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ENZYMATIC CIRCUITS FOR MOLECULAR SENSORS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to and the benefit of U.S. Provisional Patent
Application Serial No. 62/489,881 filed April 25, 2017 and entitled “Enzymatic Circuits for
Molecular Sensors,” the disclosure of which 1s incorporated herein by reference in 1ts

entirety.

FIELD
The present disclosure 1s generally directed to molecular sensors and more
particularly to molecular sensors in which an enzyme closes the circuit between two

electrodes.

BACKGROUND

The broad field of molecular electronics was introduced in the 1970°s by Aviram and
Ratner. Molecular electronics achieves the ultimate scaling down of electrical circuits by
using single molecules as circuit components. Molecular circuits comprising single molecule
components can function diversely as switches, rectifiers, actuators and sensors, depending
on the nature of the molecule. Of particular interest 1s the application of such circuits as
sensors, where molecular interactions provide a basis for single molecule sensing. In
particular, informative current changes could include an increase, or decrease, a pulse, or
other time variation in the current.

Notwithstanding the achievements 1n the field of molecular electronics, new
molecular circuits that can function as molecular sensors are still needed. In particular, the
need still exists for improved single molecule systems that can yield molecular information
with greater signal-to-noise ratios such that signals truly indicative of molecular interactions

are distinguishable from non-informative noise.

SUMMARY
In various embodiments, single molecule enzyme-based circuits are disclosed wherein
a single enzyme molecule 1s directly connected to a positive and negative electrode to form

the circuit. These circuits are capable of yielding highly informative signals of enzyme
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activity. These improved signals have greater signal-to-noise levels such that the signals are
more distinguishable from noise, and these improved signals include features that carry
detailed information about the engagement between enzyme and the target substrate.

In various embodiments, a molecular sensor comprises an enzyme-based molecular
circuit (conductive pathway) such as described herein. Such a sensor having a polymerase
enzyme 1S usable to sense sequence information from a DNA template processed by the
polymerase.

In various embodiments of the present disclosure, a molecular circuit 1s disclosed. The
circuit comprises: a positive electrode; a negative electrode spaced apart from the positive
electrode; and an enzyme connected to both the positive and negative electrodes to form a
conductive pathway between the positive and negative electrodes.

In various aspects, the enzyme of the circuit may comprise a first wiring point
connected to the positive electrode and a second wiring point connected to the negative
electrode.

In various aspects, the circuit may further comprise at least one arm molecule having
first and second ends, the first end bonded to the enzyme and the second end bonded to at
least one of the electrodes, wherein the at least one arm molecule acts as an electrical wire
between the enzyme and at least one of the electrodes.

In various aspects, the at least one arm molecule may be selected from the group
consisting of a double stranded oligonucleotide, a peptide nucleic acid duplex, a peptide
nucleic acid-DNA hybrid duplex, a protein alpha-helix, a graphene-like nanoribbon, a natural
polymer, a synthetic polymer, and an antibody Fab domain.

In various aspects, at least one of the electrodes 1s connected to an internal structural
element of the enzyme.

In various aspects, the internal structural element may be selected from the group
consisting of an alpha-helix, a beta-sheet, and a multiple of such elements in series.

In various aspects, at least one of the electrodes may be connected to the enzyme at a
location of the enzyme capable of undergoing a conformational change.

In various aspects, at least one arm molecule may comprise a molecule having
tension, twist or torsion dependent conductivity.

In various aspects, the enzyme may comprise a polymerase.

In various aspects, the polymerase comprises £. coli Pol I Klenow Fragment.

In various aspects, the polymerase comprises a reverse transcriptase.
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In various aspects, the polymerase comprises a genetically modified reverse
transcriptase.

In various aspects, a molecular sensor comprises a circuit further comprising a
positive electrode; a negative electrode spaced apart from the positive electrode; and a
polymerase enzyme comprising . coli Pol I Klenow Fragment connected to both the positive
and negative electrodes to form a conductive pathway between the positive and negative
electrodes, wherein the positive electrode and the negative electrode each connect to the
polymerase at connection points within the major alpha-helix of the polymerase extending
between amino acids at position 514 and 547.

In various aspects, a molecular sensor comprises a circuit further comprising a
positive electrode; a negative electrode spaced apart from the positive electrode; and a
polymerase enzyme connected to both the positive and negative electrodes to form a
conductive pathway between the positive and negative electrodes, wherein the sensor 1s
usable to sense sequence information from a DNA template processed by the polymerase.

In various aspects, a molecular sensor comprises a circuit further comprising a
positive electrode; a negative electrode spaced apart from the positive electrode; and a
polymerase enzyme connected to both the positive and negative electrodes to form a
conductive pathway between the positive and negative electrodes, wherein the positive
electrode and the negative electrode each connect to the polymerase at connection points on
the thumb and finger domains of the polymerase, and wherein such points undergo relative
motion 1n excess of 1 nanometer as the polymerase processes a DNA template.

In various aspects, the polymerase in this sensor 1s engineered to have extended
domains which produce a greater range of relative motion as the polymerase processes a
DNA template.

In various aspects, the polymerase 1n this sensor 1s engineered to have additional
charge groups that varnably influence the internal conduction path as the enzyme processes a
DNA template.

In various aspects, the polymerase in this circuit 1s a genetically modified form of £.
coli. Pol 1, Bst, Taq, Phi29, or T7 DNA polymerases, or a genetically modified reverse
transcriptase.

In various aspects, a molecular circuit comprises: a positive electrode; a negative
electrode spaced apart from the positive electrode; and an enzyme connected to both the
positive and negative electrodes to form a conductive pathway between the positive and

negative electrodes, wherein the positive electrode and the negative electrode each connect to
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the enzyme at connection points in the enzyme comprising at least one of a native cysteine, a
genetically engineered cysteine, a genetically engineered amino acid with a conjugation
residue, or a genetically engineered peptide domain comprising a peptide that has a
conjugation partner.

In various aspects, this circuit further comprises a gate electrode.

In various embodiments, a method of sequencing a DNA molecule 1s disclosed. The
method comprises: providing a circuit further comprising a positive electrode; a negative
electrode spaced apart from the positive electrode; and a polymerase enzyme connected to
both the positive and negative electrodes to form a conductive pathway between the positive
and negative electrodes; initiating at least one of a voltage or a current through the circuit;
exposing the circuit to a solution containing primed single stranded DNA and/or dNTPs; and
measuring electrical signals through the circuit as the polymerase engages and extends a
template, wherem the electrical signals are processed to i1dentify features that provide
information on the underlying sequence of the DNA molecule processed by the polymerase.

