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(57) Abstract: Aspects of the invention are described throughout this document. In some embodiments, an apparatus is provided. In
some embodiments, the apparatus comprises: a chamber divided into a first sub-chamber and a second sub-chamber by a dividing
membrane, wherein the dividing membrane blocks or substantially blocks tlow of fluid between the first and second sub-chamber;
and wherein the first sub-chamber is in electrical communication with a first electrode; the second sub-chamber is in electrical com-
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sub-chamber is in fluid communication with a second ion injector/extractor; and and the second sub-chamber comprises an outlet.
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ELECTRONIC PROTEIN FRACTIONATION

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS
[0001] The present patent application claims benefit of priority to US Provisional Patent
Application No. 61/620,245, filed April 4, 2012 and US Patent Application No. 13/803,564,
filed March 14, 2013, which are incorporated by reference for all purposes.

BACKGROUND OF THE INVENTION
[0002] Protein purification is desirable in many instances. However, often protein

purification is tedious and time-consuming.

BRIEF SUMMARY OF THE INVENTION
[0003] Aspects of the invention are described throughout this document.

[0004] In some embodiments, an apparatus is provided. In some embodiments, the

apparatus comprises:

a chamber divided into a first sub-chamber and a second sub-chamber by a dividing
membrane, wherein the dividing membrane blocks or substantially blocks flow of fluid

between the first and second sub-chamber; and wherein

the first sub-chamber is in electrical communication with a first electrode;

the second sub-chamber is in electrical communication with a second electrode;

the first sub-chamber is in fluid communication with a first ion injector/extractor;

the second sub-chamber is in fluid communication with a second ion injector/extractor; and
and the second sub-chamber comprises an outlet.

[0005] In some embodiments, the first electrode is separated from the first sub-chamber by
a first separation membrane and the second electrode is separated from the second sub-
chamber by a second separation membrane, wherein the separation membranes are permeable

to small ions but not larger molecules.

[0006] In some embodiments, the first ion injector/extractor comprises the first electrode

and the second ion injector/extractor comprises the second electrode.
1
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[0007] Insome embodiments, the second sub-chamber is smaller than the first sub-

chamber.

[0008] In some embodiments, the first electrode is an anode and the second electrode is a
cathode. In some embodiments, the first electrode is a cathode and the second clectrode is an

anode.

[0009] In some embodiments, the injector/extractors are directly linked to the respective
sub-chambers. In some embodiments, the injector/extractors are linked to the respective sub-

chambers via tubing or a channel.

[0010] In some embodiments, the second sub-chamber further comprises one or more inlet.
In some embodiments, the dividing membrane comprises a layer of cross-linked polymer,
thereby inhibiting fluid diffusion. In some embodiments, the dividing membrane contains
pores that allow passage of peptides smaller than a molecular cut-off but substantially block
passage of peptides larger than the molecular cut-off. In some embodiments, the molecular

cut-off is about 20 kDa.
[0011] In some embodiments, the ion injector/extractors each comprise:

a. a compartment in fluid communication with a sub-chamber and

divided from the sub-chamber by an anion sclective membrane; and/or

b. a compartment in fluid communication with the sub-chamber and

divided from the sub-chamber by a bipolar membrane; and/or

c. compartment in fluid communication with a sub-chamber and divided

from the sub-chamber by a cation selective membrane.
[0012] In some embodiments, the apparatus comprises:

a chamber divided into a first sub-chamber and a second sub-chamber by a dividing
membrane, wherein the dividing membrane blocks or substantially blocks flow of fluid

between the first and second sub-chamber; and wherein

the first sub-chamber is in electrical communication with a first electrode separated from the

first sub-chamber by a first separation membrane;
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the second sub-chamber is in electrical communication with a second electrode separated
from the second sub-chamber by a second separation membrane, wherein the separation

membranes are permeable to small ions but not larger molecules;

the first sub-chamber is in fluid communication with a first proton/anion injector/extractor

and a first hydroxide/cation injector/extractor;

the second sub-chamber is in fluid communication with a second proton/anion

injector/extractor and a second hydroxide/cation injector/extractor; and
and the second sub-chamber comprises an outlet.

[0013] In some embodiments, the second sub-chamber is smaller than the first sub-

chamber.

[0014] In some embodiments, the first electrode is an anode and the second electrode is a
cathode. In some embodiments, the first electrode is a cathode and the second clectrode is an

anode.

[0015] Insome embodiments, the injector/extractors are directly linked to the respective
sub-chambers. In some embodiments, the injector/extractors are linked to the respective sub-

chambers via tubing or a channel.
[0016] In some embodiments, the second sub-chamber further comprises one or more inlet.

[0017] In some embodiments, the dividing membrane comprises a layer of cross-linked
polymer, thereby inhibiting fluid diffusion. In some embodiments, the dividing membrane
contains pores that allow passage of peptides smaller than a molecular cut-off but
substantially block passage of peptides larger than the molecular cut-off. In some
embodiments, the molecular cut-off is about 10, 15, 20, 25, or 30kDa, e.g., between 10-30
kDa.

[0018] In some embodiments, the proton/anion injector/extractors each comprise

a. a first compartment in fluid communication with a sub-chamber and

divided from the sub-chamber by an anion selective membrane; and

b. a second compartment in fluid communication with the sub-chamber

and divided from the sub-chamber by a bipolar membrane.

[0019] In some embodiments, the hydroxide/cation injector/extractors each comprise:
3
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a. a third compartment in fluid communication with a sub-chamber and

divided from the sub-chamber by a cation selective membrane; and

b. a fourth compartment in fluid communication with a sub-chamber and

divided from the sub-chamber by a bipolar membrane.

[0020] Also provided are systems comprising the apparatus as described herein wired to a
power supply, optionally further comprising a pump, UV detector, pH meter and/or

conductivity meter.

[0021] Also provided are methods of purifying a target protein(s) or peptide(s) from a

sample. In some embodiments, the method comprises
providing the apparatus as described above or elsewhere described herein;

loading the sample into the first sub-chamber, or the first and second sub-chambers, wherein

the first and second sub-chambers contain fluid following the loading,

controlling the injector/extractors to adjust the pH of the fluid in the chamber to a pH such
that some components of the sample are charged due to the pH adjustment and some

components are not charged;

applying a voltage between the first and second electrode, thereby moving at least some

charged components into the second sub-chamber; and

removing the fluid in the second chamber including the charged components via the outlet in
the second sub-chamber, thereby separating the target protein(s) or peptide(s) in the sample

from at least some other components of the sample.

[0022] In some embodiments, one or more target protein or peptide is a charged component
moved to the second sub-chamber, and the target protein or peptide is collected after the

removing.

[0023] In some embodiments, the charged components moved to the second sub-chamber

are contaminants and discarding the contaminants.
[0024] In some embodiments, the sample is loaded into the first sub-chamber only.

[0025] In some embodiments, the sample is loaded into the first and second sub-chambers.
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[0026] In some embodiments, the first electrode is a cathode (negative charge) and the

second electrode is an anode (positive charge), and

the controlling comprises adjusting the pH of the fluid below the pl of the target protein(s) or
peptide(s) such that the target protein(s) or peptide(s) have an overall positive charge and at

least some other components of the sample are negatively-charged; and

the applying results in movement of the negatively-charged components to the second sub-

chamber and the target protein(s) or peptide(s) remain in the first sub-chamber; and

removing fluid comprising the moved components from the second sub-chamber and
optionally replacing the removed fluid with new fluid in the second sub-chamber; and

subsequently

controlling the injector/extractors to adjust the pH of the fluid in the chamber to a pH above
the pl of the target protein(s) or peptide(s) such that the target protein(s) or peptide(s) have an

overall negative charge;

applying a voltage between the first and second electrode, thereby moving the negatively-

charged target protein(s) or peptide(s) into the second sub-chamber; and

removing and collecting the fluid in the second chamber, including the target protein(s) or
peptide(s), via the outlet in the second sub-chamber, thereby separating the target protein(s)

or peptide(s) in the sample from at least some other components of the sample.

