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METHOD AND SYSTEM FOR PRODUCTION
OF ADENOSINE TRIPHOSPHATE

This application is a divisional of U.S. patent application
Ser. No. 12/738,367, filed Apr. 16, 2010, and issued as U.S.
Pat. No. 10,550,415 on Feb. 4, 2020, which is a national
stage application under 35 U.S.C. § 371 of International
Patent Application No. PCT/US2008/080150, filed Oct. 16,
2008, which claims the benefit of U.S. Provisional Patent
Application Ser. No. 60/980,636, filed Oct. 17,2007, each of
which is hereby incorporated by reference in its entirety.

This invention was made with government support under
grant numbers KOI1-RR00188 and HD-33052 awarded by
the National Institutes of Health. The government has cer-
tain rights in this invention.

FIELD OF THE INVENTION

The present invention relates to a system for production of
adenosine triphosphate (“ATP”).

BACKGROUND OF THE INVENTION

One of the most compelling future uses for biotechnology
is the generation of hybrid organic-inorganic devices that
could carry out biological functions. Applications for such
devices are numerous. For example, they could be implanted
and perform diagnostic or therapeutic functions, such as
supplying needed enzymatic activities or releasing drugs to
specific tissues. These devices could circulate within the
blood and release a drug or catalyze a reaction upon stimu-
lation by exposure to a specific molecule, pathogen, diseased
cell, or tissue type. They might even enter into single cells
where they could compensate for a defective or absent
biological reaction. Alternatively, they could perform
mechanical functions as “nanobots.”

Examples of nanoparticle delivery vehicles exist in the art
(U.S. Pat. No. 7,332,586 and U.S. Patent Application Pub-
lication No. 2008/0199529 to Franzen et al.). However, the
applications of a self-powered organic-inorganic device that
can carry out biological functions is much more extensive.
For example, a hybrid organic-inorganic device which per-
forms biological functions could carry enzymes to replace
missing functions, such as a congenital defect where a
patient is born without a specific enzyme. This would
present an alternative to ‘“gene therapy” in which the
patient’s DNA has to be altered. Alternatively, one could
potentially use such a device to carry an enzyme capable of
degrading a toxin or recognizing and destroying a pathogen.
Another potential function would be to create a device that
could bind to either pathogens or cancer cells, and then
specifically pump out a drug or metabolite directly at that
cell. Similarly, one could create a device that a surgeon
might pack into an infected wound to pump out an antibiotic
in an area with poor vascularity. Both approaches would
increase the local concentration of that drug and decrease
systemic toxicity. However, the problem of how to power
such devices—particularly on a very small, nanometer
scale—remains a critical obstacle to the development and
practical use of such devices.

Examples of hybrid organic-inorganic nanodevices have
been reported. For example, a recombinant F,-ATPase has
been produced that is tethered to a solid surface on one end
and supports a small nickel rod on the other end (Soong et
al., “Powering an Inorganic Nanodevice with a Biomolecu-
lar Motor,” Science, 290:1555-8 (2000)). Soong demon-
strates that upon hydrolyzing ATP (the most common form
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of cellular energy for biological reactions), this molecule
undergoes a rotary motion and the rod can be seen to move.
An “on-off switch” in the form of a reversible binding site
has been engineered into this same molecular motor (Liu et
al., “Control of a Biomolecular Motor-powered Nanodevice
with an Engineered Chemical Switch,” Nat. Mater., 1:173-7
(2002)), showing that such devices can be regulated. Simi-
larly, other nanomoters are based on RNA helicases, kine-
sins, dyneins, or myosin. However, to be functional, ATP
must either be provided exogenously or produced locally at
the device itself.

A system to generate ATP has been reported, using
bacteriorhodopsin and the F,F,-ATP synthase (Luo et al.,
“Photo-Induced Proton Gradients and ATP Biosynthesis
Produced by Vesicles Encapsulated in a Silica Matrix,” Nat.
Mater., 4:220-4 (2005); Choi et al., “Advances in Nano
Biotic/Abiotic Hybrid Systems: Protein-Based Engineered
Devices,” Nanobiotechnol 3:66-75 (2007)). However, this
system requires exogenous light which is not practical for in
vivo medical applications.

A second example of a nano-biomachine was created
from microtubules and hetero-bifunctional polymer particles
bearing pyruvate kinase, which is propelled on glass sur-
faces coated with kinesin by use of self-supplying ATP (Du
et al, “Motor Protein Nano-biomachine Powered by Self-
supplying ATP,” Chem Commun., 2080-82 (2005)). How-
ever, this nano-machine is directed to use in vitro for
motility assays with microtubules that travel over glass
surfaces. It requires, not glucose or fructose as a starting
material, but exogenous adenosine diphosphate (“ADP”)
and phosphoenol pyruvate (“PEP”) to produce ATP.

Attaching or linking proteins to a solid support is well-
known in the field. However, maintaining the activity of a
protein coupled to a solid support has challenged scientists
in the field, and only a few instances of linking a single
protein to a solid support and maintaining the activity of that
protein have been shown.

The present invention is directed to overcoming these and
other deficiencies in the art.

