC at RT for 5-20 minutes each 
[0101] Wash tWice: 1><SSC at 550 C.-70o C. for 30 minutes 
each 
[0102] LoW Stringency (Detects Sequences that Share at 
least 50% Identity) 
[0103] Hybridization: 6><SSC at RT to 550 C. for 16-20 
hours 
[0104] Wash at least tWice: 2><-3><SSC at RT to 550 C. for 
20-30 minutes each. 
[0105] 20><SSC is 3.0 M NaCl/0.3 M trisodium citrate. 
[0106] Linker: A structure that joins one molecule to 
another, such as attaches a probe of the present disclosure to 
a substrate, Wherein one portion of the linker is operably 
linked to a substrate, and Wherein another portion of the linker 
is operably linked to the probe. 
[0107] One particular type of linker is a molecular linker, 
such as tethers, rods, or combinations thereof, Which can 
attach a polymerizing agent to one or more chemical moieties 
(such as one or more nucleotide analogs) Wherein one portion 
of the linker is operably linked to the polymerizing agent, and 
Wherein another portion of the linker is operably linked to one 
or more chemical moieties. 

[0108] Locked Nucleic Acid (LNATM): A bicyclic nucleic 
acid Where a ribonucleoside is linked betWeen the 2'-oxygen 
and the 4'-carbon atoms With a methylene unit. This link 
restricts the ?exibility of the ribofuranose ring of the nucle 
otide analog and locks it into the rigid bicyclic N-type con 
formation. The LNA also induces adjacent bases to adopt a 
conformation of the more thermodynamically stable form of 
the A duplex. 
[0109] LNA oligonucleotides can be synthesized by stan 
dard pho sphoramidite chemistry using DNA- synthesizers. In 
addition, LNA can be mixed With DNA, RNA as Well as other 
nucleic acid analogs. In particular examples, LNAs are 
included as part of a molecular linker. 
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[0110] Luminescence Resonance Energy Transfer 
(LRET): A process similar to FRET, in Which the donor 
molecule is a luminescent molecule, or is excited by a lumi 
nescent molecule, instead of for example by a laser. Using 
LRET can decrease the background ?uorescence. In particu 
lar examples, a chemiluminescent molecule can be used to 
excite a donor ?uorophore (such as GFP), Without the need 
for an external source of electromagnetic radiation. In other 
examples, the luminescent molecule is the donor, Wherein the 
excited resonance of the luminescent molecule excites one or 
more acceptor ?uorophores. 
[0111] Examples of luminescent molecules that can be 
used include, but are not limited to, aequorin and luciferase. 
The bioluminescence from aequorin, Which peaks at 470 nm, 
can be used to excite a donor GFP ?uorophore (Tsien, 1998, 
Ann. Rev. Biochem. 67:509; Baubet et al., 2000, Proc. Natl. 
Acad. Sci. U.S.A., 97:7260-5). GFP then excites an acceptor 
?uorophore disclosed herein. In this example, both aequorin 
and GFP can be attached to a nanoprobe of the present dis 
closure. The bioluminescence from Pholinus pyralis 
luciferase, Which peaks at 555 nm, can excite an acceptor 
?uorophore disclosed herein. In this example, both luciferase 
and GFP can be attached to a nanoprobe of the present dis 
closure. In some examples Where luciferase is used, the dipole 
of the acceptor ?uorophore is aligned With the polarization of 
the luciferase light. In other examples, a large number of 
luciferase molecules are aligned next to or even surrounding 
the nanoprobe. For example, a sphere, a dendrimer or a sheet 
couldbe made that has many molecules of luciferase inside or 
on the surface. 

[0112] Nanoprobe or probe: A molecular device that can be 
used to sequence a nucleic acid molecule. In particular 
examples, a nanoprobe or probe includes one or more tags 
that permit detection of the sequence, such as an acceptor and 
donor ?uorophore pair. 
[0113] Nucleic acid molecule (or sequence): A deoxyribo 
nucleotide or ribonucleotide polymer including Without limi 
tation, cDNA, mRNA, genomic DNA, and synthetic (such as 
chemically synthesized) DNA or RNA. The nucleic acid mol 
ecule can be double stranded (ds) or single stranded (ss). 