[0027] Insome embodiments, the first electrode is an anode (positive charge) and the

second electrode is a cathode (negative charge), and

the controlling comprises adjusting the pH of the fluid above the pI of the target protein(s) or
peptide(s) such that the target protein(s) or peptide(s) have an overall negative charge and at

least some other components of the sample are positively-charged; and

the applying results in movement of the positively-charged components to the second sub-

chamber and the target protein(s) or peptide(s) remain in the first sub-chamber; and

removing fluid comprising the moved components from the second sub-chamber and
optionally replacing the removed fluid with new fluid in the second sub-chamber; and

subsequently
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controlling the injector/extractors to adjust the pH of the fluid in the chamber to a pH below
the pl of the target protein(s) or peptide(s) such that the target protein(s) or peptide(s) have an

overall positive charge;

applying a voltage between the first and second electrode, thereby moving the positively-

charged target protein(s) or peptide(s) into the second sub-chamber; and

removing and collecting the fluid in the second chamber, including the target protein(s) or
peptide(s), via the outlet in the second sub-chamber, thereby separating the target protein(s)

or peptide(s) in the sample from at least some other components of the sample.

[0028] In some embodiments, the sample comprises proteins and the dividing membrane
contains pores that allow passage of peptides smaller than a molecular cut-off but that

substantially block passage of peptides larger than the cut-off, and
the loading comprises loading the sample into the first sub-chamber,

optionally, the controlling comprises controlling the injector/extractors to adjust the pH of the

fluid in the first sub-chamber;

adding a first protease to the first-sub chamber under conditions to allow the first protease to

generate peptides from the proteins;

applying a voltage between the first and second electrode, thereby moving at least some

charged peptides having a size below the molecular cut-off into the second sub-chamber.

[0029] In some embodiments, the molecular cut-off is about 10, 15, 20, 25, or 30kDa , e.g.,
between 10-30 kDa.

[0030] In some embodiments, the method further comprises,

adding a second protease to the first sub-chamber under conditions to allow the second

protease to generate peptides from the proteins;

applying a voltage between the first and second electrode, thereby moving at least some

charged peptides having a size below the molecular cut-off into the second sub-chamber.

[0031] In some embodiments, the method comprises, before or after adding the second
protease, adjusting the pH of the fluid in the first sub-chamber to a pH optimized for the

second protease.
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[0032] In some embodiments, before the adding of the first protease, the method comprises
applying a voltage between the first and second electrode, thereby moving at least some

charged peptides, if present from the sample, into the second sub-chamber.

[0033] In some embodiments, the method further comprises collecting the peptides in the

second sub-chamber.

BRIEF DESCRIPTION OF THE DRAWINGS
[0034] Figure 1 illustrates an exemplary embodiment of an apparatus as described herein.
A voltage applied between two electrodes (1 and 2) can move charged molecules towards the
appropriate electrode (cathode or anode, depending on charge). The charged molecules can
be moved, for example from the first sub-chamber (14) through the membrane (8) into the
second sub-chamber (15). The pH of each sub-chamber can be regulated and changed using
the ion injectors/extractors depicted as 4A, 5A, 6A, 7A, 4B, 5B, 6B, and 7B. Other
membranes (3A and 3B) can protect the solution and components in the sub-chambers from
the electrodes. Optionally, the first sub-chamber (14) can include one or more outlet (10) and

inlet (9). Similarly, the second sub-chamber (15) can include one or more outlet (11) and inlet

(12).

[0035] Figure 2 illustrates an exemplary embodiment of an apparatus as described herein.
A voltage applied between two electrodes (1 and 2) can move charged molecules towards the
appropriate electrode (cathode or anode, depending on charge). The charged molecules can
be moved, for example from the first sub-chamber (14) through the membrane (8) into the
second sub-chamber (15). In this embodiment, the pH of solution in a reservoir (16 and 17)
can be regulated and changed using the ion injectors/extractors depicted as 4A, 5A, 6A, 7A,
4B, 5B, 6B, and 7B. The solution can then be moved from reservoir (16) by inlet (9) into the
first sub-chamber (14) and from reservoir (17) by inlet (12) into the second sub-chamber
(15). A pump (13A and 13C) can move the solution, if desired. Outlets (10 and 11) can
circulate the solution back to the reservoirs if desired. If desired, a pump (13B) can pump
fresh solution from an external source. Other membranes (3A and 3B) can protect the

solution and components in the sub-chambers from the electrodes.

[0036] Figure 3 illustrates a proton injector comprising a small compartment adjacent to the

channel, with an electrode (e.g., a Pt electrode) dipped inside it, and a bipolar membrane
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separating the compartment from the channel. This figure is not intended to show the entire

apparatus but merely shows how a proton injector can be attached to a sub-chamber.

[0037] Figure 4 illustrates a hydroxide injector comprising a small compartment adjacent to
the channel, with an electrode (e.g., a Pt electrode) dipped inside it, and a bipolar membrane
separating the compartment from the channel. This figure is not intended to show the entire

apparatus but merely shows how a hydroxide injector can be attached to a sub-chamber.

[0038] Figure 5 depicts a compartment that injects anions (chloride ions depicted) and
protons into a sub-chamber. This figure is not intended to show the entire apparatus but

merely shows how a compartment can be attached to a sub-chamber.

[0039] Figure 6 depicts a compartment that injects cations (sodium ions depicted) and
hydroxide ions into a sub-chamber. This figure is not intended to show the entire apparatus

but merely shows how a compartment can be attached to a sub-chamber.

[0040] Figure 7 depicts a compartment that injects protons into a sub-chamber while
extracting cations (sodium ions depicted) from the sub-chamber. This figure is not intended
to show the entire apparatus but merely shows how a compartment can be attached to a sub-

chamber.

[0041] Figure 8 depicts a compartment that injects hydroxide ions into a sub-chamber
while extracting anions (chloride ions depicted) from the sub-chamber. This figure is not
intended to show the entire apparatus but merely shows how a compartment can be attached

to a sub-chamber.

[0042] Figure 9 illustrates an exemplary embodiment of an apparatus as described herein.
A voltage applied between two electrodes (1 and 2) can move charged molecules towards the
appropriate electrode (cathode or anode, depending on charge). The charged molecules can
be moved, for example from the first sub-chamber (14) through the dividing membrane (&)
into the second sub-chamber (15) (or in the opposite direction as desired, depending on the
configuration of electrodes). The pH of each sub-chamber can be regulated and changed
using the ion injectors/extractors. In this case, 92, 93, 94, 95, 96, 97, and 98 are selective
membranes and are part of the on injectors/extractors. In one embodiment, 92 and 94 are
anion exchange membranes, 93, 96, 97, and 98 are anion exchange membranes and 95 is a
bipolar membrane. In this configuration and , initially current is released through membranes
92 and 96, changing the ionic strength, followed by a release of current through membranes

8
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95 and 98, changing the pH. Subsequently, current alternatively passed through membranes
93 and 97, and through 94 and 97, to move charged molecules between 14 and 15. Other
configurations are possible as described herein depending on whether ionic strength or pH is
to be increased or decreased, and in which direction a particular charged molecule is to be
moved. Optionally, the first sub-chamber (14) can include one or more outlet (10) and inlet

(9). Similarly, the second sub-chamber (15) can include one or more outlet (11) and inlet

(12).
[0043] Figure 10 is a schematic drawing of an apparatus as described in the Example.
[0044] Figure 11 is a schematic drawing of a system as described in the Example.

[0045] Figure 12 illustrates an apparatus for moving charged molecules through

membranes as described in the Example.

DETAILED DESCRIPTION OF THE INVENTION
L INTRODUCTION

[0046] An apparatus is provided that allows for fractionation of samples by pH-dependent
charge, thereby allowing for purification of sample components. The apparatus provides a
chamber divided into at least two sub-chambers by a membrane (referred to as a “dividing
membrane”) that substantially blocks flow of fluid between the sub-chambers but allows for
movement of some or all of the sample components (e.g., proteins, nucleic acids, etc.) across
the membrane in the presence of an electrical current. The two sub-chambers each are in
clectrical communication with an electrode such that a voltage can be applied between the

electrodes and therefore across the two sub-chambers.

