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PURIFICATION AND CONCENTRATION OF PROTEINS AND DNA FROM A
COMPLEX SAMPLE USING ISOTACHOPHORESIS AND A DEVICE TO
PERFORM THE PURIFICATION

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provisional Application Nos. 61/013,774, filed

December 14, 2007 and 61/027,518, filed February 11, 2008.

BACKGROUND
Field of the Invention

[0001]  This invention relates to a method of purifying proteins and nucleic acids
Background of the Invention

[0002]  One of the largest contributors to false positive and false negative results in rapid
detection technologies is inconsistent, variable processed samples. Sample preparation
represents a critical, yet under developed capability. Present day sample preparation is
usually performed manually. When automated, sample preparation involves mechanizing
manual processing methods resulting in large, complex, robotic systems with significant
reagent/waste streams and consumable usage.

0003} Generic methods for the purification of DNA from cells or mixtures of cells have
been available for many years and include alcohol precipitation, silica binding, standard
gel electrophoresis methods, and phenol/chloroform extraction. Th;a polymerase chain

reaction (PCR), through its use of primers to amplify and detect regions of the
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previously-purified nucleic acid specific for different classes of organisms. The ability to
develop generic purification methods for nucleic acids is due largely to the fact that all
nucleic acid molecules are similar in chemical structure and these similarities can be
taken advantage of when developing purification methods. However, most of these
methods are time consuming and must currently be performed manually.

[0004]  Proteins, on the other hand, are very different in structure from one type of protein to
the next. .Therefore, protein purification has largely focused on separation methods based
on unique protein characteristics such as differences in size, charge, hydrophobicity,
isoelectric point, antibody binding and/or enzyme-substrate specificities. When a number
of these methods are performed in tandem eventually leads to a protein that has been
purified away from all other proteins in the starting mixture. Typically, separation
methods include chromatography electrophoresis, immunoprecipitation and magnetic
separation techniques and the like. Chromatography is performed using columns which
are typically quite large and require expensive equipment to obtain and analyze the
samples. Therefore, methods currently used to purify nucleic acids are not used to purify
protein and conversely, methods used to purify protein are not used purify nucleic acids.

[0005]  Isotachophoresis is a technique used to separate charged particles using a
discontinuous electrical field to create sharp boundaries between the sample constituents.
In this method, the sample is introduced between a fast leading electrolyte and a slow
moving electrolyte to create a window between which a subset of cc;nstituents from a

complex matrix can be segregated from other matrix constituents. The segregation
occurs after application of an electrical field to the sample and the electrolytes are

allowed to separate by charge. The electrolytes used for a separation are selected
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experimentally so that as many contaminating constituents as possible are excluded from
the final sample.

[0006]  Isotachophoresis is currently used in the field of protein purification as one potential
method in capillary electrophoresis for the separation of specific proteins from a mixture
of proteins. However, one disadvantage of isotachophoresis in capillary use is that one
can only purify either negative or positively charged ions in the capillary tubes because
these moieties will migrate in different directions upon application of the electrical field.
The most common use of isotachophoresis is in protein stacking gels where protein
samples are added to a gel in a wide band for separation by molecular weight. However,
before separation by molecular weight can occur, the protein must be concentrated into a
small band to increase resolution.

[0007] U.S. Patent No. 3,869,365 (Sunden) is drawn to a broad method of counter-flow
isotachophoresis comprising two electrolytes and the flow and voltage adjusted to
maintain the sample at a desired position in the column. U.S. Patent No. 3,948,753
(Arlinger) is drawn to an apparatus for isotachophoresis comprising a column, capillary
tube, a detector, and a shunt tube bifurcating the column. Patent No. 6,685,813 B2
(Williams et al.) is drawn to a method of separating components ﬁsing isotachophoresis.
U.S. Appl. No. 2004/0060821 Al (Williams et al.) is drawn to a method of separating
components using isotachophoresis. Application No. WO 2008/025806 (Gerhard Weber)
is directed to a method of separating particles using electrophoresis and discloses
isotachophoresis. Baur'nann, G. and Chrambach, A. disclosed the use of isotachophoresis
for the isolation of hormones. (Proc. Natl. Acad. Sci. USA, 73(3): 732-736, (1976)).

Béttcher, A. et al. disclosed preparative isotachophoresis for separation of human plasma
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lipoproteins, apolipoproteins and HDL subfractions, (J. Lipid Res. 41:905-915, (2000)).
None disclose the simultaneous separation and purification of both nucleic acids and
proteins. U.S. Appl. No. 2004/0031683 Al (Eipel el al.) is drawn to a method of -
fractionating proteins using several procedures, including isotachophoresis. The two-step
process includes capillary electrophoresis, but does not disclose the separation of nucleic
acids.

[0008]  Appl. No. EP 05076569.2 (Stichting voor de Technische Wetenschnappen) is drawn
to a device for separating particles and the use of isotachophoresis for the non-
simultaneous separation of nucleic acids or proteins and the use of binding molecules.
Blessum, C. et al. disclose capillary electrophoresis in the separation of proteins, nucleic
acids and lipoproteins, and its use in isotachophoresis. (Ann. Biologie Clinique,
57(6):643-647 (1999) [French]). Blessum ef al. do not disclose the simultaneous isolation
of nucleic acids and proteins using isotachophoresis. Dolnik, V. ef al. disclose capillary
electrophoresis techniques and microchip technology which includes isotachophoresis,
and current methods of separation of nucleic acids and proteins, but doe not disclose
simultaneous separation of nucleic acids and proteins (Electrophoresis, 21(1):41-54,
(1999) [Abstract only]).