SUMMARY OF THE INVENTION

One aspect of the present invention relates to a system for
production of ATP. This system includes a support and one
or more enzymes coupled to that support which are capable
of collectively producing ATP from glucose or fructose
metabolism.

Another aspect of the present invention relates to a device
for carrying out a reaction involving the conversion of ATP
to ADP. This device comprises a system for producing ATP
which includes a support and one or more enzymes coupled
to that support which are capable of collectively producing
ATP from glucose or fructose metabolism. The device
additionally includes components associated with this sys-
tem and capable of converting ATP to ADP and carrying out
the reaction.

The present invention also relates to a method for carrying
out a reaction involving the conversion of ATP to ADP. This
method involves providing a system for producing ATP from
glucose or fructose metabolism. The system includes sup-
port and one or more enzymes coupled to the support that are
capable of collectively producing ATP from glucose or
fructose metabolism. The system is contacted with glucose
or fructose under conditions effective to produce ATP from
glucose or fructose metabolism. The ATP is converted to
ADP, and the reaction is carried out.
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A further embodiment of the present invention also relates
to a method for producing ATP. This involves providing a
system for producing ATP from glucose or fructose metabo-
lism. The device includes a support and one or more
enzymes coupled to the support that are capable of collec-
tively producing ATP from glucose or fructose metabolism.
The system is contacted with glucose or fructose under
conditions effective to produce ATP from the glucose or
fructose metabolism.

The present invention involves an improved mechanism
to produce ATP for in vivo medical applications. This
constitutes a significant advance in sequentially tethering
enzymes in a pathway to a solid support and having those
enzymes consecutively carry out their functions. This con-
stitutes a new approach for generating ATP from glucose or
fructose present in serum in vivo.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic diagram of the design of a
potential medical nanodevice. In this image, the support is
encapsulated within a liposome, glucose enters through
glucose transporters (GLUT), and a tethered glycolytic
pathway processes the glucose into ATP which could either
1) catalyze a needed enzymatic reaction that is co-tethered
to the support, or 2) power a membrane “pump” such as an
ABC transporter, which would release cargo such as che-
motherapy drugs or antibiotics contained within the lipo-
some. “Waste” in the form of pyruvate would be converted
to lactate by adding one additional enzyme (LDH), and
would then be removed through another transporter (MCT).
Adding this capability would allow replenishment of a
needed intermediate for glycolysis to continue to function.
Priming amounts of ATP, and ADP, inorganic phosphate, and
nicotinamide adenine dinucleotide (NAD™) would also be
co-encapsulated in the device to support the needed reac-
tions.

FIG. 2 shows the use of chip sub-assemblies instead of
having all 10 (or 11, if LDH is included) enzymes on a single
chip.

FIG. 3 shows the location of the enzymes within the
complete glycolytic pathway where glucose or fructose is
metabolized. The conversion of pyruvate to lactate via
lactate dehydrogenase is shown as an additional step,
because of its potential practical significance as discussed
herein.

FIG. 4 shows ATP produced by means of the present
invention used for the production of engineered molecular
products (e.g. specific forms of proteins, nanoparticles, or
more complex “molecular machines”—groups of proteins
that can function together). This could be either large scale
or small scale.

FIG. 5 shows one way of removing the ATP-generating
nanodevices from the application shown in the previous
slide. If the devices were magnetic, they could potentially be
separated with the application of a magnet.

FIG. 6 shows the technology of the present invention that
could potentially be linked with the “Bio-Cell” or other
technologies that use ATP to produce electricity, whether a
single device or multiple sub-assemblies. Applications
might include generating electricity in a body to power a
pump, pacemaker, defibrillator, or other device requiring
electricity. Alternatively, the power can be used to recharge
a battery for such devices.

FIGS. 7A-C show the design of recombinant proteins and
verification of purified His-HK and His-GPI. In FIG. 7A,
hexahistidine tags were introduced to the N-termini of HK
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and GPI. The known germ cell-specific targeting domain of
HK1-sc was directly replaced by the His-tag. SDS-PAGE
and immunoblot analysis of His-HK (FIG. 7B) and His-GPI
(FIG. 7C) were performed as a quality control of the
purification process and to verify the identity of the prod-
ucts. Cooniassie brilliant blue (CBB) staining was per-
formed to visualize the total proteins that were present at the
end of purification. An antibody against the His tag (His)
indicated the apparent molecular weights of proteins con-
taining the tag, and antibodies against HK (HK) and GPI
(GPI) were used to confirm the identity of the enzymes.

FIGS. 8A-B show the activities of bound His-HK and
His-GPI when tethered individually. The recombinant pro-
teins were tethered to gold chips with Ni-NTA surfaces and
washed well to remove any loosely bound or unbound
proteins. Coupled enzymatic reactions were used to deter-
mine the activities of the proteins bound to the supports,
with a change in absorbance at 340 nm measured spectro-
photometrically, as described. Activities represent means
from n=9 samples, with 3 samples from each of 3 protein
preparations. Bars indicate the standard deviations.