[0047] One or more of the sub-chamber can be loaded with the sample and the pH of the
sub-chambers is adjusted such that some components in the sample are charged. For
example, the overall charge of a component will depend on the pl of that component. If the
pH is higher than the pl, the component will have an overall negative charge and if the pH is
lower than the pl, the component will have an overall positive charge. Upon application of a
voltage across the electrodes, positively-charged components will move towards the negative
clectrode (cathode) and the negatively-charged components will move towards the positive

electrode (anode). If one knows the pl of a target molecule in the sample, the pH and
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electrodes can be designed, as detailed herein, to purify the target molecule from other

components of the sample.

[0048] An advantage of embodiments described herein is the inclusion of an ion
"injector/extractor” (discussed further below) that allows for changing of the pH of a solution
in the apparatus without changing of buffers, etc. This allows for changing the pH one or
more times during a purification, thereby allowing selection of components using more than
one pH "cut-off," or in embodiments in which active enzymes are employed, matching pH
conditions to the enzymes. The different charge of different components allows for
separation of components by charge by an electric field. Thus, by employing pH changes
during the process, charge of various components can be changed, thereby allowing multiple
rounds of separation. For example, one can set the pH slightly above the pl of a target (such
that the target is negatively charged) and separate all positively-charged molecules from the
target. Subsequently, the pH can be changed to slightly below the pl of the target (making
the target positive) and all negatively-charged components can be removed, thereby
separating all components from the target except for any components with a very similar pl to

the target.

[0049] The methods can be adapted for various purposes. For example, the methods can be
adapted to selected peptides of a particular size by using a membrane having a particular
molecule weight size restriction or to select molecules of a certain pI from molecules having

a higher and/or lower pl.

11 APPARATUS

[0050] A basic design of an embodiment of an apparatus of the invention is illustrated as in
Figure 1. Two sub-chambers (14 and 15) together form a chamber, which is divided by a
membrane (8). For ease of communication, the left sub-chamber is referred to as a "first”
sub-chamber and the right sub-chamber is referred to as a "second" sub-chamber, however
the orientation of the two sub-chambers can be reversed if desired. Generally, as used herein,
the second sub-chamber is the sub-chamber into which the components are ultimately moved
and from which target molecules are collected and/or waste molecules removed. The
apparatus can be designed to receive a sample in the first sub-chamber or in both the first and

second sub-chambers when the second sub-chamber is used for collection. Accordingly, in

10
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some embodiments, the entire chamber can be open from the top or, for example, can have a
removable or hinged lid. Thus, in some embodiments, a sample can be loaded from the top
as desired. Alternatively, or in combination, the first and/or second sub-chambers can have
one or more inlet for introduction of a sample. In some embodiments, the first and/or second

sub-chamber can have one or more outlet for removing fluids from the second chamber.

[0051] The membrane (8) (i.e., the dividing membrane) will substantially or completely
block flow of fluids between the sub-chambers, but will allow movement of components of
the sample and smaller molecules across the membrane, especially when charged and in the
presence of an electrical field. For example, protein and nucleic acid components of a sample
can flow across the membrane. Examples of membranes can include, for example, low-
binding modified cellulose membranes such as polysulfonate membranes. In some
embodiments, the membrane (8) can be covered with a layer of cross-linked polymer (e.g.,
polyacrylamide, agarose, etc.) to prevent diffusion of components across the membrane in the
absence of an electric field. As noted below, in some embodiments, the membrane can have
pores of a particular size to exclude molecules larger than a particular size ("cut-off") while
allowing for smaller molecules to pass across. For example, in some embodiments, the

molecular weight cut-off is about 10, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 kDa.

[0052] A first electrode is in electrical communication with the first sub-chamber and a
second electrode is in electrical communication with the second sub-chamber. "In electrical
communication” means that the first and second electrodes are capable of generating a
voltage across the two sub-chambers (14, 15) and dividing membrane (8). For example, in
some embodiments, the first electrode is within, or adjacent to, the first sub-chamber and the

second electrode is within, or adjacent to, the second sub-chamber.

[0053] In some embodiments, a membrane (different from the membrane (8) that divides
the sub-chambers), referred to herein as a "separation membrane" can separate the electrodes
from the fluid in the sub-chambers, thereby preventing contact of components of a sample to
the electrodes (which might otherwise denature them). In some embodiments, the
membranes separating the electrodes from the sub-chambers have a molecular weight cut-off
of, for example, about 200, 500, 100, 2000, 3000, 4000, or 5000 Da, thereby allowing small
ions to contact the electrodes but not larger components of a sample such as protein or

peptides.

11
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[0054] The orientation (+/-) of the electrodes will depend on the desired result. Figures 1
and 2 show (left side of figure) the cathode (-) adjacent to the first sub-chamber and (right
side of figure) the anode (+) adjacent to the second sub-chamber. However, it should be
appreciated the orientation could be reversed such that the anode (+) is adjacent to the first
sub-chamber and the cathode (+) is adjacent to the second sub-chamber. As discussed below,
the orientation will depend in part on the pl of the target and contaminants, and the relative
charge of contaminants and target molecules to be purified. The electrodes can be linked to a

controller to control voltage, and optionally orientation of current, across the electrodes.

[0055] In some embodiments, the sub-chambers will have substantially the same size
and/or will hold the same volume of solution. Alternatively, in some embodiments, the first

sub-chamber is substantially larger (holds more volume) than the second sub-chamber.

[0056] In some embodiments, the apparatus can comprise a conductivity gauge, a pH
gauge, or both. The precise position of the gauge(s) can vary as desired. For example, a pH
or conductivity gauge can be placed in the first and/or second sub-chambers. Signals from
the gauges can be transferred back to a central electronic controller thereby allowing for
modification of the compartment(s) current to regulate pH and conductivity as desired.
Independent electronic control of the voltage and/or current of each compartment pair can be

controlled via an electronic controller, which can comprise a computer, microprocessor, etc.

[0057] In some embodiments, a pump can be included to move the solution through the
sub-chamber, e.g., from a reservoir through the sub-chamber, passed the compartments, to a
destination. The precise position of the pump can vary as desired, and can be located, for
example, between a reservoir and the compartments, between compartments, or between the
destination and the compartments. In some embodiments fluids are circulated by electro-

osmotic pumping.

[0058] Each of the two sub-chambers will also comprise a mechanism to control pH of
fluid in the sub-chambers. In some embodiments, the mechanism will comprise a
proton/anion injector/extractor and a hydroxide/cation injector/extractor (described in more

detail below) adjacent to, or in fluid communication with, a sub-chamber.

[0059] In some embodiments, the ion injectors/extractors are adjacent (i.e., directly linked)
to a sub-chamber thereby directly affecting the pH of the solution in a sub-chamber. Such an

embodiment is depicted in Figure 1, where for example, injector/extractor compartments 4A,

12
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6A, 5A, and 7A are adjacent to first sub-chamber (14) and injector/extractor compartments

4B, 6B, 5B, and 7B are adjacent to second sub-chamber (15).

[0060] In other embodiments, the injector/extractor compartments can be placed adjacent to
a reservoir and the solution in the reservoir can be in fluid communication (e.g., via tubing)
with the solution in a sub-chamber. Such an embodiment is depicted in Figure 2, where for
example, injector/extractor compartments 4A, 6A, 5A, and 7A are adjacent to first reservoir
and injector/extractor compartments 4B, 6B, 5B, and 7B are adjacent to second reservoir,
wherein the first reservoir is in turn linked by tubing (9, 10) to the first sub-chamber and the
second reservoir is linked by tubing (11, 12) to the second sub-chamber. Optionally, one or
more pump can be used to move solution from the reservoirs to the sub-chambers (e.g., 13A
and 13C in Figure 2). As shown in Figure 2, an additional inlet (and optionally an additional
pump (13B)) can be used to provide fresh solution from an external source. In some
embodiments, the reservoirs and/or sub-chamber(s) can include a stir bar of other mechanism

for stirring and mixing the solution in the various areas.