In various embodiments, a method of molecular detection 1s disclosed. The method
comprises, providing a circuit further comprising: a positive electrode; a negative electrode
spaced apart from the positive electrode; a polymerase enzyme connected to both the positive
and negative electrodes to form a conductive pathway between the positive and negative
electrodes and a gate electrode; nitiating at least one of a voltage or a current through the
circuit; exposing the circuit to at least one of: a buffer of reduced 10nic strength, a buffer
comprising modified dNTPs, a buffer comprising altered divalent cation concentrations,
specific applied voltage on the primary electrodes, a gate electrode voltage, or voltage
spectroscopy or sweeping applied to the primary electrodes or gate electrode; and measuring

an electrical change 1n the circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter of the present disclosure 1s particularly pointed out and distinctly
claamed 1n the concluding portion of the specification. A more complete understanding of the
present disclosure, however, may best be obtained by referring to the detailed description and
claams when considered in connection with the drawing figures:

FIG. 1 1llustrates the general concept of a molecular electronic circuit;

FIG. 2 1llustrates the general concept of engaging an enzyme to a molecular electronic

circuit, such as to act as a sensor of enzyme activity with 1ts target;
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FIG. 3 1llustrates an enzyme that 1s wired directly into the current path, 1n accordance
with various embodiments;

FIG. 4 1llustrates an enzyme that 1s wired directly into the current path, with the
connection made to an internal alpha-helix structure within the enzyme, 1n accordance with
vartous embodiments;

FIG. 5 1illustrates an enzyme that 1s wired directly into the current path, with the
connection made to a series of two or more internal alpha-helix structures 1n series within the
enzyme, 1n accordance with various embodiments;

FIG. 6 1llustrates an enzyme that 1s wired directly into the current path, with the
connection made to an internal beta-sheet structure within the enzyme, 1n accordance with
various embodiments;

FIG. 7 illustrates an enzyme that 1s wired directly into the current path, such that
connections are made to points of conformational change in the enzyme, to induce tension
changes 1nto the circuit during enzyme activity;

FIG. 8 1illustrates an enzyme that 1s wired directly into the current path, with
additional connections made to stabilize the position of the enzyme;

FIG. 9 1illustrates a schematic of an enzyme directly wired into the current path of a
circuit, in accordance with various embodiments, wherein the enzyme directly couples to the
electrodes without the use of arm molecules:

FIG. 10 illustrates a schematic of an enzyme directly wired by two points of contact
into a circuit, as well as also having a one-point conjugation to a molecular wire, utilizing one
pair of electrodes to measure the combined conduction, in accordance with various
embodiments:

FIG. 11 illustrates a schematic of an enzyme directly wired by two points of contact
into a circuit, as well as also having a one-point conjugation to a molecular wire, utilizing two
pairs of electrodes to measure these two modes of conduction independently, in accordance
with various embodiments;

FIG. 12 illustrates a protein structure view of the E. coli Pol I Klenow Fragment
Polymerase enzyme, illustrating the presence of alpha-helix, beta-sheet, and connecting loop
structures:

FIG. 13 illustrates a schematic of a polymerase enzyme directly wired into the current
path of a circuit, 1n accordance with various embodiments, wherein a specific alpha-helix 1s

used for the contacts, and molecular arms provide coupling to the electrodes;
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FIG. 14 illustrates a schematic of a polymerase enzyme directly wired into the current
path of a circuit, 1n accordance with various embodiments, wherein a specific alpha-helix 1s
used for the contacts, and the polymerase directly couples to the electrodes without the use of
arm molecules;

FIG. 15 illustrates a schematic of a polymerase enzyme directly wired into the current
path of a circuit, in accordance with various embodiments, wherein arms are wired to the
points that undergo relative motion when the finger and thumb domains change relative
conformation:; and

FIG. 16 illustrates a schematic of a polymerase enzyme directly wired into the current
path of a circuit, and where additional connecting arms are wired to provide stabilization and

fixed spatial orientation.

DETAILED DESCRIPTION

The detailed description of exemplary embodiments herein makes reference to the
accompanying drawings, which show exemplary embodiments by way of illustration and
their best mode. While these exemplary embodiments are described 1n sufficient detail to
enable those skilled in the art to practice the inventions detailed herein, 1t should be
understood that other embodiments may be realized and that logical, chemical, and
mechanical changes may be made without departing from the spirit and scope of the
inventions. Thus, the detailed description herein 1s presented for purposes of illustration only
and not of limitation. For example, unless otherwise noted, the steps recited in any of the
method or process descriptions may be executed 1in any order and are not necessarily limited
to the order presented. Furthermore, any reference to singular includes plural embodiments,
and any reference to more than one component or step may include a singular embodiment or
step. Also, any reference to attached, fixed, connected or the like may include permanent,
removable, temporary, partial, full and/or any other possible attachment option. Additionally,
any reference to without contact (or similar phrases) may also include reduced contact or
minimal contact.

In various embodiments of the present disclosure, a molecular circuit 1s disclosed. The
molecular circuit comprises: a positive electrode; a negative electrode spaced apart from the
positive electrode; and an enzyme connected to both the positive and negative electrodes to
form a conductive pathway between the positive and negative electrodes. In various
examples, the enzyme comprises a first wiring point connected to the positive electrode and a

second wiring point connected to the negative electrode.
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DEFINITIONS AND INTERPRETATIONS

As used herein, the term “enzyme”™ means a molecule that acts to transform another
molecule, by engaging with a variety of substrate molecules. Such transformation could
include chemical modification, or conformational modification. Common biological enzyme
classes are polymerases, ligases, nucleases, kinases, transferases, as well as genetically
modified forms of these molecules. Polymerases herein include reverse transcriptases and any
genetically modified reverse transcriptase, capable of directly acting on an RNA template.
Enzymes are most commonly proteins, but may be composed of multiple amino acid chains,
and may also be complexed with other types of molecules, such as RNA 1n the case of the
ribosome enzyme.

As used herein, the term “substrate™ for an enzyme refers to any of the molecules that
the enzyme specifically engages with in the course of performing a transformation. For
example, 1n the specific case of a DNA polymerase, the substrate consists of both a template
DNA and dNTPs. In addition to the substrates of the enzyme, the enzyme may also complex
with various co-factors that moderate 1ts function or kinetics. For example, in the case of
DNA polymerase, divalent cations such as Mg++ are often essential cofactors, but not
considered as substrates.