FIGS. 9A-B show that the use of the amino terminal
His-tag/Ni-NTA attachment chemistry improved binding
and the specific activity of the GPI relative to GPI randomly
adsorbed to the surface. The His-tag was cleaved from
His-GPI by means of an enterokinase site provided by the
expression vector. In FIG. 9A, approximately twice as much
His-GPI binds to a Ni-NTA support in comparison with
control GPI lacking the His-tag (p=1.012, paired student T
test; n=9 samples, with 3 samples from each of 3 protein
preparations. Bars indicate the standard deviations). FIG. 9B
shows normalizing for the amount of protein bound allowed
a quantification of the specific activities of the adsorbed
proteins. The specific activity of the His-GPI was approxi-
mately 9 times greater than that of the randomly absorbed
GPI, although the enzyme activities in solution were rela-
tively equal (p=0.006, paired student T test; n=9 samples,
with 3 samples from each of 3 protein preparations. Bars
indicate the standard deviations).

FIG. 10 shows His-HK and His-GPI were tethered
together, allowing glucose to be catalyzed sequentially to
glucose-6-phosphate and then to fructose-6-phosphate.
Completion of the reaction was detected by the coupled
reaction pathway as described. “HK-GPI” denotes supports
incubated with 0.5 nM His-HK and 0.5 nM His-GPI. Read-
ings for supports incubated with His-HK alone (HK) or
His-GPI alone (GPI) were taken with protein solutions at 1
nM concentration. A blank was performed with the Ni-NTA
surface incubated in MOPS buffer (buffer). This figure
shows a representative result from one set of protein prepa-
rations, with triplicate samples (Bars denote standard devia-
tions). Because binding might be predicted to differ slightly
for each protein for each set of preparations, it would not be
valid to pool the data for the experiments; however, the
experiment was performed with three separate sets of prepa-
rations with very similar results each time.

DETAILED DESCRIPTION OF THE
INVENTION

One aspect of the present invention relates to a system for
producing ATP. This system includes a support and one or
more enzymes coupled to that support which are capable of
collectively producing ATP from glucose or fructose
metabolism.

Another aspect of the present invention relates to a device
for carrying out a reaction involving the conversion of ATP
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to adenosine diphosphate (“ADP”). This device comprises a
system for producing ATP which includes a support and one
or more enzymes coupled to that support which are capable
of collectively producing ATP from glucose or fructose
metabolism. The device additionally includes components
associated with this system and capable of converting ATP
to ADP and carrying out the reaction.

FIG. 1 provides a schematic drawing of a device in
accordance with the present invention with an encapsulated
support where glucose enters through glucose transporters
(“GLUT”). A tethered glycolytic pathway, comprising a
plurality of enzymes, processes the glucose into pyruvate,
yielding ATP (2 net molecules of ATP are derived from each
molecule of glucose). A schematic representation of this
pathway is shown in FIG. 3. In this pathway, glucose is
converted to glucose 6-P by hexokinase, and glucose 6-P is
transformed with glucose 6-isomerase to fructose 6-P.
6-phosphofructokinase converts fructose 6-P to fructose
1,6-bisP. Aldolase transforms fructose 1,6-bisP to GAP and
DHAP. GAP is transformed to 1,3-bisPG with glyceralde-
hyde-3-P dehydrogenase. The product of that reaction is
converted to 3-PG with phosphoglycerate kinase. 3-PG is
converted to 2-PG with phosphoglycerate mutase. Enolase
transforms 2-PG to phosphoenolpyruvate. Pyruvate kinase

converts phosphoenolpyruvate to pyruvate. In some
instances, pyruvate is converted to lactate with lactate dehy-
drogenase.

The enzymes or proteins involved in glycolysis may be
linked to one or more support. In that instance, each set of
tethered enzymes carries out their sequential step in the
production of ATP, then the product of that reaction fuels the
next part of the reaction carried out by another enzyme
tethered to the same or a different support. The latter
embodiment is shown in FIG. 2 which demonstrates that the
enzymes of glycolysis may be divided and tethered to
separate supports while still carrying out the entire glyco-
lytic pathway. This is advantageous, because each enzyme to
be tethered may be coupled to the surface with different
attachment chemistries to facilitate their precise patterning.
By having fewer enzymes attached to a particular surface,
the demand for different attachment chemistries to couple
different enzymes will be reduced. This is because different
enzymes can be coupled to different surfaces with the same
attachment chemistry.

The ATP produced in the device of FIG. 1 could either 1)
catalyze a needed enzymatic reaction where the requisite
enzyme is co-tethered to the support or 2) power a mem-
brane “pump.” In carrying out the former application, sub-
strate x enters the device where it comes into contact with an
enzyme coupled to the solid support where that enzyme
converts substrate x to product y. Product y is then exported
from the device. In powering a membrane pump, ATP drives
the ATP binding cassette (“ABC”) transporter or the multi-
drug transporter (“MDR”), causing the release of cargo (e.g.,
chemotherapy drugs or antibiotics) contained within the
liposome. Waste in the form of pyruvate is converted to
lactate by the enzyme lactate dehydrogenase. To remove the
lactate, monocarboxylate transporters (“MCT”) are posi-
tioned in the encapsulating agent. This allows the reactions
to proceed without inhibition by end products or a change in
pH. A solute carrier family 2 transporter or glucose trans-
porter (“GLUT”) can be positioned in the encapsulating
agent to convey glucose or fructose to the enzymes coupled
to the support. The encapsulating agent may also include an
inlet for a substrate and an outlet for a reaction product. The
inlets and outlets are, for example, channels, transporters,
and/or pores.
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In one embodiment of the present invention, hexokinase,
glucose 6-phosphate isomerase, 6-phosphofructokinase,
aldolase, triose-phosphate-isomerase, glyceraldehyde-3-
phosphate-dehydrogenase, phosphoglycerate kinase, phos-
phoglycerate mutase, enolase, and pyruvate kinase are
attached to solid support.