[0061] As discussed in more detail below, the ion injectors/extractors have an associated
electrode for generation of ion injection or extraction. In some embodiments, the same
electrodes in the ion injector/extractor act as the electrode for moving (electrophoresing)
charged molecules across the membrane separating the first and second sub-chambers. In
some aspects, one or more ion injector/extractor can be used solely to control pH and/or ionic
strength while a different ion injector/extractor directs current also through the dividing
membrane. In one configuration, one (or one set of) ion injector/extractor(s) control proton
and/or hydroxyl concentrations, i.e., pH, optionally a second (or second set of) ion
injector/extractor(s) control ionic strength, and yet another (or another set of) ion
injector/extractor(s) is configured such that current from the electrode in the injector/extractor
control goes through both a selective (e.g., cation exchange, anion exchange, bipolar)
membrane and the dividing membrane, with the region between the membranes being a sub-

chamber, e.g., to collect purified charged molecules.

[0062] An aspect of such embodiments is depicted in Figure 9. Thus, in some
embodiments, initially the pH and/or ionic strength can be set with ion injectors configured as

follows:

Step 1: Anode operating an AEM and cathode operating a CEM (reducing salt);
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Step 2: Anode operating a BPM injecting protons and cathode operating a CEM (reducing
pH);
Step 3: charged molecules transfer. Two configurations (e.g., switched intermittently):

Ist configuration (ion insertion): Anode operating a CEM and a cathode operating a CEM &

dialysis membrane;

2nd configuration (ion removal): Anode operating an AEM; cathode operating a CEM &

dialysis membrane.

[0063] It will be appreciated that other configurations are also possible depending on

whether the ionic strength is to be increased, decreased, or both at different times.

Injectors/Extractors

[0064] An ion "injector/extractor” refers to one or more compartments, separated from a
sub-chamber or other vessel (e.g., such as a reservoir), by a membrane(s) that is ion selective,
in wherein the compartment(s) each contain an electrode. For example, exemplary
injector/extractors are depicted as 4A, 4B, 5A, 5B, 6A, 6B, 7A, and 7B in Figures 1 and 2.
Depending on the specific ion selectivity of the membrane, as well as the orientation of the
current (e.g., presence of the anode and cathode) in the various compartments, the
compartments can be designed to inject protons, other cations, hydroxide ions, or other
anions through the selective membrane and into the adjacent sub-chamber. Or, as explained
below, the orientation of the compartments, membranes, and current can also be designed to
extract protons, other cations, hydroxide ions, or other anions from the sub-chamber through

the selective membrane and into the compartment.

[0065] A basic exemplary apparatus configuration comprises a sub-chamber as described
herein in fluid communication with at least a first and a second compartment, wherein the
first compartment is divided from the sub-chamber by a first selective membrane and the
second compartment is divided from the sub-chamber by a second selective membrane.
Selective membranes allows for movement of certain ions (e.g., cations or anions or protons
and hydroxide ions) while inhibiting transport of other ion types across the membrane. In
many embodiments, the first and second selective membranes have different selective

properties. Examples of selective membranes include, e.g., anion selective membranes,
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cation selective membranes, and bipolar selective membranes. The first and second
compartments each comprise an electrode (an anode in one compartment and a cathode in the
other compartment) to form a circuit via the solution in the compartments and the sub-
chamber. Two compartments that form a circuit are referred to herein as a "compartment
pair” or a "pair of compartments." In some embodiments, a third or further additional
compartment can interact with the pair, for example, where a cathode of one compartment
generates current for two or more different anode-containing compartments (or vice versa in
which there is one anode and two or more cathodes). Depending on the direction of the
current and the type of selective membrane dividing the compartments from the sub-chamber,
the solution in the sub-chamber will accumulate protons, hydroxide ions, other anions or
cations, or in some configurations will transfer cations and/or anions to the side sub-
chambers. By controlling the current and configuration, one can thereby control the pH

and/or ionic strength of the solution in the sub-chamber.

[0066] Pairs of compartments, each forming a separate circuit through the solution in the
sub-chamber and having different configurations of selective membranes, can be combined,
to achieve desired results. For example, a first and second compartment can form a circuit
and inject chloride anions and protons into the solution while a third and fourth compartment
can form a separate circuit and inject hydroxide and sodium cations into the solution in the
sub-chamber, thereby raising the ionic strength, and depending on the relative flow of protons
and hydroxide ions, altering the pH. As explained below, many other configurations are

29 ¢

possible. The use of “first,” “second,” “third,” etc., is used for convenience in labeling and is

not intended to impart any other meaning.

[0067] The membranes “divide” the compartments from the sub-chamber by forming a
barrier that separates solution in a compartment from the sub-chamber, ¢.g., at least to the
level of solution in the sub-chamber. For example, in embodiments in which the sub-
chamber is open at the top (or alternatively, has a top cover that can be removed), the
membranes can be designed to completely divide a compartment from the sub-chamber at
least up to the level of solution in the sub-chamber and/or compartment, or to a level
designated as a maximum for solution loading. As desired, the membranes can be designed
to be higher than the solution level so as to avoid accidental transfer (e.g., splashing) from
one portion to another. If desired, the membranes can be “framed” by a solid material (e.g.,

plastic) or otherwise anchored between the sub-chamber and the compartment. The ion
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specific membranes can be further supplemented with neutral membranes such as dialysis
membranes to prevent, ¢.g., contact of molecules in the solution with the ion specific or

bipolar membranes.

[0068] The electrodes can be formed from any conducting or semi-conducting substance.
For example, in some embodiments, one or more electrode comprises a metal. In some

embodiments, the metal is zinc, copper, or platinum.

A. Ion injectors

[0069] A number of different ion injectors can be designed.

[0070] International Patent Application Publication No. W(02009/027970 describes
methods and devices (referred to herein as “proton/hydroxide injectors™) useful in producing
local concentrations of protons or hydroxide ions, proton or hydroxide concentration
gradients, and desired proton or hydroxide concentration topographies in an environment,
such as an electrolyte solution, a gel, and the like. International Patent Application
Publication No. W0O2011/021195 and WO2011/021196 describe methods and devices for

isoelectric focusing using proton/hydroxide injectors and also describes display of data.

[0071] Proton/hydroxide injector technology can be used to affect the pH of the solution in
a sub-chamber. Briefly, in some embodiments, the proton/hydroxide injector comprises a
compartment adjacent to a sub-chamber, with an electrode inside the compartment, and a
bipolar membrane separating the compartment from the channel. See, e.g., Figures 3-4. A
bipolar membrane is an ion-exchange membrane having a structure in which a cation-
exchange membrane and an anion-exchange membrane are joined together, and allows for
water molecules to be split into protons and hydroxide ions. Voltage applied between the
compartment and the channel divided by the bipolar membrane leads to water splitting and
injection of protons or hydroxide ions into the channel. Some advantages of this technology
can include, for example, bubble-free water hydrolysis and injection of generated ions

directly to the channel, allowing short response time (e.g., if desired, below 1 minute).

[0072] By applying the appropriate voltage to the anode and cathode, and therefore a
current across the solution in the compartments and sub-chamber, charged molecules will
move accordingly. In some embodiments, the charged molecules can be added to the anode
or cathode compartment, and subsequently the voltage is applied, thereby delivering the

charged molecule to the sub-chamber at a time determined by the user.
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[0073] The direction of movement of the molecule will depend on the charge of the

molecule and the polarity of the applied voltage.