Where single stranded, the nucleic acid molecule can be the 
sense strand or the antisense strand. Nucleic acid molecules 
can include natural nucleotides (such as A, T/U, C, and G), 
and can also include analogs of natural nucleotides. A set of 
bases linked to a peptide backbone, as in a peptide nucleic 
acid (PNA), can be used as a substitute for a nucleic acid 
molecule. 
[0114] A target nucleic acid molecule is a nucleic acid to be 
sequenced, and can be obtained in puri?ed form, by any 
method knoWn to those skilled in the art (for example, as 
described in US. Pat. No. 5,674,743 to Ulmer). A comple 
mentary nucleic acid molecule is complementary to the target 
nucleic acid molecule and is the nucleic acid strand that is 
elongated When sequencing the target nucleic acid molecule. 
[01 15] Nucleotide: A monomer that includes a base, such as 
a pyrimidine, purine, or synthetic analogs thereof, linked to a 
sugar and one or more phosphate groups. A nucleotide is one 
monomer in a polynucleotide. A nucleotide sequence refers to 
the sequence of bases in a polynucleotide. 
[0116] The major nucleotides of DNA are deoxyadenosine 
5'-triphosphate (dATP or A), deoxyguanosine 5'-tripho sphate 
(dGTP or G), deoxycytidine 5'-triphosphate (dCTP or C) and 
deoxythymidine 5'-triphosphate (dTTP or T). The major 
nucleotides of RNA are adenosine 5'-triphosphate (ATP or 
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A), guanosine 5'-triphosphate (GTP or G), cytidine 5'-triph 
osphate (CTP or C) and uridine 5'-triphosphate (UTP or U). 
[0117] The choice of nucleotide precursors is dependent on 
the nucleic acid to be sequenced. If the template is a single 
stranded DNA molecule, deoxyribonucleotide precursors 
(dNTPs) are used in the presence of a DNA-directed DNA 
polymerase. Alternatively, ribonucleotide precursors (NTPs) 
are used in the presence of a DNA-directed RNA polymerase. 
HoWever, if the nucleic acid to be sequenced is RNA, then 
dNTPs and an RNA-directed DNA polymerase are used. 

[01 18] The nucleotides disclosed herein also include nucle 
otides containing modi?ed bases, modi?ed sugar moieties 
and modi?ed phosphate backbones, for example as described 
in US. Pat. No. 5,866,336 to NaZarenko et al. (herein incor 
porated by reference). Such modi?cations hoWever, can alloW 
for incorporation of the nucleotide into a groWing nucleic acid 
chain or for binding of the nucleotide to the complementary 
nucleic acid chain. Modi?cations described herein do not 
result in the termination of nucleic acid synthesis. 
[0119] Nucleotides can be modi?ed at any position on their 
structures. Examples include, but are not limited to, the modi 
?ed nucleotides 5-?uorouracil, 5-bromouracil, 5-chlorou 
racil, 5-iodouracil, hypoxanthine, xanthine, acetylcytosine, 
5-(carboxyhydroxylmethyl) uracil, 5-carboxymethylami 
nomethyl-2-thiouridine, 5-carboxymethylaminomethylu 
racil, dihydrouracil, beta-D-galactosylqueosine, inosine, 
N-6-sopentenyladenine, l-methylguanine, l-methylinosine, 
2,2-dimethylguanine, 2-methyladenine, 2-methylguanine, 
3-methylcytosine, 5-methylcytosine, N6-adenine, 7-meth 
ylguanine, 5-methylaminomethyluracil, methoxyaminom 
ethyl-2-thiouracil, beta-D-mannosylqueosine, 5'-methoxy 
carboxymethyluracil, 5-methoxyuracil, 2-methylthio-N6 
isopentenyladenine, uracil-5-oxyacetic acid, pseudouracil, 
queosine, 2-thiocytosine, 5-methyl-2-thiouracil, 2-thiouracil, 
4-thiouracil, 5 -methyluracil, uracil-5 -oxyacetic acid methyl 
ester, uracil-S-oxyacetic acid, 5-methyl-2-thiouracil, 3-(3 
amino-3-N-2-carboxypropyl) uracil, and 2,6-diaminopurine. 