The enzymes can be arranged serially on the support in
positions selected to serially carry out the production of ATP
from glucose or fructose metabolism. In addition, lactate
dehydrogenase may be coupled to the support in a position
to carry out the conversion of pyruvate to lactate. In this
way, NAD" may be replenished to perform subsequent
glycolysis reactions.

Although many different potential attachment chemistries
exist, one coupling mechanism replaces the targeting or
scaffolding domains of glycolytic enzymes with an enzyme
that binds a linking agent coupled to the nano-particle
support. One coupling mechanism replaces the targeting or
scaffolding domains of glycolytic enzymes with a polyhis-
tidine-tag (“His-tag”). Yet another coupling mechanism
replaces the targeting domains of glycolytic enzymes with a
glutathione S-transferase (“GST fusion tag”) fusion tag. The
His-tag and GST fusion tag allow the recombinant proteins
to bind to a linking agent that is affixed to a solid surface.

Suitable linking agents include, but are not limited to,
nickel nitrilotriacetate or glutathione.

Optionally, the supports are first coated. Suitable coatings
include, but are not limited to, polyethylene glycol or gold.

Suitable encapsulating agents for the device of the present
invention include, but are not limited to, liposomes, silastic
implants, and Teflon implants. The use of encapsulating
agents is well known in the field.

Another embodiment of the device may also include an
enzyme positioned on or coupled to the support to phos-
phorylate a substrate.

In yet another embodiment of the invention, the compo-
nents associated with the system carry out a biological or
biochemical reaction.

The present invention also relates to a method for carrying
out a reaction involving the conversion of ATP to ADP. This
method involves providing a system for producing ATP from
glucose or fructose metabolism. The system includes a
support and one or more enzymes coupled to the support that
are capable of collectively producing ATP from glucose or
fructose metabolism. The system is contacted with glucose
or fructose under conditions effective to produce ATP from
glucose or fructose metabolism. The ATP is converted to
ADP and the reaction is carried out.

In carrying out this method, the system can be substan-
tially the same as that described above.

The method of the present invention can also include a
step of priming the system with an agent such as ATP,
NAD-+, or Pi. This is generally shown by FIG. 4 where the
repeated additions of glucose and substrates is additionally
depicted. By priming the device with intermediates, starting
materials, and/or cofactors for the system to use during
glycolysis, ATP is produced continuously and able to drive
the reaction forward indefinitely (up to the lifespan of the
proteins on the device). The amount of glycolytic ATP
production also could control the rate of reaction (as
opposed to ATP in the encapsulating agent which would
allow the enzyme run at its full kinetic speed). Thus, a
carefully designed device pumps out a given amount of its
product at a defined rate through a component in the
encapsulating agent’s membrane so long as blood glucose is
kept within a specific range. The production of the ATP may
also be linked to the uptake of glucose so that the device



US 11,753,666 B2

7

would not perform its function until glucose enters the
device. This provides an additional level of control if the
device is encapsulated in a second outer layer of protective
membrane or matrix, that would degrade over a given period
of time and then allow glucose to activate the device. In this
way, one could easily create a variety of sub-sets of devices
engineered for a delayed release of their contents, and the
mixture of sub-types would determine the rate and duration
of release.

In yet another embodiment of the present invention, the
ATP produced by the nano-particle system is used to fuel a
bio-cell (See FIG. 6) or other technology to produce elec-
tricity.

In one embodiment, ATP is used to carry out a reaction,
such as the conversion of ATP to ADP, whereby hydrogen is
produced. This hydrogen then moves across a membrane to
produce electricity. The hydrogen may also be used with the
components of an encapsulating agent to facilitate intercel-
lular transport.

A further embodiment of the present invention also relates
to a method for producing ATP. This involves providing a
system for producing ATP from glucose or fructose metabo-
lism. The device includes a support and one or more
enzymes coupled to the support that are capable of collec-
tively producing ATP from glucose or fructose metabolism.
The system is contacted with glucose or fructose under
conditions effective to produce ATP from glucose or fructose
metabolism.

As shown generally in FIG. 5, in yet another embodiment
of the present invention, the ATP generating system of the
present invention may power other secondary nano-particle
supports or subassemblies that are coupled to one or more
enzymes or proteins that may or may not function together.
These secondary subassemblies can include a specific form
of enzyme or protein, a nano-particle, and/or a more com-
plex molecular machine in which the enzymes or proteins
coupled to the support or supports act in concert, as shown
in FIG. 5.