[0074] Injection of a non-proton, non-hydroxide ion from a compartment into the sub-
chamber can be achieved, for example, by pairing a first compartment comprising a cathode
in the compartment and an anion selective membrane dividing the first compartment and the
sub-chamber with a second compartment having an anode. In this configuration, the first
compartment will inject anions present in the first compartment solution in the presence of a
current between the cathode and the anode and thus is referred to as an "anion injector.” For
example, if the compartment solution comprises chloride anions, the chloride anions will be
transferred across the anion selective membrane into the sub-chamber in the presence of a
current between the cathode and the anode. An embodiment of this aspect is depicted in
Figure 5, in which the top compartment in the Figure injects chloride ions in the presence of a
current through the top and bottom chamber ("top" and "bottom" as used with reference to
figures, refer to the top and bottom of the figure, and not necessarily the top and bottom of
the apparatus). It should be appreciated that this configuration is not limited to injection of
chloride ions. Any anion present and capable of passing through the anion selective
membrane can be transferred from the compartment into the sub-chamber. Figure 5 further
depicts an aspect in which the first compartment is paired in a circuit with a second
compartment, the second compartment divided from the sub-chamber by a bipolar
membrane. In this aspect, the second chamber injects protons into the sub-chamber and thus

is referred to as a "proton injector."”

[0075] As shown in Figure 5, application of a voltage between the anode and cathode leads
to water splitting by the bipolar membrane (bottom compartment). Protons are injected into
the sub-chamber and titrate the solution flowing in the sub-chamber to the desired reduced
pH. Hydroxide ions generated in the splitting process recombine with protons generated by
water hydrolysis in the anode. Because the current is the same across the bottom
compartment, the pH in the anode compartment is maintained (in the absence of further
electrochemistry) in its initial value. Due to charge neutrality and the anion selective
membrane separating the cathode (top as depicted) compartment from the sub-chamber,
anions (e.g., chloride ions) are injected from the cathode (top) compartment to the sub-
chamber. Thus, the solution in the sub-chamber as depicted in Figure 5 is titrated with HCI,
thereby lowering the pH. This aspect is also depicted in Figures 1 and 2, compartments 4A-B
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and 5A-B, if 4A-B each comprise a cathode and an anion-selective membrane and SA-B each

comprise an anode and a bipolar membrane.

[0076] However, it is also possible for a chamber having an anion selective membrane to
inject hydroxide ions into the sub-chamber. This can be achieved, for example, by raising the
concentration of hydroxide ions (i.e., raising the pH) in the chamber, thereby allowing for a
higher concentration of hydroxide ions to be available to move into the sub-chamber when
the current is applied (when the solution in the chamber is neutral, the concentration of
hydroxide ions is negligible). An embodiment of this option would be a configuration as

shown in Figure 5, but with the solution in the top chamber being basic.

[0077] Alternatively, injection of a non-proton, non-hydroxide ion from a compartment
into the sub-chamber can be achieved, for example, by pairing a first compartment
comprising an anode in the compartment and a cation selective membrane dividing the first
compartment and the sub-chamber with a second compartment. In this configuration, the
first compartment will inject cations present in the first compartment solution into the sub-
chamber in the presence of a current between the cathode and the anode and thus is referred
to as a "cation injector." For example, if the compartment solution comprises sodium cations,
the sodium cations will be transferred across the cation selective membrane into the sub-
chamber. An embodiment of this aspect is depicted in Figure 6, in which the top
compartment in the Figure injects sodium ions in the presence of a current through the top
and bottom chamber. However, it should be appreciated that this configuration is not limited
to injection of sodium ions. Any cation present and capable of passing through the cation
selective membrane can be transferred from the compartment into the sub-chamber. Figure 6
further depicts an aspect in which the first compartment is paired in a circuit with a second
compartment, the second compartment divided from the sub-chamber by a bipolar
membrane. In this aspect, the second chamber injects hydroxide ions into the sub-chamber
and thus is referred to as a "hydroxide ion injector.” This aspect is also depicted in Figures 1
and 2, compartments 6A-B and 7A-B, if 6A-B each comprise an anode and a bipolar

membrane and 7A-B each comprise a cathode and a cation-selective membrane.

[0078] In contrast to the aspect depicted in Figure 5, in Figure 6 hydroxide ions are injected
into the sub-chamber and titrate the solution flowing in the sub-chamber to the desired
increased pH. Protons generated in the splitting process recombine with hydroxide ions

generated by water hydrolysis in the cathode. Because the current is the same across the
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bottom compartment the pH in the cathode compartment is maintained in its initial value in
the absence of other electrochemical processes. Due to charge neutrality and the cation
selective membrane separating the anode (top as depicted) compartment from the sub-
chamber, cations (e.g., sodium ions) are injected from the anode (top) compartment into the
sub-chamber. Thus, the solution in the sub-chamber as depicted in Figure 6 is titrated with

NaOH.

[0079] However, it is also possible for a chamber having a cation selective membrane to
inject hydrogen ions into the sub-chamber. This can be achieved, for example, by raising the
concentration of hydrogen ions (i.e., lowering the pH) in the chamber, thereby allowing for a
higher concentration of hydrogen ions to be available to move into the sub-chamber when the
current is applied (when the solution in the chamber is neutral, the concentration of hydrogen
ions is negligible). An embodiment of this option would be a configuration as shown in

Figure 6, but with the solution in the top chamber being acidic.

[0080] Any number of compartment circuit pairs can be combined depending on the goal to
be achieved. In these embodiments, electrodes in different pairs of compartments can be
controlled independently so that different voltage or current can be applied to different pairs,

as desired.

B. Ion Extractors
[0081] Also provided are combinations of compartments that transfer ions from the solution

in the sub-chamber info the compartments (i.c., acting as ion extractors).

[0082] In some aspects, a pair of compartments extract a non-proton, non-hydroxide ion
from the sub-chamber into a compartment while adding a proton or hydroxide ion into the
sub-chamber from a different compartment. This can be achieved, for example, by pairing a
first compartment comprising a cathode in the compartment and a cation selective membrane
dividing the first compartment and the sub-chamber with a second compartment having an
anode. In this configuration, the first compartment will extract cations present in the sub-
chamber and transfer the cations into the first compartment and thus is referred to as a "cation
extractor.” For example, if the sub-chamber solution comprises sodium ions, the sodium ions
will be transferred across the cation selective membrane from the sub-chamber in the
presence of a current between the cathode and the anode. An embodiment of this aspect is
depicted in Figure 7, in which the top compartment in the Figure extracts cations (sodium

ions depicted) from the sub-chamber in the presence of a current through the top and bottom
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chamber. However, it should be appreciated that this configuration is not limited to
extraction of sodium ions. Any cation present and capable of passing through the cation
selective membrane can be transferred from the sub-chamber into the compartment. Figure 7
further depicts an aspect in which the first compartment is paired in a circuit with a second
compartment, the second compartment divided from the sub-chamber by a bipolar
membrane. In this aspect, the second chamber injects protons into the sub-chamber while the

first chamber extracts sodium cations.

[0083] Alternatively, extraction of a non-proton, non-hydroxide ion from the sub-chamber
into a compartment while adding a proton or hydroxide ion into the sub-chamber from a
different compartment can be achieved, for example, by pairing a first compartment
comprising an anode in the compartment and an anion selective membrane dividing the first
compartment and the sub-chamber with a second compartment. In this configuration, the
first compartment will extract anions present in the sub-chamber and transfer the anions into
the first compartment and thus is referred to as an "anion extractor." For example, if the sub-
chamber solution comprises chloride ions, the chloride ions will be transferred across the
anion selective membrane out of the sub-chamber in the presence of a current between the
cathode and the anode. An embodiment of this aspect is depicted in Figure &, in which the
top compartment in the Figure extracts anions (chloride ions depicted) from the sub-chamber
in the presence of a current through the top and bottom chamber. However, it should be
appreciated that this configuration is not limited to extraction of chloride ions. Any anion
present and capable of passing through the anion selective membrane can be transferred from
the sub-chamber into the compartment. Figure 8 further depicts an aspect in which the first
compartment is paired in a circuit with a second compartment, the second compartment
divided from the sub-chamber by a bipolar membrane. In this aspect, the second chamber

injects hydroxide ions into the sub-chamber.