[0009]  U.S. Patent No. 5,817,225 (Hinton) is drawn to an electrophoresis unit comprising an
anode compartment, a cathode compartment, a separation chamber and an electrolyte in
said chamber with an electrophoretic mobility between the mobilities of the nucleic acids
and organic salts which are to be separated. The separation of proteins was not disclosed.

[0010]  U.S. Patent Nos. 7,316,771 B2 and 7,247,224 (withdrawn) (both by Gerhard Weber)

is directed to a medium for electrophoresis comprising at least two acids and at least two
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bases as buffers. Neither disclose the separation of nucleic acids or proteins. U.S. Patent
No. 6,780,584 B1 (Edman ef al.) is broadly drawn to a device with a first buffer reservoir
containing a first buffer with a differing conductances, a conductive semipermeable
matrix, and a first and second electrode and a specific binding entity and discloses a
device which separates NUCLEIC ACID and RNA in hybridization reactions, but not the
separation of proteins. U.S. Patent No. 5,464,515 (Bellon) is drawn to a procedure for
loading one of several biological samples on an electrophoresis slab support, but does not
disclose the separation of nucleic acids.

[0011]  Newer, rapid, simpler methods of sample processing are required to support the next
generation detection systems. The newer detection methods will have a heavier reliance
on sample preparation for the generation of meaningful results. In addition, sample
preparation methods will need to support numerous different detection systems and be
capable of being integrated as part of a complete sample processing and detection system.

[0012)  Therefore, there is currently a great need in sample processing methods that are fast,
inexpensive, and are easy to perform, even by untrained, non-technical staff in a variety
of disciplines including biodefense, food and water, agricultural, environmental, clinical

testing, and the like.

SUMMARY OF THE INVENTION
[0013]  The present invention is drawn to a method of simultaneously co-purifying and
concentrating nucleic acid and protein targets into a single volume that can then be tested

on a variety of sensor technologies. This method represents a simple system that is
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readily automated into a hand held, disposable device capable of being operated by

unskilled operators in a field environment.

BRIEF DESCRIPTION OF THE FIGURES
[0014]  Figure 1 depicts a standahd 1% agarose submarine gel showing the relative mobility of

genomic DNA isolated from B. atrophaeus and E. herbicola.

[0015)  Figure 2 shows a standard 1% agarose isotachophoresis gel showing the relative

mobility of genomic DNA isolated from B. atrophaeus and E. herbicola.

[0016]  Figure 3 shows a standard 1% agarose submarine gel showing the relative mobility of

purified proteins.

[0017)  Figure 4 depicts a standard 1% agarose isotachophoresis gel showing the relative

mobility of purified proteins.

[0018]  Figure 5 shows an isotachophoresis gel prior to the application of voltage and
showing the DNA, protein, xylene cyanol and humic acid combined and located within a

single sample well and showing the dark color of the humic acids.

[0019] Figure 6 demonstrates an isotachophoresis gel after the completion of the run
showing the separated DNA, protein, and xylene cyanol dye concentrated into a thin band

(blue) separated from the humic acids (brown) which are not concentrated by the system.
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[0020]  Figure 7 is a graphic representation of Ct values of PCR reactions comparing the
relative amplification of BG and EH DNA dilutions from samples containing humic acid

and sample containing humic acid purified by isotachophoresis.

[0021]  Figure 8 shows the Ct values of PCR reactions comparing the relative amplification
of BG and EH DNA dilutions from samples containing humic acid and sample containing

humic acid purified by isotachophoresis.

[0022]  Figure 9 depicts a 1% agarose isotachophoresis gel showing high and low molecular
weight DNA ladders, and calf thymus DNA.

[0023)  Figure 10 depicts a 1% agarose isotachophoresis gel showing high and low molecular

weight DNA ladders, and calf thymus DNA.

DETAILED DESCRIPTION OF THE INVENTION

[0024] The present invention is drawn to a method of simultaneously co-purifying and
concentrating nucleic acid and protein targets into a single volume. The entire sample
preparation process, regardless of the detection method can be automated using the
invention. This automated sample preparation method is capable of having an analyst
add a sample into a device that performs all of the steps necessary to prepare a sample for
analysis. The present invention includes methods in which samples are not split during

the sample preparation process and where common purification methods can be used for
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purifying multiple analytes. The sample processing methods of the invention are fast,
inexpensive, and are easy to perform, even by untrained, non-technical staff in a variety
of disciplines including biodefense, food and water, agricultural, environmental, clinical
testing, and the like.

[0025]  “Nucleic acid” molecules, as used herein include DNA, RNA, polynucleotides and
oligonucleotides; synthetic or naturally-occurring. The nucleic acid molecules include
any single-stranded sequence of nucleotide units connected by phosphodiester linkages,
or any double-stranded sequences comprising two such complementary single-stranded
sequences held together by hydrogen bonds. Unless otherwise indicated, each nucleic
acid sequence set forth herein is presented as a sequence of deoxyribonucleotides
(abbreviated A, G, C and T). However, the term “nucleic acid” includes a DNA
molecule or polynucleotide, a sequence of deoxyribonucleotides, or an RNA molecule or
polyribonucleotide. The corresponding sequence of ribonucleotides includes the bases A,
G, C and U, where each thymidine deoxyribonucleotide (T) in the specified
deoxyribonucleotide sequence is replaced by the ribonucleotide uridine (U).