For example, groups of enzymes may be coupled together
on a separate support from the system of the present inven-
tion, which requires ATP to function or carry out a reaction.
This secondary structure may also carry a single enzyme or
protein that is functionalized upon contact with ATP or a
substrate. The secondary structures may also act together by
releasing products of enzymatic reactions and thus trigger-
ing a reaction or event on another secondary subassembly.
Moreover, the ATP produced by the device of the present
invention can fuel a more complicated molecular factory,
whereby a substrate is converted to an engineered molecular
product through a series or cascade of reactions within the
molecular factory.

In this embodiment, unwanted subassemblies or supports
can be removed by the application of a magnet to the device.
In one embodiment, when a magnet is applied to this device,
it may be possible to purify the product of other secondary
assemblies or structures as shown in FIG. 5. More specifi-
cally, the magnetized nanoparticles can be functionalized so
that the desired substrate or product of reactions can be
separated from the magnetized structures. This is well
known in the field (Barry et al., “Applications of Magnetic
Nanoparticles in Biomedicine,” J. Phys. D: Appl. Phys.
36:R198-R206 (2003), which is hereby incorporated by
reference in its entirety).
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8
EXAMPLES

The following examples are provided to illustrate embodi-
ments of the present invention but are by no means intended
to limit its scope.

Example 1—Generation of Recombinant
Hexokinase and Glucose-6-Phosphate Isomerase

All reagents were purchased from Sigma (St. Louis, Mo.),
unless otherwise indicated. Full-length HK1-sc and somatic
GPI were cloned from mouse testis by RT-PCR using the
following primers,
5'-ATGGGACAGAACTGCCAGCGAGGAC-3' (SEQ ID
NO:1)(forward, HK1-sc),
5-TTAGGCGTTCGTAGGGTCTCCTCTGAGCC-3' (SEQ
ID NO:2) (reverse, HKIl-sc), 5-ATGGCTGCGCT-
CACCCGGAACC-3' (SEQ ID NO:3) (forward, GPI), and
5-TTATTCTAGTTTGGTGTCCCGCTGTTGC-3' (SEQ ID
NO:4) (reverse, GPI). The germ cell-specific targeting
domain of HKl-se was removed by nested PCR using
another forward primer, 5'-GAAAAGATTGA-
TAAGTATCTGTATGCCATGCGGC-3' (SEQ ID NO:5).
HK and GPI cDNA were cloned into the expression vector
pcDNA4/HisMax TOPO TA (Invitrogen), which added a 6
histidine repeat on the amino terminus, followed by an
enterokinase cleavage site and then the glycolytic enzyme’s
sequence. Constructs were validated by sequencing and then
were transfected into HEK293-F-FreeStyle cells (Invitro-
gen, Carlsbad, Calif.), using the 293Fectin™ transfection
reagent (Invitrogen). The protein was purified from cell
lysates 48 h later using a Ni-NTA purification system
(Invitrogen). The purified proteins were dialyzed with 1 L of
50 mM MOPS, 3 times, and then concentrated using Amicon
filtration centritubes (Millipore, Billerica, Mass.). Protein
concentrations were determined with the Micro-BCA assay
(Pierce, Rockford, Ill.), and purity of the samples was
analyzed by SDS-PAGE and immunoblotting. The primary
antibodies used were as follows: mouse anti-His tag (1:5000
dilution, Invitrogen), mouse anti-typel hexokinase (1:1000
dilution, Chemicon, Temecula, Calif.), and rabbit anti-GPI
(1:500 dilution, Santa Cruz Biotechnology, Santa Cruz,
Calif.). The secondary antibodies used were ECL anti-mouse
IgG and ECL anti-rabbit IgG, both conjugated with horse-
radish peroxidase (Amersham, GE Healthcare, Piscataway,
N.J).

Example 2—Generation of Recombinant HK1 and
GPI

The cDNA of a germ cell-specific isoform of HK1 (HK1-
sc), and GPI were obtained by RT-PCR from mouse testis
RNA, and the germ cell-specific targeting domain of HK
(Travis A J, et. al, J. Biol. Chem. 274, 34467-34475 (1990),
which is hereby incorporated by reference in its entirety)
(describing murine and human GCS domains as including
the amino acid sequences of MGQNCQRGQAVDVEP-
KIRPPLTEE (SEQ ID NO: 6, murine) and MGQICQRE-
SATAAEKPKLHLLAES (SEQ ID NO: 7, human)) was
removed by nested PCR. The constructs were inserted into
a vector that places a hexahistidine tag at the amino termi-
nus, thus replacing the HK1-sc germ cell-specific targeting
domain. His-HK and His-GPI were expressed in a mamma-
lian expression system and then purified using a Ni-NTA
system. The products were separated using SDS-PAGE and
their purity and identity were respectively checked through
the use of Coomassie staining and immunoblotting with
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antibodies against the proteins and against the His-tag. Both
recombinant enzymes were found to be highly pure (80-
90%, with only slight variations between sample prepara-
tions), immunoreactive with the appropriate antibodies, and
to migrate at the expected molecular weights (FIG. 7).