As used herein, the term “dNTP” or “dNTPs” refers to any of the deoxynucleotide
triphosphates involved 1in polymerase-based DNA synthesis, or that can be engaged for such
DNA synthesis, including both native and modified forms of such molecules.

As used herein, the term “buffer” for an enzyme refers to a solution in which the
enzyme 1s viable and functional, and typically containing the substrates and co-factors needed
for enzyme activity. Such an enzyme buffer may typically comprise salts, detergents, and
surfactants, singly or 1n various combinations, as well as specific cofactors, such as
magnesium or other divalent cations for a polymerase enzyme, along with the substrates,
such as DNA and dNTPs for a polymerase enzyme. Such a buffer herein may have 1its
composition modified from standard forms, such as to enhance signal properties 1n a sensor
exposed to the buffer.

As used herein, the term “‘electrode” means any structure that can act as an efficient
source or sink of charge carriers. Most commonly these would be metal or semiconductor
structures, such as those used 1n electronic circuits. A pair of spaced apart electrodes herein
may comprise a source and drain electrode pair. In various embodiments of the present

disclosure, a binding probe-based molecular circuit may further comprise a gate electrode.
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When present, a gate electrode 1s used to apply a voltage rather than transfer charge carriers.
Thus 1t supports accumulation of charge carriers to produce a local electric field, but 1s not
intended to pass current. A gate electrode will be electrically 1solated from the primary
conduction paths of the circuit by some form of insulating layer or material.

As used herein, the term “conjugation” means any of the wide variety of means of
physically attaching one molecule to another, or to a surface or particle. Such methods
typically mvolve forming covalent or non-covalent chemical bonds, but may also rely on
protein-protein interactions, protein-metal interactions, or chemical or physical adsorption via
intermolecular (Van der Waals) forces. There 1s a large variety of such methods know to
those skilled 1in the art of conjugation chemustry. Common conjugation methods relevant to
preferred embodiments herein include thiol-metal bonds, maleimide-cysteine bonds, material
binding peptides such as gold binding peptides, and click chemuistries.

p

As used herein, the term “mitiating,” in the context of an electrical parameter, 1s
intended to be broader than the concept of “applying™ an electrical value. For example, an
electrical current may be mmitiated 1n a circuit. Such mitiating of a current may be the result of
applying a voltage to the circuit, but may be from other actions to the circuit besides applying
a voltage. Further, a voltage may be 1mitiated in a circuit. Such nitiating of a voltage may be
the result of applying a current to the circuit, but may be from other actions to the circuit
besides applying an electrical current. In other examples, a voltage or a current may be
initiated 1n one portion of a circuit as the result of applying a voltage or a current to the
overall circuit. In a non-limiting example, a flow of electrons mitiated from a negative to a
positive electrode 1n a circuit of the present disclosure may be controlled by the voltage
applied to the gate electrode of the circuut.

In various embodiments of the present disclosure, a molecular sensor comprises an
enzyme connected to both a positive and a negative electrode to complete a circuit.
Interactions of the enzyme with various substrates are detectable as changes in the current or
other electrical parameter measured across the circuit. The present molecular sensor differs
from the general concept of a molecular electronic circuit in that the enzyme 1s directly
“wired” to both the positive and negative electrodes rather than bonded to a molecular bridge
molecule that spans the gap between the electrodes to complete a circut.

In various aspects of the disclosure, at least one of a voltage or a current 1s initiated in
an enzyme-based molecular circuit. When a target interacts with the enzyme, electrical

changes 1n the circuit are sensed. These electrical changes, or informative electrical signals,

may 1nclude current, voltage, impedance, conductivity, resistance, capacitance, or the like. In

3



10

15

20

25

30

CA 03057151 2015-095-18

WO 2018/200687 PCT/US2018/029382

some examples, a voltage 1s initiated in the circuit and then changes in the current through the
circuit are measured as substrates interact with the enzyme. In other examples, a current 1s
initiated 1n the circuit, and changes to voltage in the circuit are measured as substrates interact
with the enzyme. In other examples, impedance, conductivity, or resistance 1s measured. In
examples wherein the circuit further comprises a gate electrode, such as positioned
underneath the gap between the positive and negative electrodes, at least one of a voltage or
current may be applied to the gate electrode, and voltage, current, impedance, conductivity,
resistance, or other electrical change 1in the circuit may be measured as substrates interact
with the enzyme.

FIG. 1 illustrates the general concept of a molecular electronic circuit having a bridge
molecule 10 attached to and bridging the gap 12 between electrodes 15, as well as some type
of conjugation group 20 or other mechanism that binds the molecule to the electrodes
(depicted as small shaded squares). FIG. 1 further illustrates that a current, (1), may pass
through this molecule and be measured versus time, (t), as shown 1n the inset plot 25.

FIG. 2 illustrates a molecular electronic sensor in which an enzyme 30 1s conjugated
to the molecular bridge component 31 spanning the electrodes 32, wherein monitoring the
current provides a sensor for the enzyme engaging with and processing its target substrate 35
when exposed to a suitable buffer solution. In such a sensor system, the local charge
perturbations that result from the target substrate engaging with the enzyme perturb charge
transport through the primary bridge component, and are thus registered as a change 1n
conductivity or current versus time, as indicated by the step-up change in the current (1) vs.
time (t) current plot inset 38 in FIG. 2.

In contrast to the general molecular circuit concept as depicted in FIGS. 1 and 2, 1n
vartous embodiments of the present disclosure a molecular sensor comprises a single enzyme
molecule directly wired into the circuit path, such that all electrical current passing through
the molecular circuit must flow through the enzyme. Thus the enzyme 1s an essential
conduction path 1n the circuit, like an electronic component on a circuit board. The present
concept 1s 1llustrated generally in FIG. 3, which shows an enzyme 42 connected between
molecular arms 40. By forcing all current in the circuit to pass through the enzyme, the
current carriers are forced to pass closer to the precise location of electrochemical
interactions between the enzyme and target substrate 45, thereby causing such interactions to
have greater impact on the current carriers, and, in turn making the overall current more
sensitive to the details of these interactions. This 1s 1llustrated schematically by the current

versus time, (1 vs. t), plot inset 50 in FIG. 3, wherein the current step 1s shown to be much
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larger than that produced by the configuration of FIG. 2, and also includes additional features
not present 1n a current versus time plot such as depicted in FIG. 2. The higher current step
provides improved signaling. Related methods and preferred embodiments herein promote
improved signaling of enzyme-based molecular sensors. Further, the configuration of the
enzyme as an essential conduction path 1s fundamentally different from the common
configuration of FIG. 2, in which there are many conduction paths that do not pass through
the enzyme, and where potentially none of the charge carriers actually traverse the enzyme,
and where there 1s no means provided to direct charge carriers to pass near key active sites
within the enzyme.