[0026)  Nucleic acids may originate in viral, bacterial, archobacterial, cyanobacterial,
protozoan, eukaryotic, and/or prokaryotic sources. All DNA provided herein are
understood to include coﬁlplementary strands unless otherwise noted. It is understood
that an oligonuleotide may be selected from either strand of the genomic or cDNA
sequences. Furthermore, RNA equivalents can be prepared by substituting uracil for
thymine, and are included in the scope of this definition, along with RNA copies of the

DNA sequences isolated from cells or from virion particles. The oligonucleotide of the
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invention can be modified by the addition of peptides, labels, and other chemical moieties
and are understood to be included in the scope of this definition.

[0027)  Nucleic acid molecules detected or used by the methods or systems of the invention
may also include synthetic bases or analogs, including but not limited to
fluoropyrimidines, pyrimidines and purine nucleoside analogues include,
fluoropyrimidines, including 5-FU (S-fluorouracil), fluorodeoxyuridine, ftorafur, 5'-

. deoxyfluorouridine, UFT, carboranyl thymidine analogues, FMAUMP (1-(2-deoxy-2-
fluoro-D-arabinofuranosyl)-5-methyluracil-5’-monophosphate) and S-1 capecitabine;
pyrimidine nucleosides, include deoxycytidine, cytosine arabinoside, cytarabine,
azacitidine, 5-azacytosine, gencitabine, and S§ azacytosine-arabinoside; purine analogs
include 6-mercaptopurine, thioguanine, azathioprine, allopurinol, cladribine, fludarabine,
pentostatin, 2-chloroadenosine, AZT, acyclovir, pencilcovir, famcyclovir,
didehydrodideoxythymidine, dideoxycytidine, -SddC, g_anciclovir, dideoxyinosine, and/or
6-thioguanosine, for example, or combinations thereof.

[0028]  “Proteins” as used herein include peptides and polypeptides. A protein is a large
molecule composed of one or more chains of nitrogen-containing amino acids linked
together in a peptide linkage, in a specific order determined by the base sequence of
nucleotides in the DNA coding for the protein. Examples of proteins include whole
classes of important molecules, among them enzymes, hormones, antibodies and toxins.
Proteins as used herein are composed of 20 standard amino acids, or may contain
synthetic or naturally occurring non-standard amino acids. The aﬁﬁno acids present in
the protein may be aromatic, D or L configuration, modified or having an R or S

chirality. Such proteins may contain amino acids with posttranslational modifications.
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Such posttranslational modifications include but are not limited to carboxylation of
glutamate, hydroxylation of proline or the addition of long hydrophobic groups can cause
a protein to bind to a phospholipid membrane. Proteins may originate in viral, bacterial,
archobacterial, cyanobacterial, protozoan, eukaryotic, and/or prokaryotié sources.

[0029] The proteins detected or used by the methods or systems of the invention include
polypeptides and/or peptides and further include proteins that are part of a chimeric or
fusion protein. Said chimeric proteins may be derived from species which include
primates, including simian and human; rodentia, including rat and mouse; feline; bovine;
ovine; including goat and sheep; canine; or porcine. Fusion proteins may include
synthetic peptide sequences, bifunctional antibodies, peptides linked with proteins from
the above species, or with linker peptides. Polypeptides of the invention fnay be further
linked with detectable labels, metal compounds, cofactors, chrométography separation .
tags or linkers, blood stabilization moieties such as transferrin, or the like, therapeutic
agents, and so forth. The proteins/peptides of the invention may originate in viral,
bacterial, archobacterial, cyanobacterial, protozoan, eukaryotic, and/or prokaryotic
sources.

[0030]  Antibodies detected or used by the methods or systems of the inventionvinclude an
antibody which is labeled with a labeling agent selected from the group consisting of an
enzyme, fluorescent substance, chemiluminescent substance, horseradish peroxidase,
alkaline phosphatase, biotin, avidin, electron dense substance, and radioisotope. The
antibody of this invention may be a polyclonal antibody, a monoclonal antibody or said
antibody may be chimeric or bifunctional, or part of a fusion protein. The invention

further includes a portion of any antibody of this invention, including single chain, light

10
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chain, heavy chain, CDR, F(ab")2, Fab, Fab', Fv, sFv, dsFv and dAb, or any combinations
thereof.

[0031] The invention is further drawn to an antibody-immobilized insoluble carrier
comprising any of the antibodies disclosed herein. The antibody-immobilized insoluble
carrier includes culture plates, culture tubes, test tubes, beads, spheres, filters,
membranes, or affinity chromatography medium.

{0032] The invention also includes labeled antibodies, comprising a detectable signal. The
labeled antibodies of this invention are labeled with a detectable molecule, which
includes an enzyme, a fluorescent substance, a chemiluminescent substance, horseradish
peroxidase, alkaline phosphatase, biotin, avidin, an electron dense substance, and a
radioisotope, or any combination thereof.

[0033] The method of separatibn of the present invention may include separation medium
including, agarose, polyacrylamide, mixed bed of agarose and polyacrylamide, starch,
acrylamide-urea, and/or other separation media known in the art, in liquid, gel or _
membrane form, or a combination thereof. The separation may be domne in slab
electrophoresis units, columns, tubes, glass plates or slides, wells, membranes or the like.

[0034] At the present time, there are no rapid sample preparation methods, either manual or
automated, that have demonstrated co-purification and concentration of both
immunoassay protein targets and nucleic acid PCR targets in a single output.