Example 3—Quantification of His-HK and His-GPI
Enzyme Activities

The activity of recombinant proteins individually in solu-
tion was examined by means of a coupled reaction pathway,
ultimately measuring the reduction of NADP* by a change
in absorbance at 340 nm. For both reactions, exogenous
glucose-6-phosphate dehydrogenase (G6PDH) was added,
as described above. It was confirmed that the changes in
absorbance specifically measured the target enzyme activi-
ties by running control reactions in the absence of exog-
enous G6PDH or substrate, and comparing the values from
the experimental proteins versus commercially available
purified HK1 and GPIL.

His-HK demonstrated activity without the germ cell tar-
geting region, with a 'V, equal to 11.67 U/mg, and a K,
equal to 0.274 mM (glucose) (Table 1).

TABLE 1

Vinax K.,
His-HK 11.67 £ 5.82 0.274 % 0.12
His-GPI 48.89 + 8.89 0.226 + 0.086

This result was very similar to the values obtained for a
commercial HK enzyme in solution (V,,,=12.33 U/mg.
K,,=0.245 mM glucose). These results demonstrated that the
recombinant HK remained functional with the germ cell-
specific domain replaced by the hexahistidine-tag. The
activity of the His-HK, when adsorbed to a gold wafer with
a Ni-NTA surface (FIG. 8A), was next tested. The recom-
binant showed activity on the surface, with negative controls
being the recombinant on the chip in the absence of the
exogenous reaction components, and also a blank Ni-NTA
chip in the presence of the reaction components. To identify
the value of co-opting the germ cell-specific targeting
domain, several attempts to generate a recombinant HK
lacking either the native targeting domain or the His-tag (by
means of the enterokinase site provided by the vector) were
made. These proteins were highly labile, and their degrada-
tion prevented interpretable comparative data from being
obtained.

A similar approach was used with His-GPI, which had a
V... €qual to 48.89 U/mg, and a K,, equal to 0.226 mM
(fructose 6-phosphate) when tested in solution (Table 1).
Unlike the HK, it was possible to utilize enterokinase
(Novagen, EMD/Merck, Madison, Wis.) to remove the
His-tag. Enterokinase resin and Ni-NTA agarose were used
to remove the residual enterokinase and the protein from the
cleaved His-tag. It was then confirmed that there was no
His-GPI remaining by means of SDS-PAGE and immuno-
blotting using an antibody against the His tag. After the
cleavage, the kinetic activity of the GPI protein was checked
with similar results. The GPI construct without the His-tag
had a Vmax equal to 51.28 U/mg, and a Km equal to 0.308
mM (fructose 6-phosphate). As with the HK, these values
were very similar to those obtained for the commercial
enzyme (V, 54.054 U/mg, K,: 0476 mM fructose

max* m
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6-phosphate). Both experimental and control GPI recombi-
nant proteins were stable for more than 2 months when
stored at 4° C.

The activity of the His-GPI (FIG. 8B) when tethered to
the Ni-NTA gold chips was next tested. The recombinant
showed activity when adsorbed to the surface, showing that
the recombinant was functional even when tethered. The
adsorption and specific activities on the chips were signifi-
cantly different between His-GPI and the control GPI, which
had the His-tag removed with enterokinase (FIG. 9). Thus,
the amino-terminal attachment provided not only a higher
amount bound to the chip, but also significantly higher
activity for each unit of protein bound.

Example 4—Preparation of Ni-NTA Surface and
Protein Immobilization

To determine the amount of protein bound to a chip, the
concentration of the solution was quantified before and after
adsorption. Ellipsometry was utilized to corroborate this
finding by determining the relative thickness of the protein
layer adsorbed to the surface.

Example 5—Spectrophotometric Analysis of
His-HK and His-GPI Activity

HK and GPI activity were measured by means of coupled
enzyme reaction pathways that led to the reduction of
NADP™ to NADPH. The rate of this reduction was measured
as a change in absorbance at 340 nm using a spectropho-
tometer (SAFIRE microplate reader, Tecan, Medford,
Mass.). The coupled reactions for HK were as follows:
glucose+ATP - glucose-6-phosphate+ADP and glucose-6-
phosphate+NADP" - NADPH+6-phospho-glucono-&-lac-
tone, with the first reaction catalyzed by His-HK, and the
second catalyzed by exogenous glucose 6-phosphate dehy-
drogenase (G6PDH). The coupled reactions for GPI were as
follows: fructose-6-phosphate-glucose-6-phosphate and glu-
cose-6-phosphate+NADP™ - NADPH+6-phospho-glucono-
d-lactone, with the first reaction catalyzed by His-GPI, and
the second catalyzed by exogenous GOPDH. Fresh stocks of
NADP" and ATP were prepared immediately prior to each
trial. The base reaction mixture contained 1 mM NADP™*, 10
mM MgCl,, and 3 U/ml G6PDH in 50 mM MOPS buffer
(pH 7.4). To quantify HK activity, 1 mM ATP and 5 mM
glucose were added. To quantify GPI activity, 5 mM fructose
6-phosphate was added. Measurements of activity were
determined from slopes taken from within the linear range.
The K,, and V,,,. for each enzyme were calculated by
quantifying the enzymatic activities at various concentra-
tions of their respective substrates and fitting the data to
hyperbolic functions. One unit of enzyme activity was
defined as the amount of enzyme that catalyzed the forma-
tion of 1 umol of NADPH per min.