In various embodiments, the enzyme may be coupled to both positive and negative
electrodes at two or more points, such as to ensure that charge carriers traversing the
molecular structure pass into and out of the enzyme.

As shown 1n the embodiment of FIG. 3, two molecular arms are conjugated to the
enzyme to provide physical anchors and entry and exit paths for the current through the
enzyme. Such arms may comprise any convenient molecule that provides a conducting
connection or semi-conducting connection between the enzyme and the electrodes. Further,
molecular arms may provide spanning length extensions, to help span a larger electrode gap
55 that 1s wider than the 3D structure of the enzyme. Such arms may also provide the
advantage of keeping the enzyme away from contacting the electrodes 65 where unfavorable
or damaging interactions may occur with the electrodes, such as a denaturing adsorption to
the electrode. Such arms may also provide for more compatible or efficient coupling to the
electrodes, such as by coupling to the electrodes via chemical groups that are not readily
found or made available on the enzyme. For example, in one specific embodiment, the
electrode comprises gold and the molecular arm includes a thiol group, such that the arm
couples to the gold electrode via well-known thiol-gold binding. Thus the molecular arm
accomplishes the binding while the enzyme may not have such available thiol groups. Or, 1n
another embodiment, the arms may present a click-chemustry binding group, for coupling to
electrodes that are derivatized with the cognate binding partners for the click chemistry.

In various embodiments, molecular arms comprise some form of conjugation 60 to
the enzyme, as well as their conjugations or couplings to the electrodes. Many conjugation
chemistries can be employed for this purpose. In a non-limiting example, such conjugation
comprises chemical crosslinking, which can preferentially couple suitable chemical groups
on the arms to amino acid residues on the enzyme. In various embodiments, a maleimide

group on the arm couples to a surface cysteine on the enzyme. In other aspects, genetically
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modified versions of an enzyme may be created and employed, such as enzymes comprising
specific amino acids or protein domains engineered into their amuno acid structure that
provide specific conjugation sites. For example, cysteine amino acids engineered at specific
sites on the enzyme provide for the attachment point of arms that present a maleimide group.
Two such cysteine sites conjugate to two maleimude derivatized arms to produce a
configuration such as that shown in FIG. 3. In this case, one or more native cysteines that
would provide competing arm binding sites may be “engineered out” of the amino acid
sequence. If not all such sites can be removed, 1t 1s possible to use various purification
methods from synthetic chemustry to 1solate desired enzyme-arm conjugates from unwanted
configurations. In other variations, genetic methods are used to engineer into the amino acid
sequence of the enzyme amuno acids comprising residues that uniquely conjugate to a
cognate group on the arms. This variation includes cases where non-standard amino acids are
employed, such as amino acids modified to present a click-chemistry group, via protein
expression systems that use a modified genetic code and modified transter RNAs to put non-
native amino acids at specific sequence sites 1in an expressed enzyme protein.

In other embodiments, a peptide domain that specifically binds with a cognate group
on the arms 1s engineered 1nto the sequence of a protein enzyme. In one such embodiment, a
peptide that 1s an antigen to an antibody 1s engineered into the enzyme, and the Fab binding
domain of the antibody 1s used on the arms. One such embodiment 1s to use the FLAG
peptide motif DYKDD, and any swuitable ANTI-FLAG Fab domain. Any other peptide
antigens and their cognate Fab domains can similarly be used to conjugate arms to specific
sites 1n an engineered enzyme protein, by engineering the peptide antigen into the desired
conjugation sites on the enzyme. Other such peptide domains make use of the SPY-TAG /
SPY-CATCHER protein-protein binding system, by engineering either the SPY-TAG domain
or the SPY-CATCHER domain into the enzyme protein, and placing the cognate domain 1n
the arms. When engineering such peptide binding domains into the enzyme, another
embodiment 1s to add short linker peptide sequences flanking the target peptide, to enhance
the availability of the domain for binding. Such short linkers may comprise short glycine and
serine rich linkers, as are known to those skilled 1n the art of protein engineering, including,
but not limited to, the linker amino acid sequences G, GS, GSG, GGSQG, etc.

In various examples, the arm molecules comprise any molecules that provide for
conduction of charge carriers into and out of the enzyme. In certain embodiments, such arms
comprise molecular wires from the many forms known in field of molecular electronics,

functionalized with suitable conjugation and binding groups for wiring to electrodes and
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enzyme. In various aspects, such arms may comprise single stranded DNA. double stranded
DNA, peptides, peptide alpha-helices, antibodies, Fab domains of antibodies, carbon
nanotubes, graphene nanoribbons, natural polymers, synthetic polymers, other organic
molecules with p-orbitals for electron delocalization, or metal or semiconductor nanorods or
nanoparticles. In further embodiments, the arms may comprise double stranded DNA with
thiol-bearing groups at one end, and maleimide at the other end that couples to the enzyme, or
a peptide alpha-helix with a cysteine or gold binding peptide at one termini, and a maleimide
at the other end that couples to the enzyme, or a graphene nanoribbon with thiol-bearing
oroups at one end, and a maleimide bearing group at the other end that couples to the
enzyme. In certain embodiments, the two arm molecules used to couple an enzyme to two
electrodes are 1dentical molecules, and 1n other embodiments, the two arm molecules are
different molecules. In some examples, there may be a “positive electrode” arm and a
“negative electrode” arm, providing for oriented binding of an enzyme to the corresponding
“positive” and “negative” electrodes in FIG. 3.

In various embodiments, arm conjugation points connect directly to specific protein
structural elements within the enzyme. A non-limiting example 1s 1llustrated in FIG. 4, where
the arms 75 are shown wired directly to an alpha-helix structure 70 1in the enzyme 72. Such
structural elements provide preferential conduction paths through the enzyme. Direct wiring
to natural conduction paths 1n the enzyme guide current closer to active regions of interest
within the enzyme, such as substrate binding pockets, and may thereby provide for further
enhanced current signals, or current signals that carry more information on enzyme-substrate
interactions. For example, one embodiment 1s shown 1n FIG. 4, where the arms wire directly
to an alpha-helix that spans between two points on or near the surface of the enzyme. Another
example 1s shown 1in FIG. 5, where the arms 80 wire directly to two alpha-helices (the first
alpha-helix 85 and the second alpha helix 87) that appear 1n series internally in the enzyme,
with a single connecting loop 90 separating them. Yet another embodiment 1s shown 1n FIG.
6, where the arms 95 wire directly to two points 98 on a beta-sheet 100 internal to the enzyme
102.