[0035] One embodiment of the invention is a method and apparatus to simultaneously co-
purify and concentrate nucleic acid and protein targets into a single volume that can then
be tested on a variety of sensor technologies. In addition, this method represents a simple

system that can be readily automated into a hand held, disposable device capable of being

11
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operated by unskilled operators in a field environment. The invention allows the
purification of both nucleic acid and protein simultaneously using isotachophoresis. The
sample is added to the middle of a device that allows isotachophoresis to occur in two
directions toward both the positive and negative electrodes when a voltage is applied. A
buffer system provides for "window DNA" moving toward the positive electrode and
"windows" protein moving toward the negative electrode. Buffer conditions are chosen
so that all proteins of interest would be positively charged to separate them from the
DNA. If possible, the buffers are chosen to separate the proteins of interest from other
contaminating proteins to increase the purity of the protein sample further.

[0036)  Another aspect of the invention includes isotachophoretic purification and
concentration of bacteria and viruses from complex samples. In many cases, the
infectious dose of a bacteria or virus maybe as little as a single organism and that single
organism may be present in a large volume of matrix. Because biological detectors can
only test very small volumes, the typical strategy is to develop sampling plans in which
only a statistical subset of each sample is tested. Therefore, a negative result only
demonstrates that the sample subset that is tested is negative and does not mean that the
entire sample is negative. The present invention allows a greater statistical probability
that an entire sample is truly negative. The probability can be increased by testing more
of the sample. Since the methods of the invention concentrate the organisms or target
moieties present in a sample from the larger volume to a smaller volume, the probability
of detection increases. Since bacterial cells and viruses have a net charge, they will also
move in an electrical field. Therefore bacteria and viruses can be concentrated using the

isotachophoretic method as described herein for nucleic acids and proteins. Since the

12
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isotachophoretic separation of bacteria and viruses or proteins and nucleic acids also
purifies them from matrix components that could affect assay results, the resulting
purification also allows more reproducible testing by molecular and immunoassays. It is
envisioned that a system of the invention includes one or more cartridges that all runon a
single, portable instrument. These cartridges could be disposable, re-usable or integrated
into the system; and optionally could be interchangeable. To separate and concentrate
bacteria and viruses in a sample matrix one disposable cartridge could be used; and the
separation and purification of nucleic acids and' protein, a different cartridge could be
used.

[0037]  The gold standard method for the detection of bacterial or viral pathogens remains
culture-based even these methods are time consuming, typically requiring 1-2 days to
make a final determination. A vast number of new, rapid detection technologies are ‘
poised to revolutionize the field of pathogen detection by delivering results in less than
one hour, but they have been limited by significant false positive and false negative rates.
One potential solution to decrease the numbers of false results generated is to fuse
multiple disparate sensing technologies that provide truly orthogonal sensing capabilities.
This type of approach is currently employed in a few cases where organisms are difficult
or impossible to grow such as the detection of HCV virus in clinical settings where both
immunoassay and PCR test results are used cooperatively in diagnosing disease. This
approach has remained laboratory based due to the size and complexity of the equipment
required for rapid detection approaches. However, more rapid and more sensitive
technologies are currently being developed. A new generation of instruments will allow

a paradigm shift in the way clinical and environmental diagnostics are performed because

13



WO 2009/079028 PCT/US2008/065260

the technologies can be carried to the sample for testing as opposed to collecting the
sample and taking it to the laboratory.

[0038] Sample preparation represents a critical, yet under-developed capability. One of the
largest contributors to false positive and false negative results in rapid detection
technologies is inconsistent, variably-processed samples. Therefore, there is a great need
for the development of automated, rapid, reliable, and reproducible sample preparation
methods. In most cases, present day sample preparation is performed manually and
automation of sample preparation has involved mechanizing manual processing methods
resulting in large, complex, robotic systems with significant reagent/waste streams and
consumable usage. The present invention represents a newer, rapid, and simpler method
of sample processing to support the next generation of detection systems which have an
even heavier reliance on sample preparation for the generation of meaningful results. In
addition, sample preparation methods of the invention is capable of standing alone to
support numerous different detection systems and also is capable of being integrated as
part of a complete sample processing and detection system. Sample preparation methods
of the invention are also capable of purifying multiple analytes for detection to support an
orthogonal sensing approach. The present invention avoids splitting a sample process on
two different instrument systems, which can raise a number of issues regarding chain of
custody requirements and sample consistency.

[0039]  Detection methods for proteins include, but are not limited to: immunoassay,. protein
sequencing, mass spectrometry, functional assays that detect activity (such as enzymatic
or protease assays), ligand binding but without the use antibodies, such as specific

binding receptors, aptamers, gels, and/or combinations thereof. Detection methods for
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nucleic acids include, but are nucleotide limited to: PCR, isothermal amplification
methods, hybridization reactions, microarrays, protein-DNA binding, mass spectrometry,
gels, and/or combinations thereof. Oligonucleotides used in the systematic evolution of
ligands by exponential enrichment (SELEX) are obtained from a random sequence
library obtained from a combinatorial chemical synthesis of DNA. The oligonucleotide
library is then screened for specific binding to target sequences for use as aptomers (U.S.
Patent Nos. 5,637,459, 5,475,096 and 5,270,163, all incorporated herein by reference)..

[0040] In addition to sample preparation playing a vital role in the reproducibility of test
results, the sample preparation methods of the present invention are applied to
concentrate samples from large volumes. Sample concentration is an important step
because most present day biological sensors require input volumes of less than 100 pL
with PCR tests requiring as little as 1 pL. Microfluidic and chip-based approaches
require sample sizes to be reduced even further into the submicron range. This reduction
in input volume will result in a reduction in overall test sensitivity if analyte is not
concentrated during the sample preparation procedure.