[0120] Examples of modi?ed sugar moieties Which can be 
used to modify nucleotides at any position on their structures 
include, but are not limited to: arabinose, 2-?uoroarabinose, 
xylose, and hexose, or a modi?ed component of the phos 
phate backbone, such as phosphorothioate, a phospho 
rodithioate, a phosphoramidothioate, a phosphoramidate, a 
phosphordiamidate, a methylphosphonate, an alkyl phospho 
triester, or a formacetal or analog thereof. 
[0121] Nucleotide analog: A nucleotide containing one or 
more modi?cations of the naturally occurring base, sugar, 
phosphate backbone, or combinations thereof. Such modi? 
cations can result in the inability of the nucleotide to be 
incorporated into a groWing nucleic acid chain. A particular 
example includes a non-hydrolyZable nucleotide. Non-hy 
drolyZable nucleotides include mononucleotides and tri 
nucleotides in Which the oxygen betWeen the alpha and beta 
phosphates has been replaced With nitrogen or carbon (Jena 
Bioscience). HIV-1 reverse transcriptase cannot hydrolyZe 
dTTP With the oxygen betWeen the alpha and beta phosphates 
replaced by nitrogen (Ma et al., J. Med. Chem, 35: 1938-41, 
1 992). 
[0122] A “type” of nucleotide analog refers to one of a set 
of nucleotide analogs that share a common characteristic that 
is to be detected. For example, the sets of nucleotide analogs 
can be divided into four types: A, T, C and G analogs (for 
DNA) or A, U, C and G analogs (for RNA). In this example, 
each type of nucleotide analog can be associated With a 
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unique tag, such as one or more acceptor ?uorophores, so as 
to be distinguishable from the other nucleotide analogs in the 
set (for example by ?uorescent spectroscopy or by other 
optical means). 
[0123] An exemplary nucleotide analog that can be used in 
place of “C” is a G-clamp (Glen Research). G-clamp is a 
tricyclic Aminoethyl-PhenoxaZine 2'-deoxyCytidine ana 
logue (AP-dC). The G-clamp is available as a phosphoramid 
ite and so can be synthesiZed into DNA structures. Such an 
analog can be used in the nanoprobes provided herein (for 
example as one of the chemical moieties 22, 24, 26, 28 of the 
probe shoWn in FIG. 1A or it can be substituted for the dCTP 
22 shoWn in FIG. 1B). 
[0124] Oligonucleotide: A linear polynucleotide (such as 
DNA or RNA) sequence of at least 6 nucleotides, for example 
at least 9, at least 15, at least 18, at least 24, at least 30, at least 
50, at least 100, at least 200 or even at least 500 nucleotides 
long. An oligonucleotide can contain non-naturally occurring 
portions, such as altered sugar moieties or inter-sugar link 
ages, such as a phosphorothioate oligodeoxynucleotide. In 
particular examples, an oligonucleotide containing non-natu 
rally occurring portions can bind to RNA or DNA, and 
include peptide nucleic acid (PNA) molecules. 
[0125] ORF (open reading frame): A series of nucleotide 
triplets (codons) coding for amino acids Without any termi 
nation codons. These sequences are usually translatable into 
a peptide. 
[0126] Pairing: The process of joining into a pair, such as 
the binding of a chemical entity (such as a nucleotide analog) 
to its complementary nucleotide on a target nucleic acid mol 
ecule. In particular examples, pairing results in the formation 
of covalent bonds. In other examples, pairing does not result 
in the formation of chemical bonds. 
[0127] Peptide Nucleic Acid (PNA): A class of informa 
tional molecules containing a neutral peptide-like backbone 
With nucleobases alloWing it to hybridiZe to complementary 
RNA or DNA With higher al?nity and speci?city than con 
ventional oligonucleotides. The structure of a PNA molecule 
is analogous With DNA, Wherein the deoxyribose phosphate 
backbone has been replaced by a backbone similar to that 
found in peptides. In particular examples, PNA is resistant to 
nucleases and proteases. PNAs can include a functional group 
at the N(5)-terminus, such as a ?uorophore (for example an 
acceptor ?uorophore). 