111 METHODS

[0084] The apparatuses described herein can be used to purify one or more target molecule
from complex (e.g., biological or other) samples. The methods take advantage of different
charges of components of a sample to separate components having a particular charge from
neutral components and/or components that have the opposite charge. The charge of

components can be controlled because charge of components is a function of the pH of the
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solution. Therefore by controlling the pH, the charge of a component can be controlled. For
example, the pl of a component is the pH at which charge of the component is neutral. If the
pH of the solution is lower than the pl, then the charge the component is positive. If the pH
of the solution is higher than the pl, then the charge the component is negative. Different
components of a sample will generally having different pls thereby allowing for conditions in
which different components have different charge. For instance, if molecule A has pla and
molecule B has plg, and pla<plg, and the pH of the solution is between pls and Plg, then
molecule A will have an overall positive charge and molecule B will have an overall negative
charge. By applying a voltage to the electrodes (e.g., labeled 1 and 2 in Figures 1 and 2)
across the membrane dividing the two sub-chambers, positively-charged components will
move towards the cathode and negatively charged components will move towards the anode.
Because the membrane dividing the sub-chambers generally blocks flow of fluid between the
sub-chambers, but allows movement of the sample components, application of the voltage

will enrich the sub-chambers for differently charged fractions.

[0085] As an example, a sample is filled only in the first sub-chamber (14, Figure 1) and a
buffer fills the second sub-chamber, the pH of the solutions in the two sub-chambers is
adjusted using the injector/extractors such that some components in the solution are
negatively charged and then the voltage between the electrodes (1 and 2) is applied, moving
negatively-charged components to the second sub-chamber (15). If the components moved to
the second sub-chamber are desired (i.e., are target molecules), they can be collected, and
optionally further purified, etc. Alternatively, if the negatively-charged components are not
target molecules, the contents of the second sub-chamber can be moved to waste. Of course,
the same method can be applied in reverse, that is, the pH can be controlled to generate
positively-charged components that are moved into a second sub-chamber comprising a
cathode and collected or moved to waste as desired. It should also be appreciated that while
the example above involved loading of the sample into the first sub-chamber only, in some

embodiments, the sample can be loaded into both sub-chambers.

[0086] One advantage of the inclusion of pH injector/extractors is that the pH of the
solution in the sub-chambers can be changed and multiple rounds of purification can occur.
For example if a target protein with a specific pl is to be captured, the pH of the chambers is
adjusted to pH slightly (for example 0.5 pH units) below the pl of the target protein. An

electric field is applied such that the first sub-chamber electrode is negative (cathode) and the
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second sub-chamber electrode is positive (anode). Proteins with a pl below the pH will
migrate into the second sub-chamber and can be collected or disposed to waste, e.g., by
providing flow with a pump. Subsequently, in some embodiments, the pH in the chambers is
adjusted to pH slightly above the pH of the protein of interest (for example 0.5 pH units
above) the pl of target protein. This will cause the protein of interest to migrate into the
second sub-chamber and can be collected in more pure and concentrated form than in the
original sample. The proteins in the second sub-chamber can be eluted in the end of the
separation or continuously while the separation is being performed. Continuous elution may
provide additional dimension of separation based on the mobility of the proteins (charge to

size).

[0087] The described methodology can also be used for fractionation of proteins, peptides,
or other sample components (in an apparatus having a negatively-charged electrode in the
first sub-chamber and a positively-charged electrode in the second sub-chamber) by adjusting
the pH from low to high and moving fractions with pl below the pH to the second sub-
chamber chamber, then adjusting the pH higher and moving the next fraction to the second

sub-chamber. By this method, multiple fractions can be captured.

[0088] Fractionation can also be performed by starting with high pH and decreasing the pH
stepwise and collecting the fractions in the right chamber by applying electric field in an
apparatus having a positively-charged electrode in the first sub-chamber and a negatively-

charged electrode in the second (collection) sub-chamber.

[0089] Alternatively continuous separation may be achieved by continuously changing the
pH of the chambers and continuously removing the proteins/peptides from the second sub-

chamber. In this way, continuous separation based on pl can be achieved.

[0090] In some embodiments, chemical or enzymatic reactions can be performed in one or
more sub-chamber. For instance, in some embodiments, the apparatus can be used to sct the
optimal pH for a particular enzyme or reaction, or can be changed to accommodate a second

reaction or enzyme after the first reaction is no longer desired.

[0091] In some embodiments, the optimal size of a product can be selected. For instance,
the membrane separating the two sub-chambers can be selected to have a size cut-off, i.e.,
such that larger molecules are blocked and smaller molecules can pass through the

membrane. As one example, some mass spectrometers are capable of fragmenting larger
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molecules and are most effective in the 20kDa range. The methods described herein can be
adapted to enrich for peptides of about 20 kDa by selecting a membrane having a 20 kDa cut-
off, thereby avoiding significant amounts of peptides substantially larger or smaller than the

target size.

[0092] In some embodiments, a sample comprising proteins and/or peptides and in contact
with one or more proteolytic enzyme(s) is placed in the first sub-chamber, wherein the
membrane dividing the sub-chambers is size-selective. The peptides, once cleaved to the
cutoff size, can be moved by the electric field to the second sub-chamber (which does not
contain the enzyme), thereby allowing for enrichment of the peptides at a certain size. In
some embodiments, the optimal pH of an enzyme is selected for the first sub-chamber for a
period of time and then the pH is changed to set the desired charge of the target molecules
and then the target molecules can be moved to the second sub-chamber by the electric field
and collected. If desired, different enzymes can be added, for which the optimal pH can be
set for each enzyme in series, optionally moving peptides of appropriate size between the
optimal pH changes, thereby moving those peptides sufficiently small to pass through the
membrane before the subsequent enzyme is used on the remaining, larger, proteins. As noted
above, this process, for example, allows researchers to shift the average peptide size of an
enzyme-treated sample to a larger size (up to 20kDa for example), thereby increasing the
effectiveness of the mass spectrometry instruments capable of analyzing larger fragments,

and increasing the coverage of protein sequences measured by mass spectrometry.

EXAMPLES
[0093] This example provides a system that facilitates digital adjustment of any type of
charged molecule (ions). In this technology, protons and hydroxyl ions can be injected using
proton and hydroxyl injectors having bipolar membranes. Salts can be introduced and
removed using ion exchange membranes. The ability to electrically generate and modify salt
profiles of protein solutions opens new ways to control biological processes and to replace
existing traditional instrumentation. The following description demonstrates how salt
conditioning technology is utilized to a certain application. It should be understood,

however, that this description does not limit the technology from other possible applications.

[0094] The main application described here, aims to replace an existing method to handle
proteins coming out of chromatography columns. Such proteins come out in elution buffers,

which generally are not compatible for later procedures (such as activity tests,
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crystallography, or additional purification steps). These buffers should therefore be replaced
before any additional manipulation is performed on the protein. Traditionally, this buffer
adjustment is achieved either by dialysis or by centrifugation. The main disadvantage of the
first method is the long time it takes to complete the buffer exchange. The main disadvantage
of the second method is material loss. In addition, both methods suffer from the fact that they
are performed "off line", that is, they are not linked to the operation of the chromatography
instrument. Instead, the user has to take the elution buffer coming out of the chromatography
system and introduce it to either a dialysis or a centrifugation apparatus. The system
described here is able to reduce substantially the time needed for buffer exchange and has
relatively low material loss. Also, the fact that the system operates electrically, makes it very
easy to link it to chromatography systems. In such integrated "chromatography-conditioning
system", proteins could go through several columns (conditioned every time they enter the

next column) and come out purified in any desired buffer.

Description of the system

[0095] The operating unit in the system comprises a 5 ml process chamber and six auxiliary
reservoirs connected to the chamber via two cation exchange membranes (CEM), two anion
exchange membranes (AEM), and two bipolar membranes of opposite polarity, (BPM-H
polarity which injects protons, and BPM-OH polarity which injects hydroxyl ions), detailed
in table 1 and FIG. 10.