[0041]  Another aspect of the invention is used in an application where concentration of all
nucleic acids from a sample into a single aliquot would not be advantageous. Without
being limited, the method of the invention can be used for nucleic acid sequence analysis |
of samples. It is anticipated that the invention can be used for the rapid identification of
nucleic acid sequences, including, but not limited to bacterial or viral nucleic acid
sequencing. It is anticipated that the inventive method will become the method of choice
for rapid identification of bacteria and viruses from both clinical and environmental

samples.
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[0042]  Traditionally, nucleic acid sequencing is a shotgun method whereby all nucleic acids
in a sample are analyzed simultaneously regardless of the origin. Therefore, the most
abundant types of nucleic acids in a sample will be identified and less abundant nucleic
acids will be masked. In many types of samples it is this less abundant nucleic acids that
are critical for identifying pathogens of interest. One of the biggest contributing factors
for DNA that is present in large concentrations (masking DNA) is from human cells that
are present in large quantities in many clinical sample types. The invention overcomes
these drawbacks in traditional nucleic acid sequencing by removing human nucleic acids
from a sample while purifying and concentrating bacterial and viral nucleic acids, is a
significant step toward the application of nucleic acid sequencing and similar methods as
a diagnostic tool. Under current systems, mitochondrial DNA comigrates with viral and
bacterial nucleic acids. The method and apparatus of the invention includes the
separation of mitochondrial DNA from bacterial and viral nucleic acids. In the
isotachophoresis system of the invention, bacterial and viral nucleic acids are both
purified and concentrated. However, small nucleic acids are not concentrated with the
bacterial and viral nucleic acids because they migrate in the gel faster than the leading
edge of the fast moving electrolyte. Therefore, while the method separates most nucleic
acids by isotachophoresis, for small nucleic acids, there is a size separation component as
well. Size is also a critical difference between human genomic nucleic acids and
bacterial/viral nucleic acids in that human genomic DNA is much larger. The invention
takes advantage of this size difference in the gel-based isotachophoresis format to
simultaneously concentrate bacterial and viral nucleic acids while excluding human

genomic nucleic acids based on size. One of the most important factors controlling the
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degree of migration possible in a gel electrophoresis format is the amount of cross linking
in the gel, which is directly related to the concentration of agarose. Therefore, the
crosslinking of the gel is set such that migration of large nucleic acids in the gel is
prevented, but that smaller nucleic acid molecules are still able to enter the gel. Thus,
bacterial and viral nucleic acids are purified and concentrated, while at the same time the

bacterial and viral nucleic acids are separated from genomic nucleic acids.

WORKING EXAMPLES

Example 1

Purification and Characterization of Nucleic Acid
Methods:

(0043]  Bacillus atrophaeus (BG) spores were prepared by adding 1 gram of a lyophilized
spore stock to 1 mL of ddH20. Erwinia herbicola (EH) cells were prepared by growing
cells from a freezer stock to mid-log phase in nutrient broth. Cells were harvested by
centrifugation suspended in ddH20. BG spores and EH cells were lysed and their
genomic DNA purified using the QLAMP DNA Mini Kit (PN 56304, Qiagen) according
to manufacturer’s instructions with minor modifications to the volumes and incubation
times. Purified DNA was quantitated by OD260/280 ratios (Sambfook and Russell
(2001), Molecular Cloning: A Laboratory Manual, 3rd edition, Cold Spring Harbor
Laboratory Press) and previously validated in-house real time polymerase chain reaction
assays (RT-PCR) targeting the recA gene of BG and the chorismate mutase (aroQ) gene
of EH. Purified DNA was added directly to the standard humic acid solution prior to

17
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separation. DNA was diluted to a concentration in which there was not enough DNA
present to reproducibly generate a positive PCR reaction (endpoint).
Characterization of proteins

[0044)  Proteins for this study were chosen to represent a broad range of molecular weights
and isoelectric points. Purified proteins including ovalbumin, bovine serum albumin,
horse radish peroxidase, and lysozyme were purchased from Sigma-Aldrich Corporation.
All proteins were diluted to standard concentrations of 1 mg/mL (wt/vol) in Bis-tris MES
buffer.
Buffer formulations

[0045]  All buffers for the isotachophoresis experiments were prepared to final concentrations
based on empirical experimental results as described below. Higher or lower
concentrations can be used for isotachophoresis based on the amount of material being
separated and the degree of separation required. Buffers were allowed to remain at the
pH obtained from the dilution of the material into double-distilled deionized water
(ddH,0).
Agarose gel electrophoresis

[0046] Standard submarine agarose gels were prepared using 1% Agarose MP (Roche
Applied Science) in 0.5X tris-borate-EDTA buffer (Bio-Rad Laboratories).
Agarose gel isotachophoresis

[0047) Agarose gel electrophoresis was performed using a standard agarose gel
electrophoresis unit (Bio-Rad Laboratories) except the gel was run as a sea level gel as
opposed to a submerged gel. All gels were prepared using 1% wt/vol MP agarose,

because this was the lowest concentration of agarose that provided a gel that was rigid
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enough to handle without tearing. However, concentrations between 0.5 - 1.5% were
tested and determined to be acceptable. Even broader ranges of agarose concentrations
could be used as long as the agarose concentration was high enough to form a crosslinked
gel and low enough to allow migration of large molecular weight bacterial genomic DNA
into the gel.