In general, a protein enzyme will have a 3D structure that includes well known
secondary structural elements such as alpha-helices and beta-sheets. These are primarily
hydrogen bonded structures that can provide discrete conduction paths through the body of
the enzyme, to the extent that current carriers, such as electrons, may efficiently hop along
such structures, or along the hydrogen bonds that define such structures, with less resistance

than otherwise hopping or tunneling off such structures. These structures provide preferential
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conduction paths that will channel charge carriers, and by selecting such structures, charge 1s
forced to pass close to active regions of the enzyme, and current-based sensing of the activity
will be improved. Having the arms directly connected to such structures, or within a small
number of amino acids of the termuni of such structures, the current flowing along these
desirable paths 1s maximized, and thus the desirable signals that come from the current along
such paths 1s maximized. In this way, current going elsewhere within the enzyme 1s
nminimized, and thus the noise from probing these less informative regions 1s also minimized.

In various examples, the wiring can be to such structures that appear in the enzyme
“in series”, such as for example, two alpha-helices 1n series as indicated in FIG. 5, or a beta-
sheet 1n serites with an alpha-helix, or three successive alpha-helices. In general, each
successive element in series appears 1n the enzyme primary amino acid sequence as separated
from the previous element by a small number of amino acids, such 0, 1, 2, or up to
approximately 10 amino acids, which typically form a connecting loop 1n the secondary
structure. Wiring of elements 1n series may also be achieved by wiring to structures that are
not contiguous 1n the primary amino acid sequence of the enzyme, but are nonetheless
spatially contiguous and 1n conductive contact, and form a preferred conduction path, owing
to hydrogen bonding, salt bridges, disulfide bridges, or other types of molecular interaction
that establish secondary, tertiary or quaternary protein structure and that can provide a clearly
defined and favorable conduction path from one structural element (beta-sheet, alpha-helix)
to another. These structural elements of interest for wiring, either 1n 1solation or in series, are
most evident when examining the 3D structure of the proteins involved, as can be observed
from the crystal structures, and in particular, by examination of the protein structures
obtained by X-ray or NMR crystallography. This useful form of structural mformation 1s
1llustrated by the polymerase enzyme structure shown in FIG. 12.

In other embodiments, the arms are wired to points on the enzyme that undergo
conformation changes or relative motion during enzyme function, such as illustrated in FIG.
7. In this case, the arms 105 are wired to two points 110 that are indicated as having relative
motion, as illustrated in the inset 108, during enzyme activity. This configuration can enhance
signaling by several means. First, such motions can change the tension 1n the arms, and 1t 1s
known that tension changes in molecules can change their conductivity, thus the motion may
be transduced via tension 1into a change in conductivity of the arms, which consequently show
up in the current signals. In this way, the current may contain information about the
conformational changes 1in the enzyme. Second, simularly, this configuration can cause

tension 1n the enzyme as 1t changes conformation, and thus alter conductivity of the enzyme.
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Since the enzyme 1s an essential current path, the conformation changes would transduce 1nto
current changes, and thereby represent conformation information in the sensing current. This
configuration could also enhance signaling by altering the conformational changes of the
enzyme, which may 1n some situations lead to an enhanced signal, for either a native enzyme,
or one engineered to specifically benefit from such conformation-sensitive wiring. In one
embodiment, an enzyme 1S engineered to have extended regions that undergo greater
conformational change or relative motion (e.g. as demonstrated by extending the length of the
two tips of the scissor-shaped enzyme indicated in FIG. 7), so as to enhance the range of
motion, and therefore the range of tension changes in the arms and enzymes.

In other aspects, conformational changes in the enzyme, such as when induced
binding occurs between the enzyme and a substrate, are translated into a twist, torque or
rotation of at least one arm, and that twist, torsion or rotation alters the conductivity of the
arm. One such example 1s an arm comprising an organic polymer further comprising
polycyclic aromatic rings, such as polythiophene or polyphenylene, whereby previously lined
up p-orbitals are rotated out of alignment by C-C bond rotation when the arm 1s twisted,
torqued or rotated in response to an enzyme conformational change. When the arm 1s twisted,
torqued or rotated, the electrons have impeded delocalization through the organic polymer. In
certain embodiments, such impeded flow may act on only a subset of the charge carners,
depending on, for example, the polarization or other quantum state of the charge carrier, such
as spin polarization of an electron charge carrier, or the momentum or energy state of the
charge carrier.

Another example 1s 1illustrated in FIG. 8, wherein the molecular sensor circuit
comprises more than two arms, for example, 3 arms (the first arm 115, the second arm 116,
and the third arm 117). The benefits to using additional enzyme wiring points and associated
arms 1nclude addition of other desirable conduction paths through the enzyme, and increasing
the overall conduction through the enzyme. Such additional arms may also provide
stabilization, 1impose a spatial orientation (such as to orient an active site), or otherwise
reduce physical degrees of freedom or conformational entropy, which may improve sensing
by reducing the variability 1in conduction that comes from the system having more accessible
conformations. Such additional arms may be conductive, but they can also be insulating 1f
they are present primarily to provide stability, orientation, or reduction 1n spatial degrees of
freedom. Such additional arms may connect to the electrode, or to other portions of the
structure, such as to a substrate supporting the electrodes. Such arms may connect to

additional electrodes 1n a system comprising more than two electrodes, including the case of
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a system with a gate electrode, such as a buried gate electrode. Connection to a gate electrode
may refer to connection to the conductive portion of the gate, or connection to the insulating
layer that separates actual conductive gate from the circuit, or, in the case of a buried gate, the
surface layer above the buried gate, such as the connection to the surface illustrated in FIG.
16.

As 1llustrated in FIG. 9, the enzyme may be connected to the electrodes directly 120,
as an essential conduction path, without the use of arm molecules. In this case, groups on the
enzyme directly couple to the electrodes. Or, in another embodiment, one wiring connection
comprises direct coupling to the enzyme, the other via an arm molecule. The advantages of
this arm-less configuration include minimizing the length of the conduction path, since the
parts of the conduction path outside of the enzyme can be sources of unwanted noise,
resistance or capacitance. The considerations above for the case of wiring with arms
generally also apply to the special case of an arm-less configuration as well as the
configuration of a single arm combined with direct enzyme coupling. Specifically, 1n
embodiments lacking arms, the enzyme may still be wired via internal structures, or at points
of conformational change.