Table 1

Reservoir Membrane
1 BPM H

2 CEM

3 CEM

4 AEM

5 AEM

6 BPM OH

[0096] This unit is connected to the rest of the components according to figure 11. A power
supply connects two operating auxiliary reservoirs and drives current from one to the other
through the process chamber. In order to enhance solution mixing and remove heat generated
by the electric current, the solution is circulated in and out of the chamber. This is achieved
using a peristaltic pump that connects to the chambers' ports through Tygon pipes. Along this

circular path, a UV detector, a conductivity meter, and a pH meter are connected to monitor
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protein absorbance, salt concentration and pH levels, respectively. Optionally, the mixing
inside the chamber is further enhanced by placing three magnetic bars in the process chamber

and placing the latter on a magnetic plate.

[0097] pH and salt were controlled by wiring the appropriate auxiliary reservoirs and filling
them with the appropriate solution. For example, in order to insert H+ ions, reservoirs 1 and 2
(see FIG. 10) were filled with 0.1M Na,SO,4. The anode was then placed inside reservoir 1,
the cathode in reservoir 2, and a current of, for example, SOmA was applied. This setup
injected protons inside the chamber from the BPM-H and removes cations out through the
CEM to reservoir 2. Alternatively, the cathode can be wired to reservoir 4 containing 0.1M

Na,SO,. In this case, anions (SO4'2) will enter the chamber through the AEM of reservoir 4.

[0098] When inserting buffers, one fills the appropriate auxiliary reservoir with a solution
containing excess amount of buffer ions, and applies an electric current appropriate to their
charge. Also, since the electrical charge of buffer ions is pH dependent, one sets the pH in the
buffer solution to a level in which these molecules have the desired charge. If, for example,
Tris is to be inserted, then a 0.5 M of such buffer is prepared at pH 7. Since Tris has a pKa of
8, setting the pH to 7 will ensure that most of the Tris molecules are in their positively
charged state. Then, the buffer is inserted to either reservoir 2 or 3 with contact to the anode.
The cathode is placed in a Na,SOy solution inside, for example, reservoir 4. In this case, upon
current application, Tris will enter the chamber from the anode side, and SO, will enter

through the cathode side. Optionally, ice is inserted to the reservoirs to improve heat removal

from the chamber.

[0099] Table 2 depicts various possible wirings and their corresponding ions flows.
Anode
AEM (res. 2,3) CEM (res. 5,6) BPM-H (res. 1)
AEM (res. 2,3) Anions out Cations in Protons in
Anions in Anions in Anions in
Cathode CEM (res. 5,6) Anions out Cations in Protons in
Cations out Cations out Cations out
BPM-OH (res. 4) nions out Cations in Protons in
hydroxyl in hydroxyl in hydroxyl in
[0100] The operation of the system is as follows.

1) The solution to be conditioned is inserted to the chamber, and appropriate buffers are

inserted into the reservoirs.
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2) Solution is circulated and mixed by operating the peristaltic pump and magnetic
stirring bars.
3) Wiring is set by applying the anode and cathode to the selected reservoirs. The
desired current is set in the power supply.

4) Current is applied for a certain time-lapse. Typically 50-100 mA is applied for 30-60

minutes. During this stage, readings from the pH and conductivity meters, as well as

the UV detectors can be taken every few minutes to monitor pH level, salt

concentration, and protein absorbance, respectively.
5) When salt conditioning is completed, the current is turned off, and the solution is
ejected from the system.
[0101] Note: As discussed below, some salt conditioning procedures involve applying
multiple currents through different reservoirs. This can be done sequentially, that is, repeating
steps 3,4 twice or more, each time for a different reservoir pair. Alternatively, this could be
done simultaneously by adding more current suppliers and wiring them each to a different
reservoir pair.
Data
[0102] The ability to insert and extract ions was demonstrated on many types of salt and

buffers, summarized in Table 3:

Salt ions Buffer

phosphate Phosphate

Cl- HEPES

S04-2 Tris

SDS MOPS

TFA Carbonate
Imidazole
citrate

[0103] Using these capabilities, salt conditioning of a few elution buffers was
demonstrated. The target solution conditioned with the system were standard ones, used for
protein storage. These methods were performed with different kinds of proteins whose
concentration and activity were tested before and after each procedure to check their

recovery. All solutions were 5ml in volume.

Conditioning His tag elution buffer:

[0104]Original solution: 20mM Tris buffer
500mM NaCl
500mM Imidazole
pH 9.5
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[0105] Target solution: 50mM Tris buffer

[0106] Conditioning steps:

[0107]Step 1 - lowering pH level to 6 (this step is performed to charge the imidazole
molecules)

Anode position: BPM-H (res. 1) in Na,SO4 0.1M

Cathode position: CEM (res. 2/3) in Na,SO,4 0.1M

Current & Duration: 100 mA for 40 minutes.

[0108]Step 2 — salt removal to 50mM
Anode position: AEM (res. 5/6) in Na,SO,4 0.1M
Cathode position: CEM (res. 2/3) in Na,SO,4 0.1M
Current & Duration: 100 mA for 40 minutes.

[0109]Step 3 — Tris insertion
Anode position: AEM (res. 5/6) in Tris 0.5M pH 7
Cathode position: CEM (res. 2/3) in Na,SO4 0.1M
Current & Duration: 50 mA for 40 minutes.

Protein recoveries:

Cytochrome C -
Original concentration 1 mg/ml
Protein recovery: 80%-85%, according to absorption measurements at 280nm

Lipase -
Original concentration 1mg/ml
Protein recovery: 100%, according to absorption measurements at 280nm
Protein residual activity: >100%

Anti rabbit igG -
Original concentration 0.07mg/ml
Protein recovery: 85%, according to absorption measurements at 280 nm
Protein residual activity: 88%, according to ELISA tests

Conditioning solutions with neutral species

[0110] In addition to the system's capacities discussed above, which all involve removal
and insertion of charged molecules, a further improvement was made to condition protein
solution containing uncharged molecules. We exploited the fact that proteins are charged
molecules to separate them from neutral species by electrically driving them through a barrier
(dialysis membrane), leaving behind all uncharged molecules. As shown in FIG. 12, a new
CEM membrane placed in the cathode's reservoir defines a new volume (“extraction cell”) to

which the protein will be extracted. Facing this membrane, a dialysis membrane with 300kD
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cutoff (SPECTRUM LABS, cat number 131450), is inserted as one of the membranes of the
process chamber. In order to separate neutral molecules from proteins, current was applied
across the process chamber causing proteins to move through the dialysis membrane and

settle in the extraction cell, while the uncharged molecules stayed behind.

[0111] We demonstrated the concept by extracting cytochrome C from an elution buffer of
Lentil Lectin sepharose column containing S00mM of the neutral molecule D-glucose. This

column is used for purification of glycoproteins.

Conditioning Lentil Lectin sepharose Column elution buffer:
Original solution: 20 mM Tris buffer

500 mM NacCl

500 mM Glucose

pH 9.4

[0112]Solution in extraction cell: PBS buffer

[0113] Conditioning steps:

[0114]Step 1 - salt removal to 50 mM (performed to enhance protein migration in step 3)
Anode position: AEM (res. 4/5) in Na,SO4 0.1M
Cathode position: CEM (res. 2/3) in Na,SO,4 0.1M
Current & Duration: 100 mA for 40 minutes.

[0115]Step 1 — lowering the pH level to 3 (performed to create positive charged protein)
Anode position: BPM-H (res. 1) in Na,SO4 0.1M
Cathode position: CEM (res. 2/3) in Na,SO,4 0.1M
Current & Duration: 100 mA for 3 minutes.

[0116] Step 3 — protein migration to extraction cell. In this step we used two alternative
wirings to maintain constant salt concentration inside the chamber. Wiring was switched
every few minutes.