Example 6—Tethering of Enzymes to Inorganic
Supports and Quantification of Activity while
Bound

The proteins were adsorbed by placing 60 pl of 50 mM
MOPS (pH 7.4) containing known amounts of protein, at
room temperature in the dark on a single gold Ni-NTA
surface (1x1 cm square). After 15 min, 50 pl of the solution
was removed by pipetting, and 90 pl of the MOPS buffer was
gently added to the surface. This volume was then collected
and combined with the 50 ul that had been removed for the
purpose of quantifying the amount of protein that did not
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bind. Two more washes with 90 pl volumes of the MOPS
buffer were performed, and these were also collected indi-
vidually for quantification of protein that was removed. The
concentrations of protein in these three volumes were deter-
mined using the Micro-BCA protein assay and the amount of
the protein left on the chip was calculated by subtraction. It
should be noted that the amounts of protein removed by the
second and third washes were consistently below the levels
of detection. To ensure that all unbound or loosely bound
protein was removed, the surface was then gently washed
with 5 ml of MOPS buffer 3 times. Thus, it should be noted
that for the purposes of quantification of specific activity, the
amounts of protein bound were equal to or less than the
amounts quantified, giving a conservative error.

The enzyme reactions themselves were carried out in a
well with the chip in a 1 ml volume of reaction mixture. The
change in absorbance at 340 nm at various time points was
measured by removing 300 ul of reaction mixture and
transferring that to another well within the plate. Readings
were obtained using a spectrophotometer as above. One unit
of enzyme activity was defined as the amount of enzyme that
catalyzed the formation of 1 pmol of NADPH per min. All
assays were performed at least 3 times, each with at least
triplicate sets of chips. Negative controls included the Ni-
NTA surface alone and the surface with adsorbed protein,
but missing the exogenous substrate. Comparative measure-
ments were obtained using chips adsorbed with the His-
tagged recombinants versus recombinants made without the
His tag, or versus recombinants that had the His tag removed
by enterokinase cleavage.

To determine whether His-HK and His-GPI could act in
series, the proteins were immobilized by placing 60 pl of
mixed protein solution (0.5 nM His-HK, 0.5 nM His-GPI in
50 mM MOPS buffer, pH 7.4) at room temperature in the
dark on a single gold Ni-NTA surface (1x1 cm square). After
1 h, the surface was gently washed with 5 ml of MOPS
buffer 3 times. The assay of the sequential reaction of
HK-GPI was performed at room temperature by measuring
the oxidation of NADH at 340 nm as a result of exogenous
glycerol 3-phosphate dehydrogenase. The reaction was car-
ried out in a similar fashion as those for HK and GPI
individually, with the reaction mixture containing 50 mM
MOPS, 5 mM glucose, 1 mM ATP, 0.5 mM NADH, 2 mM
MgCl,, 0.5 U/ml phosphofructokinase, 0.5 U/ml aldolase, 7
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U/ml triose phosphate isomerase, and 2 U/ml glycerol
3-phosphate dehydrogenase at pH 7.4. Fresh stocks of
NADH and ATP were prepared immediately prior to each
trial. One unit of coupled reaction activity was defined as the
amount of enzyme that catalyzed the formation of 1 umol of
NAD™ per min. All assays were performed at least 3 times,
each with at least triplicate sets of chips. Negative controls
included the Ni-NTA surface alone, the surface with both
adsorbed proteins but missing the exogenous substrate, or
His-HK and the pathway reagents, or His-GPI and the
pathway reagents. Comparative measurements were
obtained using chips adsorbed with the His-tagged recom-
binants versus recombinants that had the His tag removed by
enterokinase cleavage.

Example 7—His-HK and His-GPI Reactions in
Series on a Single Device

The recombinant His-HK and His-GPI were next mixed
in several different molar ratios and attached them to a single
Ni-NTA coated surface. These two enzymes are the first two
steps of glycolysis. After thorough rinsing, sequential enzy-
matic activities of the tethered recombinant proteins was
tested, and it was found that the two enzymes did in fact act
in series, metabolizing glucose into fructose 6-phosphate
(FIG. 10). Controls included adsorbing His-HK alone with
the complete reagents for the coupled reaction pathway, and
His-GPI alone with the complete reagents for the coupled
reaction pathway, and with the buffer alone. All controls
gave equivalent baseline readings (FIG. 10), confirming that
the change in absorbance resulted from the activity of the
tethered enzymes. Only the two enzymes together showed
activity under the coupled reaction pathway that was
employed. This demonstrated that the reaction buffer and its
individual components were not contaminated with either of
the enzymes, nor other chemicals that would cause a change
in absorbance in the presence of either enzyme.