A sensor comprising a directly wired enzyme as an essential conduction path may
have 1ts signal performance enhanced through various environmental factors. For example,
the choice of buffer, buffer additives, temperature and applied voltage may be modulated to
improve the signal quality. In particular, since enzymes may complex with various cofactors
that modulate their kinetics, and the salt levels 1in the buffer also impact enzyme kinetics, as
does temperature, these factors may be used to improve signaling performance. In addition,
the overall 10nic strength of the buffer solution defines the Debye length 1in the solution, that
1s the distance over which electric fields extend in solution, and can impact the extent to
which current carriers passing through the enzyme are influenced by the charge distributions
of the enzyme and substrate, and thus buffer 1onic strength or total salt concentration 1s
another means of influencing or enhancing the signaling. In embodiments utilizing a
polymerase enzyme, the divalent cation content of the buffer 1s known to influence enzyme
activity, and the choice of divalent cation, for example from among Mg++, Mn++, Ni++,
/n++, Cot++, Cat++, Cr++, and their concentration may be optimized to improve the signaling
from a polymerase wired as an essential conduction path.

The applied driving voltage may be optimized to improve the signaling from an
enzyme wired as an essential conduction path. Based on energy barriers within the enzyme,

certain voltages may lead to improved signaling performance. In addition to an applied
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voltage, various embodiments may also have a gate electrode, such as a buried gate below the
lower substrate indicated in FIG. 3, such that voltages applied to the gate electrode further
modulate the signaling properties of the enzyme circuit. Certain embodiments may employ
voltage spectroscopy, wherein the driving or gate voltages are swept through a range of
values, and the signal of interest 1s in the response from this sweep, which contains
information on the interaction between the enzyme and 1ts substrates.

In general, the molecular circuit sensors of the present disclosure comprise the wiring
of an enzyme with at least two points of electrical contact, so as to make the enzyme an
essential conduction path, in contrast to the configuration of FIG. 2. Two-point wiring of the
enzyme may be combined with a conjugation 125 to one or more molecular arms 127, as
shown 1n FIGS. 10 and 11. In these embodiments, the current can be both driven through the
enzyme, for sensing, and the enzyme can also modulate current through the other molecular
wire, as an additional sensing mode. In FIG. 10, these conduction modes are monitored by a
single electrode pair 130, and combine to produce a single current, whereas in FIG. 11, these
two conduction modes can be monitored by two separate electrode pairs (a first electrode pair
135 and a second electrode pair 140), producing two current measurements 145. In certain
embodiments, the sensor may comprise an enzyme 126 wired up with two or more points of
contact as a conduction path, in conjunction with additional sensor configuration features.
Wiring the enzyme at two points, with mput and output electrical contacts, can provide
enhanced signaling. Other possible and non-limiting configurations are illustrated in FIGS.
10 and 11.

In various embodiments, a molecular circuit sensor comprises a polymerase enzyme.
FIG. 12 shows a representative polymerase enzyme 150, the Klenow Fragment of E. coli
DNA Polymerase I. FIG. 12 illustrates a ribbon diagram of the enzyme structure, from two
different views, with the enzyme engaged with a double-stranded DNA template 170. The
enzyme primary structure 1s a single amino acid sequence of 605 amino acids. The secondary
structure and tertiary structure of the enzyme are depicted in FIG. 12. This figure shows the
structural elements of the enzyme. In particular, there are 28 distinct alpha-helix elements
160, and two major beta-sheet elements 165, separated by short flexible loop segments 155.
Such structural elements are simularly present in other types of polymerases and other
enzyme proteins in general. In the course of enzyme activity, these structural features engage
in electrical, chemical, mechanical and conformational perturbations, and wiring to these

features within an electrical circuit can transduce these perturbations into measured signals.
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FIG. 13 shows an embodiment where the polymerase 177 1s wired as an essential
conduction path, and specifically wired to the ends of a long alpha-helix 180 that passes
through the center of the enzyme. This alpha-helix was chosen because 1t passes very near to
the active pocket of the polymerase, and therefore can provide for enhanced current sensing
of the polymerase activity as 1t binds to a primed strand and extends the primer through
incorporation of dNTPs. Other alpha-helices in the structure will provide other sensing
opportunities, and other embodiments comprise wiring to such alpha-helix structures, or the
beta-sheet structures, or other such structures occurring in series. The arms 175 indicated 1n
FIG. 13 may comprise double stranded oligonucleotides terminated with a maleimide, which
couples to a cysteine genetically engineered into a precise location 1n a mutant form of the
polymerase. In another embodiment, the arms comprise a protein alpha-helix terminated with
a maleimide which couples such a cysteine. One specific embodiment of such a mutant
polymerase includes cysteine (C) placed at the conjugation points indicated in FIG. 3, which
arise from replacing the glutamine (Q) at amino acid position 548 by C, and replacing the
serine (S) at amino acid position 508 by C, and these two locations lie just outside and
bracket a single long (37 amino acid) alpha-helix that extends from amino acid position 514
to 547. In certain embodiments, the mutant polymerase further has the single native C at
amino acid position 584 replaced by a non-cysteine, such as S, so as to provide exactly the
two sites for coupling of the maleimide terminated arms, via the well-known maleimide-
cysteme conjugation. Making such amino acid substitutions to mtroduce cysteines should be
done 1n a manner that does not alter highly conserved amino acids (as conserved in
comparison to other polymerases), does not alter amino acids in the alpha-helix or other
structural elements that are the target of the wiring, does not alter amino acids directly
participating in critical enzyme function, such as those that interact directly with the structure
of the substrate binding pocket, the DNA substrate or the dNTP substrates. Stmilar selection
principles apply to other enzymes as well when mutating 1n cysteine as a maleimide
conjugation point.

FIG. 14 1llustrates an alternative embodiment where the mutant polymerase 177 of
FIG. 13 1s directly conjugated 185 to the electrodes 187, coupling to the internal alpha-helix,
without the use of connecting arms. This coupling can be achieved, for example, by utilizing
oold electrodes, and a gold-binding peptide (GBP) with a maleimide terminus, such that the
maleimide conjugates the GBP to the mutant polymerase at the cysteine sites described
above, and the GBP conjugates to the gold electrode, thereby wiring in the polymerase via

these two cysteine sites. Other embodiments of direct maleimide-mediated conjugations to
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the electrodes are enabled by using conjugating groups having the form X-maleimide bonded
to the cysteines on the polymerase, such that X 1s a group that then binds to the electrode
surface.