[0048]  For all isotachophoresis experiments, 1% agarose gels were prepared using 0.4 M
Bis-tris and 0.1 M MES. Gels were poured directly on the surface of the electrophoresis
unit as opposed to the gel tray that was provided. This allowed a complete seal on the
sides and bottom of the gel to isolate the anode and cathode buffer chambers. The gel
comb was modified by taping the teeth of the comb to form a single, long well to allow a
larger sample volume ranging from 806 microliters (gL) to 1 mL to be separated. The
comb was placed into the gel approximately 1 inch from the cathode edge. Two different
buffers were used to fill anode and cathode buffer reservoirs. The cathode buffer
consisted of 0.2 M Bicine and 0.1 M NaOH and the anode buffer consisted of 0.4 M
BisTris and 0.1 M acetic acid. Buffer was added to the reservoirs so that they were even
with the top of the gel so that the two buffer systems remained separated throughout the
run. Gels were run at 150 volts for approximately 4 hours for the nucleic acid and protein
to be concentrated and purified.

[0049]  To extract the DNA from the gel, a long well was cut in the gel directly in front of the
dye line, using a razor blade. The well went all the way to the bottom of the gel and was
slightly longer than the dye line. The well was filled with the BisTris MES buffer.

Current was again applied to the gel and the dye moved into the cut well. Using a
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pipette, the liquid dye and DNA could be removed. This was normally done several
times in order to remove all of the dye/DNA.

[0050] A variety of different buffer formulations were used in a gel-based isotachophoresis
system to separate and concentrate nucleic acids and proteins. The combination that
performed the best consisted of a Bis-tris MES solution in the gel, a bicine/NaOH
cathode buffer and a Bis-tris/acetic acid solution as the anode buffer. Therefore, this
buffer system was used for further study into the feasibility of using an isotachophoretic
method for simultaneous purification of nucleic acid and proteins. However, it should be
noted that the method is not limited to these buffers alone and that further effort will yield
buffer systems that perform similarly, or possibly even better. Therefore, the method is
not limited specifically to the buffer system chosen for the experiments described below.

[0051) DNA isolated from Bacillus atrophaeus (BG) and Erwinia herbolitica (EH) was
purified and then separated by submarine agarose gel electrophoresis in order to
determine the size and quality of the genomic DNA that was isolated (Figure 1). In both
instances genomic DNA can be observed in a band at a molecular weight of >10,000 base
pairs with a few lighter bands at around 1000 base pairs. These lighter bands could
represent either DNA from small plasmids present in the cell or genomic nucleic acids
that have been degraded during the purification process. Molecular weight standards also
separated on the gel according to their relative sizes as denoted figure 1 with larger pieces
of DNA migrating less distance than smaller sized DNA. When the same isolated

purified DNA was run on a sea level isotachophoretic gel, the large molecular weight
bands of the molecular weight standards along with the BG and EH genomic DNA

comigrated with the xylene cyanol dye between the leading edge of the bicine buffer
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front (from the anode buffer chamber) and the trailing edge of the MES buffer (from the
agarose gel; Figure 2). DNA at molecular weights of approximately 2000 base pairs and
below migrated through the gel at an equivalent or greater speed than the bicine buffer
front and therefore, these smaller molecular weight DNA molecules separated based on
molecular weight and were not concentrated at the interface of the leading and trailing
buffer components.

[0052])  Purified proteins of various molecular weights and isoelectric points were burchased
commercially and diluted to concentrations of Img/mL in phosphate buffered saline. The
proteins 'were then separated on a 1 % agarose submarine gel with 0.5 X TBE buffer
which was identical to the gel used to separate DNA except for the proteins which were
loaded in the middle of the gel as opposed to loading near the anode end of the gel. As
can be seen in Figure 3, two of the four proteins, BSA and ovalbumin, migrated toward
the cathode while the other two proteins, lysozyme and horse radish peroxidase, migrated
in the opposite direction toward the anode. Additionally, due to the fact that these
proteins have mixed charges at pH 8.0, they do not migrate as discrete bands, but smear
throughout the gel lane making characterization difficult. When the same four proteins
were loaded onto an isotachophoretic gel identical to the gel run for the purification of
DNA (Figure 4), three of the four proteins including BSA, ovalbumin, and horse radish
peroxidase all migrated toward the cathode. In addition, the three proteins comigrated
with the xylene cyanol dye between the leading edge of the bicine buffer front and the
trailing edge of the MES buffer in the exact same position that the large molecular weight
DNA and the xylene cyanol migrated in Figure 2 above. The fourth protein, horseradish

peroxidase, presumably moved in the opposite direction even in the isotachophoresis
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buffer system. It was not possible to move the protein starting locations to the middle of
the gel in order to perform isotachophoresis due to the constraints of the buffer system,
but had protein moved toward the cathode, it should have been seen by the dye staining.
[0053] Once the relative mobilities of the bacterial genomic DNA and proteins were
established on the isotachophoretic gel, proteins, DNA, and xylene cyanol were mixed
with a standard concentration of humic acids that generated a reading of 1.0 at an optical
density of 203.6 nm. This mixture was then separated on an isotachophoretic gel under
identical conditions to the previous gels shown in Figures 2 and 4. Because the method
not only separates humic acids from both nucleic acids and protein, but also concentrates
nucleic acid and protein at a single location on the gel, extremely wide loading positions
can be cut to increase the volume of material added to the gel. Increasing the volume of
materiél that can be separated will greatly enhance the sensitivity of any test run on the
purified material. The relative positions of the protein and large molecular weight DNAs
were tracked according to the position of the xylene cyanol dye and migration of the
humic acids were tracked according to their characteristic visible brown color in the gel.
Figure 5 shows a typical isotachophoresis gel in which protein, DNA, xylene cyanol, and
humic acids were mixed, prior to application of voltage; and Figure 6 shows the same gel
after separation of protein, DNA, xylene cyanol, and humic acids by isotachophoresis.
[0054) Humic acid is a known inhibitor of the polymerase that is used to copy DNA in the
PCR reaction. Isotachophoretic purification of DNA from humic acids improves
performance of PCR detection methods. Pure B. atrophaeus and E. herbicola DNA was
combined with the standard concentration of humic acid to generate a single sample for