[0128] Persistence length (/p): The average local conforma 
tion for a linear chain, re?ecting the sum of the average 
projections of all chain segments on a direction described by 
a given segment. In particular examples, persistence length is 
the degree of bending (and hence the effective stiffness of the 
chain) Which, in effect, measures the contour distance over 
Which there occurs, on the average, a 68.400 bend. 

[0129] Polyethylene glycol (PEG): A polymer of ethylene 
compounds, H(OCH2CH2)nOH. Pegylation is the act of add 
ing a PEG structure to another molecule, for example, a 
functional molecule such as a targeting or activatable moiety. 
PEG is soluble in Water, methanol, benZene, dichloromethane 
and is insoluble in diethyl ether and hexane. 
[0130] Particular examples of PEG that can be used in the 
disclosed nanoprobes include, but are not limited to: l-7 units 
of Spacer 18 (Integrated DNA Technologies, Coralville, 
IoWa), such as 3-5 units of Spacer 18, C3 Spacer phosphora 
midite (such as l-lO units), Spacer 9 (such as l-lO units), PC 
(Photo-Cleavable) Spacer (such as l-lO units), (all available 
from Integrated DNA Technologies). In other examples, 
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lengths of PEG that can be used in the disclosed nanoprobes 
include, but are not limited to, l to 40 monomers of PEG. 
[0131] PolymeriZing agent: A compound capable of react 
ing monomer molecules (such as nucleotides) together in a 
chemical reaction to form linear chains or a three-dimen 
sional netWork of polymer chains. A particular example of a 
polymeriZing agent is polymerase, an enZyme Which synthe 
siZes a nucleic acid strand complementary to a nucleic acid 
template. Examples of polymerases that can be used to 
sequence a nucleic acid molecule include, but are not limited 
to the E. coli DNA polymerase I, speci?cally the KlenoW 
fragment Which has 3' to 5' exonuclease activity, Taq poly 
merase, reverse transcriptase (such as HIV-l RT or reverse 
transcriptase of the L1 retrotransposon), E. coli RNA poly 
merase, and Wheat germ RNA polymerase II. 
[0132] The choice of polymerase is dependent on the 
nucleic acid to be sequenced. If the template is a single 
stranded DNA molecule, a DNA-directed DNA or RNA poly 
merase can be used; if the template is a single-stranded RNA 
molecule, then a reverse transcriptase (such as an RNA-di 
rected DNA polymerase) can be used. 
[0133] Primer: Short nucleic acid molecules, for example 
sequences of at least 9 nucleotides, Which can be annealed to 
a complementary target nucleic acid molecule by nucleic acid 
hybridiZation to form a hybrid betWeen the primer and the 
target nucleic acid strand. A primer can be extended along the 
target nucleic acid molecule by a polymerase enZyme. There 
fore, individual primers can be used for nucleic acid sequenc 
ing, Wherein the sequence of the primer is speci?c for the 
target nucleic acid molecule, for example so that the primer 
Will hybridiZe to the target nucleic acid molecule under strin 
gent hybridization conditions. 
[0134] In particular examples, a primer is at least 10 nucle 
otides in length, such as at least 10 contiguous nucleotides 
complementary to a target nucleic acid molecule to be 
sequenced. In order to enhance speci?city, longer primers can 
be employed, such as primers having at least 12, at least 15, at 
least 20, or at least 30 contiguous nucleotides complementary 
to a target nucleic acid molecule to be sequenced. Methods for 
preparing and using primers are described in, for example, 
Sambrook et al. (1989) Molecular Cloning: A Laboratory 
Manual, Cold Spring Harbor, N.Y.; Ausubel et al. (1987) 
CurrenZProlocols in MolecularBiology, Greene Publ.Assoc. 
& Wiley-Intersciences. 