Although preferred embodiments have been depicted and
described in detail herein, it will be apparent to those skilled
in the relevant art that various modifications, additions,
substitutions, and the like can be made without departing
from the spirit of the invention and these are therefore
considered to be within the scope of the invention as defined
in the claims which follow.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 7
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1

LENGTH: 25

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: Forward primer for HKl-sc

<400> SEQUENCE: 1

atgggacaga actgccagcg aggac

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 2

LENGTH: 29

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: Reverse primer for HKl-sc

<400> SEQUENCE: 2

25
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14

—continued

ttaggcgttc gtagggtctc ctctgagec

<210> SEQ ID NO 3

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Forward primer for GPI

<400> SEQUENCE: 3

atggctgcge tcacccggaa cc

<210> SEQ ID NO 4

<211> LENGTH: 28

<212> TYPE: DNA

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Reverse primer for GPI

<400> SEQUENCE: 4

ttattctagt ttggtgtccc gctgttge

<210> SEQ ID NO 5

<211> LENGTH: 34

<212> TYPE: DNA

<213> ORGANISM: Artificial

<220> FEATURE:

29

22

28

<223> OTHER INFORMATION: Forward primer for removal of HKl-sc

<400> SEQUENCE: 5

gaaaagattg ataagtatct gtatgccatg cggc

<210> SEQ ID NO 6

<211> LENGTH: 24

<212> TYPE: PRT

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 6

34

Met Gly Gln Asn Cys Gln Arg Gly Gln Ala Val Asp Val Glu Pro Lys

1 5 10

Ile Arg Pro Pro Leu Thr Glu Glu
20

<210> SEQ ID NO 7

<211> LENGTH: 24

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 7

15

Met Gly Gln Ile Cys Gln Arg Glu Ser Ala Thr Ala Ala Glu Lys Pro

1 5 10

Lys Leu His Leu Leu Ala Glu Ser
20

15

What is claimed:
1. A method for producing adenosine triphosphate, said
method comprising:
providing a system for production of adenosine triphos-
phate, said system comprising:
a support comprising a linking agent that binds a
targeting domain and
one or more enzymes positioned in the system to
collectively produce adenosine triphosphate from
glucose or fructose metabolism, wherein a germ

60

cell-specific targeting/scaffolding domain of at least
one of said one or more enzymes has been replaced
with a targeting domain that specifically binds to the
linking agent of the support to couple the at least one
of said or more enzymes to the support; and

contacting the system with glucose or fructose under
conditions effective to produce adenosine triphosphate.

2. The method of claim 1 further comprising:
conveying glucose to the system.
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3. The method of claim 1 further comprising:

conveying pyruvate and/or lactate from the system.

4. The method of claim 1, wherein said one or more
enzymes comprise hexokinase, glucose 6-phosphate
isomerase, 6-phosphofructokinase, aldolase, triose-phos-
phate-isomerase, glyceraldehyde-3-phosphate-dehydroge-
nase, phosphoglycerate kinase, phosphoglycerate mutase,
enolase, and pyruvate kinase.

5. The method of claim 1 further comprising:

converting pyruvate to lactate with a lactate dehydroge-

nase coupled to the support.

6. The method of claim 1, wherein the targeting/scaffold-
ing domain of the at least one enzyme of said one or more
enzymes is replaced with a histidine tag and the support is
provided with a linking agent which binds to the histidine
tag or the targeting/scaffolding domain of the at least one
enzyme of said one or more enzymes is replaced with a GST
fusion tag and the support is provided with a linking agent
which binds to the GST fusion tag.

7. The method of claim 6, wherein the linking agent is
nickel nitrilotriacetate or glutathione.

8. The method of claim 1, wherein the support is coated
with polyethylene glycol or gold.

9. The method of claim 1, wherein the system is initially
primed with NAD™, ADP, and/or ATP.

10. The method of claim 1, wherein the at least one of said
one or more enzymes is pyruvate kinase.

11. The method of claim 1, wherein the at least one of said
one or more enzymes is hexokinase.

12. The method of claim 1, wherein the at least one of said
one or more enzymes is hexokinase and the targeting/
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scaffolding domain comprises the amino acid sequence of
GQNCQRGQAVDVEPKIRPPLTEE (SEQ ID NO: 6) or
MGQICQRESATAAEKPKLHLLAES (SEQ ID NO: 7).

13. The method of claim 1, wherein the at least one of said
one or more enzymes is glyceraldehyde 3-phosphate dehy-
drogenase.

14. The method of claim 1, wherein the at least one of said
one or more enzymes is aldolase.

15. The method of claim 1, wherein said support and said
one or more enzymes are encapsulated in an encapsulating
agent.

16. The method of claim 15, wherein the encapsulating
agent is selected from the group consisting of a liposome and
silastic implant.

17. The method of claim 15, wherein the encapsulating
agent comprises a silastic material.

18. The method of claim 15, wherein said support and said
one or more enzymes are encapsulated in a single chamber
defined by the encapsulating agent.

19. The method of claim 1, wherein the system is con-
tained within a device.

20. The method of claim 19 further comprising:

releasing an agent from the device as a result of the

adenosine triphosphate interacting with a member of an
adenosine triphosphate binding cassette family of
transporters.

21. The method of claim 1 further comprising:

conveying fructose to the system.
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