analysis. A portion of the sample was removed to represent an unpurified sample and the
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remaining solution was purified by isotachophoresis as described above. Sample was
rescued from the gel by first allowing separation to occur, turning off power to the gel,
and then cutting a small well into the gel between the leading edge of the DNA/xylene
cyanol and the trailing edge of the humic acid. The newly created well was then filled
with double distilled deionized water prior to restoring power to the gel. Once power was
restored, the xylene cyanol band was tracked until it entered the well, at which time
power to the gel box was stopped again and the xylene cyanol and DNA was removed
with a pipet. A comparison of xylene cyanol concentrations based upon OD absorbance
before and after isotachophoretic separation was used to determine the percent recovery
of the sample. This percent recovery was then used to standardize the amount of solution
added to the PCR reaction. Based on absorbance measurements, it was determined that
recoveries of up to 95% with 40-fold concentration were possible even in this gel box-
based system and even higher recoveries and greater sample concentration can be
expected as application specific electrophoresis units are employed. Both purified and
unpurified DNA was then tested neat, with a 1:10 dilution in ddH20, 1:100 dilution in
ddH;0, and a 1:1000 dilution in ddH>0. In addition, the BG DNA was further diluted to
1:10,000 in ddH;O while EH DNA was not. The results (Figure 8) show that the
unpurified DNA without dilution could not be detected by PCR for either BG or EH due
to failure of the reaction to amplify even after 45 cycles. However, DNA purified by
isotachophoresis could be amplified readily with Ct values of 18 for BG and 32 for EH.
As samples are diluted, PCR reaction inhibitors such as humic acids are present at lower
concentrations allowing for more efficient amplification which would lead to lower CT

values. However, the total amount of nucleic acid present is also diluted resulting in less
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nucleic acid to amplify, which leads to higher CT values. At some point, dilution of the
humic acid inhibitor will reach the point that there is no longer inhibition of the
polymerase and at that point, the Ct values of the purified and unpurified sample would
be expected to be the same. For the BG assay this occurs at the 1:10,000 dilution and for

the EH assay this occurs at the 1:000 dilution.

Purification

[0055] A mixture of Bacillus atrophaeus (BG) and Erwinia herho/itica (EH) genomic DNA;
humic acid and purified proteins of various molecular weights and isoelectric points were
separated on an isotachophoretic gel under specific conditions (Figure 6). The Figure
shows the DNA, protein, and xylene cyanol dye concentrated into a thin blue band at a
single location on the gel, purified from the brown humic acids, which are not
concentrated by the system. The leveling bubble that can be seen under the semi-
transparent gel is not part of the actual separation process.
Recovery

[0056] The percent recovery of the sample was determined by comparing xylene cyanol
concentrations based upon OD absorbance before and after separation. This percent
recovery was then used to standardize the amount of solution added to the PCR reaction.
Based on absorbance measurements, it was determined that recoveries of up to 95% with
40-fold concentration were possible even in this gel box-based system. Higher recoveries
and greater sample concentration can be expected as application specific electrophoresis
units are employed.

Amplification
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[0057]  Following purification from humic acid, bacterial genomic DNA was amplified by
PCR. PCR threshold cycle (Ct) values were determined and compared to the Ct values of
control samples that did not undergo the purification method of the invention (Figures 7
and 8).

Isotachophoretic size exclusion of large molecular weight nucleic acids

[0058]) Small nucleic acids were not concentrated with the bacterial and viral nucleic acids
because they migrated in the gel faster than the leading edge of the fast moving
electrolyte. Therefore, there was a size separation component as well. Size is also a
critical difference between human genomic DNA and bacterial/viral nucleic acids in that
human genomic nucleic acid is much larger. The concentration for cross-linking is
adjusted according to the size of nucleic acid desired to be isolated.

[0059]) In order to test this hypothesis, calf thymus DNA was ordered from Sigma chemical
company along with a high molecular weight DNA ladder. Traditionally, DNA ladders
consist of DNA fragments of known sizes that can be run on a gel as a standard to
estimate the molecular weight of an unknown nucleic acid tested in parallel. However,
the ladder was used herein to test whether or not large nucleic acid molecules could be
separated while at the same time concentrating nucleic acids with sizes in the molecular
weight range of bacteria and viruses. The first experiment (Figure 9) was performed
according to the laboratory protocol described in the provisional patent in which a 1%
agarose gel was prepared and run. The results of this experiment showed that most large
molecular weight DNA (both calf thymus and the large molecular weight DNA ladder)
entered the gel and concentrated with nucleic acid in the size range of bacteria and

viruses. However, in a second experiment (Figure 10), when a 2% agarose gel was tested
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under the same conditions the large molecular weight DNA remained in well and did not
migrate into the gel. A portion of the large molecular weight DNA in the ladder entered
the gel, but could not keep up with the moving buffer front. No equivalent-sized
molecular weight DNA was observed in the calf thymus DNA sample. The calf thymus
DNA sample did contain some DNA of the appropriate size that it concentrated in the
same region that bacterial and viral nucleic acid would concentrate, but that might be
removed by further optimizing gel concentrations to remove it. Regardless, this example
demonstrated that significant amounts of large molecular weight nucleic acid could be
separated from nucleic acid in a size range equivalent to bacteria and viruses by
excluding the high molecular weight eukaryotic genomic nucleic acids from the
isotachophoresis gel. Therefore, this provides a solution for the detection of bacteria and
viruses using next generation detection approaches.