[0135] Puri?ed: The term puri?ed does not imply absolute 
purity; rather, it is intended as a relative term. Thus, for 
example, a puri?ed GFP-polymerase protein preparation is 
one in Which the GFP-polymerase protein is more pure than 
the protein in its environment Within a cell. In particular 
examples, a preparation of a GFP-polymerase protein is puri 
?ed such that the GFP-polymerase protein represents at least 
50% of the total protein content of the preparation, but can be, 
for example 90 or even 98% of the total protein content. 

[0136] Quantum dots: Engineered, inorganic semiconduc 
tor crystalline nanoparticles that ?uoresce stably and possess 
a uniform surface area that can be chemically modi?ed to 
attach biomolecules (such as one or more nanoprobes) to 
them. Although generally spherical, quantum dots attached to 
nanoprobes of the present disclosure can be of any shape 
(such a spherical, tubular, pyramidal, conical or cubical), but 
particularly suitable nanoparticles are spherical. 
[0137] Generally, quantum dots can be prepared With rela 
tive monodispersity (for example, With the diameter of the 
core varying approximately less than 10% betWeen quantum 
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dots in the preparation), as has been described previously 
(BaWendi et al., .1. Am. Chem. Soc. 115:8706, 1993). Quan 
tum dots known in the art have, for example, a core selected 
from the group consisting of CdSe, CdS, and CdTe (collec 
tively referred to as “CdX”). 
[0138] Recombinant: A recombinant nucleic acid molecule 
or protein sequence is one that has a sequence that is not 
naturally occurring or has a sequence that is made by an 
arti?cial combination of tWo otherWise separated segments of 
sequence. In particular examples, this arti?cial combination 
is accomplished by chemical synthesis or by the arti?cial 
manipulation of isolated segments of nucleic acid or protein 
sequences, for example by genetic engineering techniques. In 
particular examples, a molecular rod composed of a dsDNA is 
a recombinant molecule. 

[0139] Reverse Transcriptase: A template-directed DNA 
polymerase that generally uses RNA but can use DNA as its 
template. 
[0140] Reversibly binding to a target nucleic acid mol 
ecule: Temporary binding that exists in a reversible equilib 
rium. For example, includes transient pairing of a nucleotide 
to its complement at the active site of a polymerase, Wherein 
the nucleotide does not undergo a chemical reaction (such as 
hydrolysis or covalent bond formation) that covalently incor 
porates the nucleotide into the nucleic acid molecule being 
formed by the polymerase. 
[0141] RNA polymerase: An enzyme that catalyzes the 
polymerization of ribonucleotide precursors that are comple 
mentary to the DNA template. 
[0142] Rod or molecular rod: A structure that can be 
included in a nanoprobe’s molecular linker to increase the 
rigidity of a portion of the nanoprobe, such as a portion of the 
molecular linker. Molecular rods are suf?ciently rigid to 
reduce the interaction of chemical moieties, polymerizing 
agents, or combinations thereof, in the absence of the target 
nucleic acid molecule. In addition, molecular rods are of a 
length that permits the chemical moieties, polymerizing 
agents, or combinations thereof to interact in the presence of 
the target biomolecule. 
[0143] In a particular example, a molecular rod present in a 
molecular linker has a length shorter than its persistence 
length, thereby signi?cantly reducing the interaction of the 
chemical moieties, polymerizing agents, or combinations 
thereof in the absence of the target biomolecule. In one 
example, a molecular rod consisting of dsDNA has a length of 
10-140 nucleotides, Which is shorter than the persistence 
length of dsDNA, about 150 nucleotides. 
[0144] Exemplary molecular rods include, but are not lim 
ited to, dsDNA molecules, peptide nucleic acids (PNAs), 
carbon nanotubes, locked nucleic acid molecules (LNAs), a 
microtubule, a bacterium, a linear virus particle, virus tail 
?bers or other protein structures (such as protein components 
containing alpha helices or beta barrels or other protein struc 
tures, such as a leucine zipper structure). A molecular rod can 
be a portion of a three-dimensional molecular construct, such 
as a cube or octahedron built from DNA (for example see 
Seeman, Sci. Am. 290:64-9 and 72-5, 2004). In a particular 
example, a molecular rod is a dsDNA molecule of at least 10 
nucleotides, at least 35 nucleotides, or 150 nucleotides or less, 
such as 10-150 nucleotides, 10-140 nucleotides, 20-100 
nucleotides, 20-50 nucleotides, 20-40 nucleotides, 30-50 
nucleotides, or about 20, 30, or 40 nucleotides. 