FIG. 15 1llustrates an alternative embodiment, where the mutant polymerase 177 of
FIG. 13 1s wired to the electrodes 212 using connecting arms 210 through an alpha-helix 200
adjacent to the binding cleft 205 of the polymerase. The connecting arms are wired to two
points 215 on the polymerase. In embodiments, these two points have the ability to move
relative to each other, thereby allowing for changes in conductivity and enhanced signaling.

FIG. 16 1llustrates an embodiment in which multiple arms 190 are used to wire up the
polymerase 195 as an essential conducting path, as well as to stabilize 1ts position and
orientation relative to the electrodes and substrate. The lower pair of arms indicated can be
either conducting or insulating, 1n accordance with various embodiments.

In various embodiments, a circuit comprises an enzyme wired mn as an essential
conduction path. The circuit may comprise first and second wiring points, connecting to a
first and a second electrode such as a positive electrode and a negative electrode.

In various embodiments, the circuit may further comprise at least one arm molecule
having two ends, one end bonded to the enzyme and the other end bonded to at least one of
the electrodes, wheremn the at least one arm molecule acts as an electrical wire between the
enzyme molecule and at least one of the electrodes. Such an arm molecule may be selected
from the group consisting of a double stranded oligonucleotide, a peptide nucleic acid (PNA)
duplex, a PNA-DNA hybnd duplex, a protein alpha-helix, a graphene-like nanoribbon, a
natural polymer, a synthetic organic molecule e.g. a synthetic polymer, and an antibody Fab
domain. In other examples, the enzyme 1s wired directly to the electrodes without the use of
any arm molecules. The wiring may be to an internal structural element 1n the enzyme, such
as an alpha-helix, or a beta sheet, or multiple such elements 1n series.

In various embodiments, a circuit comprises an enzyme wired at points that undergo
relative conformational change. In certain aspects, arms comprise molecules that have a
tension dependent conductivity. In other examples, arm molecules may have torsion or twist
dependent conductivity. Additional wiring points may be used to couple the enzyme at
additional sites.

In various embodiments, a circuit comprises a polymerase enzyme, such as for
example, £. coli Pol I Klenow Fragment, wherein the wiring 1s to the major alpha-helix
extending between amino acids at position 514 and 547. Such connection may rely on the

placement of genetically engineered cysteines at or near these amino acid positions. Circuits
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comprising a polymerase may be used to sense sequence information from a DNA template
processed by the polymerase.

A circuit 1n accordance to various embodiments of the present disclosure may be
exposed to a solution containing primed single stranded DNA, and/or dNTPs, wherein the
current through the circuit 1s measured as the polymerase engages and extends a template,
and the resulting signals are processed to 1dentify features that provide information on the
underlying sequence of the DNA molecule processed by the polymerase.

The connection between the enzyme molecule and at least one of the positive
electrode and negative electrode may comprise any one of: a native cysteine, a genetically
engineered cysteine, a genetically engineered amino acid with a conjugation residue, or a
genetically engineered peptide domain comprising a peptide that has a conjugation partner. In
certain aspects, the wiring 1s to points on the thumb and finger domain of the enzyme, where
such points undergo relative motion 1n excess of 1 nm as the polymerase processes a DNA
template. In other aspects, the polymerase 1s engineered to have extended domains that
produce a greater range of relative motion as the polymerase processes a DNA template. For
example, conformational changes in an enzyme may be accentuated by extending various
domains 1n the enzyme. A polymerase enzyme may also be engineered to have additional
charge groups that variably influence the internal conduction path as the enzyme processes a
DNA template.

In various embodiments, a circuit 1s exposed to a solution comprising modified
dNTPs that variably influence the internal conduction path as the enzyme processes a DNA
or RNA template. In some cases, the polymerase enzyme 1s a genetically modified form of
one of: £. coli. Pol I polymerase, Bst polymerase, Taq polymerase, Phi29 polymerase, T7
polymerase, and reverse transcriptase. In other examples, a circuit 1s exposed to one or more
of the conditions of: a buffer of reduced 10nic strength, a buffer comprising modified dNTPs,
a buffer comprising altered divalent cation concentrations, specific applied voltage on the
primary electrodes, a gate electrode voltage, or voltage spectroscopy or sweeping applied to
the primary electrodes or gate electrode.

In various embodiments, the polymerase enzyme comprises a reverse transcriptase or
genetically modified reverse transcriptase, capable of directly acting on an RNA template.
Use of a reverse transcriptase 1n these circuits has the benefit that the reverse transcriptase
can directly process an RNA template, and therefore provide a means for directly sequencing
RNA molecules. In various aspects, this reverse transcriptase could be any monomeric

reverse transcriptase or a genetically modified form thereof, such as Moloney murine
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leukemia virus reverse transcriptase, porcine endogenous retrovirus reverse transcriptase,
bovine leukemia virus reverse transcriptase, mouse mammary tumor Virus reverse
transcriptase, or a heterodimeric reverse transcriptase such as human immunodeficiency virus
reverse transcriptase or Rous sarcoma virus reverse transcriptase.

In certain examples, a method of sequencing a DNA molecule 1s disclosed. The
method comprises: providing an enzyme-based molecular circuit having spaced-apart
positive and negative electrodes and a polymerase enzyme molecule connected to both the
positive and negative electrodes to form a conductive pathway between the electrodes:
iitiating at least one of a voltage or a current through the circuit; exposing the circuit to a
solution containing primed single stranded DNA and/or dNTPs; and measuring electrical
signals through the circuit as the polymerase engages and extends a template, wherein the
electrical signals are processed to 1dentify features that provide information on the underlying
sequence of the DNA molecule processed by the polymerase.

In other aspects, a method of molecular detection 1s disclosed. The method
comprises: (a) providing an enzyme-based molecular circuit having spaced-apart positive and
negative electrodes, a polymerase enzyme molecule connected to both the positive and
negative electrodes to form a conductive pathway between the electrodes, and a gate
electrode; (b) initiating at least one of a voltage or a current through the circuit; (¢) exposing
the circuit to at least one of: a buffer of reduced 10nic strength, a buffer comprising modified
dNTPs, a buffer comprising altered divalent cation concentrations, specific applied voltage
on the primary electrodes, a gate electrode voltage, or voltage spectroscopy or sweeping
applied to the primary electrodes or gate electrode; and (d) measuring an electrical change 1n
the circuit.