1* configuration (ion insertion)

Anode position: CEM (res. 2/3) in Na,SO4 0.1 M pH 7

Cathode position: dialysis membrane (res. 2) in PBS
Current & Duration: 50 mA for 3 minutes.

o configuration (ion removal)

Anode position: AEM (res. 5/6) in Na,SO4 0.1M pH 7
Cathode position: dialysis membrane (res. 2) in PBS
Current & Duration: 150 mA for 15 minutes

Recoveries:

Cytochrome C -
28
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Original concentration 1mg/ml
Protein recovery: 64% of the original amount inside the extraction cell.
19% of the original amount was left in the chamber
17% was lost.
5  Glucose -
Extraction cell: 10%
Chamber: 90%

[0117] The term “a” or “an” is intended to mean “one or more.” The term “comprise” and
10 variations thereof such as “comprises” and “comprising,” when preceding the recitation of a
step or an element, are intended to mean that the addition of further steps or elements is
optional and not excluded. All patents, patent applications, and other published reference
materials cited in this specification are hereby incorporated herein by reference in their

entirety.
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WHAT IS CLAIMED I8S:

L. An apparatus, comprising

a chamber divided into a first sub-chamber and a second sub-chamber by a
dividing membrane, wherein the dividing membrane blocks or substantially blocks flow of
fluid between the first and second sub-chamber; and wherein

the first sub-chamber is in electrical communication with a first electrode;

the second sub-chamber is in electrical communication with a second
electrode;

the first sub-chamber is in fluid communication with a first ion
injector/extractor;

the second sub-chamber is in fluid communication with a second ion
injector/extractor; and

and the second sub-chamber comprises an outlet.

2. The apparatus of claim 1, wherein the first electrode is separated from
the first sub-chamber by a first separation membrane and the second electrode is separated
from the second sub-chamber by a second separation membrane, wherein the separation

membranes are permeable to small ions but not larger molecules.

3. The apparatus of claim 1, wherein the first ion injector/extractor
comprises the first electrode and the second ion injector/extractor comprises the second

electrode.

4, The apparatus of claim 1, wherein the second sub-chamber is smaller

than the first sub-chamber.

5. The apparatus of claim 1, wherein the first electrode is an anode and

the second electrode is a cathode.

6. The apparatus of claim 1, wherein the first electrode is a cathode and

the second electrode is an anode.

7. The apparatus of claim 1, wherein the injector/extractors are directly

linked to the respective sub-chambers.

3. The apparatus of claim 1, wherein the injector/extractors are linked to

the respective sub-chambers via tubing or a channel.
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9. The apparatus of claim 1, wherein the second sub-chamber further

comprises one or more inlet.

10. The apparatus of claim 1, wherein the dividing membrane comprises a

layer of cross-linked polymer, thereby inhibiting fluid diffusion.

11. The apparatus of claim 1, wherein the dividing membrane contains
pores that allow passage of peptides smaller than a molecular cut-off but substantially block

passage of peptides larger than the molecular cut-off.

12. The apparatus of claim 11, wherein the molecular cut-off is about 20
kDa.

13. The apparatus of any of claims 1-12, wherein the ion
injector/extractors each comprise
a. a compartment in fluid communication with a sub-
chamber and divided from the sub-chamber by an anion selective membrane; and/or
b. a compartment in fluid communication with the sub-
chamber and divided from the sub-chamber by a bipolar membrane; and/or
C. compartment in fluid communication with a sub-

chamber and divided from the sub-chamber by a cation selective membrane.

14. A method of purifying a target protein(s) or peptide(s) from a sample,
the method comprising

providing the apparatus of any of claims 1-13;

loading the sample into the first sub-chamber, or the first and second sub-
chambers, wherein the first and second sub-chambers contain fluid following the loading,

controlling the injector/extractors to adjust the pH of the fluid in the chamber
to a pH such that some components of the sample are charged due to the pH adjustment and
some components are not charged;

applying a voltage between the first and second electrode, thereby moving at
least some charged components into the second sub-chamber; and

removing the fluid in the second chamber including the charged components
via the outlet in the second sub-chamber, thereby separating the target protein(s) or peptide(s)

in the sample from at least some other components of the sample.
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15. The method of claim 14, wherein one or more target protein or peptide
is a charged component moved to the second sub-chamber, and the target protein or peptide is

collected after the removing.

16. The method of claim 14, wherein the charged components moved to

the second sub-chamber are contaminants and discarding the contaminants.

17. The method of claim 14, wherein the sample is loaded into the first

sub-chamber only.

18. The method of claim 14, wherein the sample is loaded into the first and

second sub-chambers.

19. The method of claim 14, wherein the first electrode is a cathode
(negative charge) and the second electrode is an anode (positive charge), and

the controlling comprises adjusting the pH of the fluid below the pl of the
target protein(s) or peptide(s) such that the target protein(s) or peptide(s) have an overall
positive charge and at least some other components of the sample are negatively-charged; and

the applying results in movement of the negatively-charged components to the
second sub-chamber and the target protein(s) or peptide(s) remain in the first sub-chamber;
and

removing fluid comprising the moved components from the second sub-
chamber and optionally replacing the removed fluid with new fluid in the second sub-
chamber; and subsequently

controlling the injector/extractors to adjust the pH of the fluid in the chamber
to a pH above the pl of the target protein(s) or peptide(s) such that the target protein(s) or
peptide(s) have an overall negative charge;

applying a voltage between the first and second electrode, thereby moving the
negatively-charged target protein(s) or peptide(s) into the second sub-chamber; and

removing and collecting the fluid in the second chamber, including the target
protein(s) or peptide(s), via the outlet in the second sub-chamber, thereby separating the
target protein(s) or peptide(s) in the sample from at least some other components of the

sample.

20. The method of claim 14, wherein the first electrode is an anode

(positive charge) and the second electrode is a cathode (negative charge), and
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the controlling comprises adjusting the pH of the fluid above the pl of the
target protein(s) or peptide(s) such that the target protein(s) or peptide(s) have an overall
negative charge and at least some other components of the sample are positively-charged; and

the applying results in movement of the positively-charged components to the
second sub-chamber and the target protein(s) or peptide(s) remain in the first sub-chamber;
and

removing fluid comprising the moved components from the second sub-
chamber and optionally replacing the removed fluid with new fluid in the second sub-
chamber; and subsequently

controlling the injector/extractors to adjust the pH of the fluid in the chamber
to a pH below the pl of the target protein(s) or peptide(s) such that the target protein(s) or
peptide(s) have an overall positive charge;

applying a voltage between the first and second electrode, thereby moving the
positively-charged target protein(s) or peptide(s) into the second sub-chamber; and

removing and collecting the fluid in the second chamber, including the target
protein(s) or peptide(s), via the outlet in the second sub-chamber, thereby separating the
target protein(s) or peptide(s) in the sample from at least some other components of the

sample.

21. The method of claim 14, wherein the sample comprises proteins and
the dividing membrane contains pores that allow passage of peptides smaller than a
molecular cut-off but that substantially block passage of peptides larger than the cut-off, and

the loading comprises loading the sample into the first sub-chamber,

optionally, the controlling comprises controlling the injector/extractors to
adjust the pH of the fluid in the first sub-chamber;

adding a first protease to the first-sub chamber under conditions to allow the
first protease to generate peptides from the proteins;

applying a voltage between the first and second electrode, thereby moving at
least some charged peptides having a size below the molecular cut-off into the second sub-

chamber.

22. The method of claim 21, wherein the molecular cut-off is about 10, 15,
20, 25, or 30kDa.

23. The method of claim 21, further comprising,
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adding a second protease to the first sub-chamber under conditions to allow
the second protease to generate peptides from the proteins;

applying a voltage between the first and second electrode, thereby moving at
least some charged peptides having a size below the molecular cut-off into the second sub-

chamber.

24.  The method of claim 23, comprising, before or after adding the second
protease, adjusting the pH of the fluid in the first sub-chamber to a pH optimized for the

second protease.

25. The method of claim 21 or 23, wherein before the adding of the first
protease, the method comprises applying a voltage between the first and second electrode,
thereby moving at least some charged peptides, if present from the sample, into the second

sub-chamber.

26. The method of any of claims 21-25, further comprising collecting the

peptides in the second sub-chamber.
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