[0145] Sample: Biological specimens such as samples con 
taining biomolecules, such as nucleic acid molecules (for 
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example genomic DNA, cDNA, RNA, or mRNA). Exem 
plary samples are those containing cells or cell lysates from a 
subject, such as those present in peripheral blood (or a frac 
tion thereof such as serum), urine, saliva, tissue biopsy, cheek 
sWabs, surgical specimen, ?ne needle aspirates, amniocente 
sis samples and autopsy material. 
[0146] Sequence of signals: The sequential series of emis 
sion signals, including electromagnetic signals such as light 
or spectral signals, Which are emitted upon speci?c binding of 
chemical moieties (such as a nucleotide analog) With comple 
mentary nucleotides in the target nucleic acid molecule, 
Which indicates pairing of the chemical moiety With its 
complementary nucleotide. In a particular example, the 
sequence of signals are a series of acceptor ?uorophore emis 
sion signals, Wherein each unique signal is associated With a 
particular chemical moiety. 
[0147] Signal: A detectable change or impulse in a physical 
property that provides information. In the context of the dis 
closed methods, examples include electromagnetic signals 
such as light, for example light of a particular quantity or 
Wavelength. In certain examples the signal is the disappear 
ance of a physical event, such as quenching of light. A char 
acteristic signal is the particular signal expected When a par 
ticular nucleotide analog on the nanoprobe speci?cally binds 
With a complementary nucleotide in the target nucleic acid 
molecule. For example, a characteristic signal can be the 
resulting signal emitted from a ?uorescently tagged non 
hydrolyzable nucleotide analog, Which can be predicted by 
the ?uorophore(s) attached to or associated With the nucle 
otide analog. 
[0148] Subject: Living multi-cellular vertebrate organisms, 
including human and veterinary subjects, such as coWs, pigs, 
horses, dogs, cats, birds, reptiles, and ?sh. 
[0149] Substrate: A material or surface to Which other mol 
ecules (such as proteins or nucleic acid molecules) can be 
attached or embedded Within In particular examples, the sub 
strate is made of biocompatible material that is transparent to 
light, including glass and quartz. For example, the substrate 
can be a 3 cm long by 1 cm Wide by 0.25 cm thick glass 
microscope slide. In yet another example, for example When 
LRET is used, the substrate can be opaque. In one example, 
the substrate is a gel matrix. In a speci?c example, the sub 
strate is a micro?uidic device having a parabolic ?oW channel 
pro?le. 
[0150] In particular examples, a substrate is treated before 
attaching other molecules. For example, glass microscope 
slides can be Washed by ultrasonication in Water for 30 min 
utes, soaked in 10% NaOH for 30 minutes, rinsed With dis 
tilled Water and dried at 80° C. for 10 minutes or air-dried 
overnight. 
[0151] Tag: An agent capable of being detected, for 
example by spectrophotometry, ?oW cytometry, or micros 
copy. For example, one or more tags can be attached to a 
nanoprobe, thereby permitting sequencing of a nucleic acid 
molecule. Exemplary tags include radioactive isotopes, ?uo 
rophores, chemiluminescent agents, charges, enzymes, and 
combinations thereof. 
[0152] Tether: A structure that can be included in a nano 
probe to link one or more chemical entities (such as a nucle 
otide analog) to a polymerizing agent, directly or indirectly. 
For example, one or more tethers, in combination With one or 
more molecular rods, can be used to link one or more chemi 
cal entities (such as a nucleotide analog) to a polymerizing 
agent. Ideally, the tether is a length that reduces the likelihood 














































