Enzyme-based molecular sensors and methods of making and using same are
provided. References to “various embodiments”, "one embodiment”, "an embodiment”, "an
example embodiment”, etc., indicate that the embodiment described may include a particular
feature, structure, or characteristic, but every embodiment may not necessarily include the
particular feature, structure, or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment. Further, when a particular feature, structure, or
characteristic 1s described 1n connection with an embodiment, 1t 1s submitted that 1t 1s within
the knowledge of one skilled 1n the art to affect such feature, structure, or characteristic in
connection with other embodiments whether or not explicitly described. After reading the
description, 1t will be apparent to one skilled in the relevant art(s) how to implement the

disclosure 1n alternative embodiments.
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Benefits, other advantages, and solutions to problems have been described with regard
to specific embodiments. However, the benefits, advantages, solutions to problems, and any
elements that may cause any benefit, advantage, or solution to occur or become more
pronounced are not to be construed as critical, required, or essential features or elements of
the disclosure. The scope of the disclosure 1s accordingly to be limited by nothing other than
the appended claims, in which reference to an element 1n the singular 1s not intended to mean
"one and only one" unless explicitly so stated, but rather "one or more." Moreover, where a
phrase similar to 'at least one of A, B, and C' or 'at least one of A, B, or C' 1s used 1n the
claams or specification, 1t 1s intended that the phrase be interpreted to mean that A alone may
be present 1n an embodiment, B alone may be present in an embodiment, C alone may be
present 1n an embodiment, or that any combination of the elements A, B and C may be
present 1in a single embodiment; for example, A and B, A and C, B and C, or A and B and C.

All structural, chemical, and functional equivalents to the elements of the above-
described various embodiments that are known to those of ordinary skill in the art are
expressly incorporated herein by reference and are intended to be encompassed by the present
claims. Moreover, 1t 1s not necessary for a device or method to address each and every
problem sought to be solved by the present disclosure, for 1t to be encompassed by the
present claims. Furthermore, no element, component, or method step in the present
disclosure 1s intended to be dedicated to the public regardless of whether the element,
component, or method step 1s explicitly recited in the claims. No claim element 1s intended
to mvoke 35 U.S.C. 112(f) unless the element 1s expressly recited using the phrase “means

2%  <e

for.” As used herein, the terms “comprises™, “comprising”’, or any other variation thereof, are
intended to cover a non-exclusive inclusion, such that a molecule, composition, process,
method, or device that comprises a list of elements does not include only those elements but
may 1nclude other elements not expressly listed or inherent to such molecules, compositions,

processes, methods, or devices.
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WE CLAIM.
1. A circuit comprising:
a positive electrode:
a negative electrode spaced apart from the positive electrode; and
an enzyme connected to both the positive and negative electrodes to form a

conductive pathway between the positive and negative electrodes.

2. The circuit of claim 1, wherein the enzyme comprises a first wiring point connected to the

positive electrode and a second wiring point connected to the negative electrode.

3. The circuit of claam 1, further comprising at least one arm molecule having first and
second ends, the first end bonded to the enzyme and the second end bonded to at least one of
the electrodes, wherein the at least one arm molecule acts as an electrical wire between the

enzyme and at least one of the electrodes.

4. The circuit of claam 3, wherein the at least one arm molecule 1s selected from the group
consisting of a double stranded oligonucleotide, a peptide nucleic acid duplex, a peptide
nucleic acid-DNA hybrd duplex, a protein alpha-helix, a graphene-like nanoribbon, a natural

polymer, a synthetic polymer, and an antibody Fab domain.

5. The circuit of claam 1, wherein at least one of the electrodes 1s connected to an internal

structural element of the enzyme.

6. The circuit of claim 5, wherein the internal structural element 1s selected from the group

consisting of an alpha-helix, a beta-sheet, and a multiple of such elements 1n series.

7. The circuit of claim 1, wherein at least one of the electrodes 1s connected to the enzyme at

a location of the enzyme capable of undergoing a conformational change.

8. The circuit of claim 3, wherein the at least one arm comprises a molecule having tension,

twist or torsion dependent conductivity.

9. The circuit of claim 1, wherein the enzyme comprises a polymerase.
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10. The circuit of claim 9, wherein the polymerase comprises £. coli Pol I Klenow Fragment.

11. The circuit of claiam 10, wherein the positive electrode and the negative electrode each
connect to the polymerase at connection points within the major alpha-helix of the

5 polymerase extending between amino acids at position 514 and 547.

12. A molecular sensor comprising the circuit of claim 9, wherein the sensor 1s usable to

sense sequence information from a DNA template processed by the polymerase.

10 13. The circuit of claim 9, wherein the positive electrode and the negative electrode each
connect to the polymerase at connection points on the thumb and finger domains of the
polymerase, and wherein such points undergo relative motion 1n excess of 1 nanometer as the

polymerase processes a DNA template.

15 14. The circuit of claim 13, wherein the polymerase 1s engineered to have extended domains
which produce a greater range of relative motion as the polymerase processes the DNA

template.

15. The circuit of claim 9, wherein the polymerase 1s engineered to have additional charge
20  groups that vaniably influence the internal conduction path as the enzyme processes a DNA

template.

16. The circuit of claim 9, wherein the polymerase 1s a genetically modified form of £. coli.
Pol I polymerase, Bst polymerase, Taq polymerase, Phi29 polymerase, T7 polymerase or a

25  reverse transcriptase.

17. The circuit of claim 1, wherein the positive electrode and the negative electrode each
connect to the enzyme at connection points 1n the enzyme comprising at least one of a native
cysteine, a genetically engineered cysteine, a genetically engineered amino acid with a
30  conjugation residue, or a genetically engineered peptide domain comprising a peptide that has

a conjugation partner.

18. The circuit of claim 9, further comprising a gate electrode.
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19. A method of sequencing a DNA molecule, comprising:

providing the circuit of claim 9;

iitiating at least one of a voltage or a current through the circuit;

exposing the circuit to a solution containing primed single stranded DNA and/or
dNTPs: and

measuring electrical signals through the circuit as the polymerase engages and
extends a template,

wherein the electrical signals are processed to 1dentify features that provide

information on the underlying sequence of the DNA molecule processed by the polymerase.

20. A method of molecular detection, comprising:

providing the circuit of claim 18;

initiating at least one of a voltage or a current through the circuit;

exposing the circuit to at least one of: a buffer of reduced 10onic strength, a buffer
comprising modified dNTPs, a buffer comprising altered divalent cation concentrations,
specific applied voltage on the primary electrodes, a gate electrode voltage, or voltage
spectroscopy or sweeping applied to the primary electrodes or gate electrode; and

measuring an electrical change in the circuit.
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