[0060) Having now fully described this invention, it will be understood to those of ordinary
skill in the art that the same can be performed within a wide and equivalent range of
conditions, formulations, and other parameters without affecting the scope of the
invention or any embodiment thereof. All patents and publications cited herein are

incorporated by reference in their entirety.
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I claim:
1. A method of simultaneously co-purifying and concentrating nucleic acid and protein
targets into a single volume, the steps comprising:

obtaining a sample comprising nucleic acids and protein;

subjecting said sample to isotachophoresis;

obtaining a concentrated nucleic acid and protein sample from an
isotachophoresis unit; and

detecting the presence of nucleic acid and protein.

2. The method of claim 1 wherein the detecting of protein targets is selected from the
group consisting of immunoassay, protein sequencing, mass spectrometry, functional
assays, non-antibody ligand binding, aptamers, gels? and/or combinations thereof; and the
detecting of nucleic acid targets is selected from the group consisting of PCR, isothermal
amplification methods, hybridization reactions, microarrays, protein-DNA binding, mass

spectrometry, gels, and/or combinations thereof.

3. The method of claim 2 wherein the detecting of protein targets is selected from the
group consisting of immunoassay, protein sequencing, mass spectrometry, functional
assays, non-antibody ligand binding, aptamers, gels, and/or combinations thereof; and the
detecting of nucleic acid targets is selected from the group consisting of PCR, isothermal
amplification methods, hybridizatién reactions, microarrays, protein-DNA binding, mass

spectrometry, gels, and/or combinations thereof, are performed in a single output.
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4. A method of simultaneously co-purifying and concentrating bacteria and viruses
into a single volume and separate from matrix components, the steps comprising:
obtaining a sample comprising bacteria and viruses;
subjecting said sample to isotachophoresis;

obtaining a concentrated bacterial and viral sample from an isotachophoresis unit;

detecting the presence of bacteria and viruses.

5. The method of claim 4 wherein the detecting of the presence of bacteria and viruses
are performed, wherein the detecting of protein targets is selected from the group
consisting of immunoassay, protein sequencing, mass spectrometry, functional assays,
non-antibody ligand binding, aptamers, gels, and/or combinations thereof, and the
detecting of nucleic acid targets is selected from the group consisting of PCR, isothermal
amplification methods, hybridization reactions, microarrays, protein-DNA binding, mass

spectrometry, gels, and/or combinations thereof.

6. The method of claim 5 wherein the detecting of the presence of bacteria and viruses
are performed, wherein the detecting of protein targets is selected from the group
consisting of immunoassay, protein sequencing, mass spectrometry, functional assays,
non-antibody ligand binding, aptamers, gels, and/or combinations thereof;, and the
detecting of nucleic acid targets is selected from the group consisting of PCR, isothermal
amplification methods, hybridization reactions, microarrays, protein-DNA binding, mass

spectrometry, gels, and/or combinations thereof are performed in a single output.
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7. A method of simultaneously concentrating bacterial and viral nucleic acids while
excluding human genomic nucleic acids, the steps comprising:

obtaining a human biological sample;

subjecting said sample to isotachophoresis, wherein crosslinking of the separating
medium is prepared such that migration of large nucleic acids in the gel is prevented, but
that smaller nucleic acid molecules are still able to enter the separating medium;

obtaining a concentrated bacterial and viral nucleic acid sample from an
isotachophoresis unit; and

detecting the presence of bacterial and viral nucleic acids.

8. The method of claim 7 wherein the detecting of the presence of bacterial and viral
nucleic acids is performed, wherein the detecting of nucleic acid targets is selected from
the group consisting of PCR, isothermal amplification methods, hybridization reactions,
microarrays, protein-DNA binding, mass spectrometry, gels, and/or combinations

thereof, for bacterial and viral nucleic acid targets.

9. The method of claim 8 wherein the detecting of the presence of bacterial and viral
nucleic acids is performed, wherein the detecting of nucleic acid targets is selected from
the group consisting of PCR, isothermal amplification methods, hybridization reactions,
microarrays, protein-DNA binding, mass spectrometry, gels, and/or combinations

thereof, are performed in a single output.
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10. An apparatus for performing the method of claim 1, said apparatus comprising a
portable device comprising,

an isotachophoresis separation unit; and

a detection unit for the detection of an analyte selected from the group consisting

of nucleic acid, protein, bacteria or virus.

11. The apparatus of claim 10 comprising one or more detection units comprising

cartridges that would all run on a single, portable instrument.

12. The apparatus of claim 11 wherein said cartridges are disposable.

13. The apparatus of claim 12, wherein said apparatus is a hand held device capable of

being operated by unskilled operators in a field environment.

14. The apparatus of claim 10, provided in a kit comprising:
the apparatus;
labeled buffers and reagents in separate containers; and

instructions for use.

15. The apparatus of claim 10, wherein the detection of an analyte protein target is
selected from the group consisting of immunoassay, protein sequencing, mass
spectrometry, functional assays, non-antibody ligand binding, aptamers, gels, and/or

combinations thereof, and the detection of an analyte nucleic acid target is selected from

30



WO 2009/079028 PCT/US2008/065260

the group consisting of PCR, isothermal amplification methods, hybridization reactions,
microarrays, protein-DNA binding, mass spectrometry, gels, and/or combinations

thereof.
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