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ELECTROCHEMICAL ASSAY FOR THE
DETECTION OF ENZYMES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of, and priority
to, U.S. Provisional Patent Application Ser. Nos. 60/980,733,
filed on Oct. 17, 2007, and 61/087,094 and 61/087,102, filed
on Aug. 7, 2008, the entire disclosures of which are hereby
incorporated by reference in their entireties.

FIELD OF THE INVENTION

[0002] The invention relates to novel compositions and
methods for the detection of enzymes using change in E° of a
transitional metal complex.

BACKGROUND OF THE INVENTION

[0003] Electron transfer reactions are crucial steps in a
wide variety of biological transformations ranging from pho-
tosynthesis or aerobic respiration. Studies of electron transfer
reactions in both chemical and biological systems have led to
the development of a large body of knowledge and a strong
theoretical base, which describes the rate of electron transfer
in terms of a small number of parameters.

[0004] Electronic tunneling in proteins and other biological
molecules occurs in reactions where the electronic interaction
of the redox centers is relatively weak. Semiclassical theory
reaction predicts that the reaction rate for electron transfer
depends on the driving force (~AG®), a nuclear reorganization
parameter (A), and the electronic-coupling strength between
the reactants and products at the transition state (H,z),
according to the following equation:

kEZ:(4n3/h2}“kBT)l/2(HAB)2 exp[(~AG°+h)2/MegT]

[0005] The nuclear reorganization energy, A, in the equa-
tion above is defined as the energy of the reactants at the
equilibrium nuclear configuration of the products. For elec-
tron transfer reactions in polar solvents, the dominant contri-
bution to A arises from the reorientation of solvent molecules
in response to the change in charge distribution of the reac-
tants. The second component of A comes from the changes in
bond lengths and angles due to changes in the oxidation state
of the donors and acceptors.

[0006] Previous work describes using change in reorgani-
zation energy, A, as the basis of novel sensor. See for example,
U.S. Pat. Nos. 6,013,459, 6,013,170, 6,248,229, and 7,267,
939, all herein incorporated by reference in their entirety. The
methods generally comprise binding an analyte to or near a
redox active complex. The redox active complex comprises at
least one solvent accessible redox active molecule and a cap-
ture ligand which will bind the target analyte, and the com-
plex is bound to an electrode. Upon analyte binding, the
reorganization energy of the redox active molecule decreases
to form a solvent inhibited redox active molecule, to allow
electron transfer between the solvent inhibited redox active
molecule and the electrode.

[0007] It is an object of the present invention to provide
composition and methods for the detection of target analytes
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using alteration in the solvent reorganization energy, corre-
sponding to changes in the E° of redox active molecules.

SUMMARY OF THE INVENTION

[0008] The present invention to provide composition and
methods for the detection of target analytes using the solvent
reorganization energy, the corresponding in E° of redox active
molecules.

[0009] In one aspect, the present invention provides a
method for detecting a protease in a test sample, said method
comprising: (a) adding a test sample comprising a protease to
an electrode, said electrode comprises: (i) a self-assembled
monolayer (SAM); (ii) a covalently attached electroactive
active moiety (EAM) comprising a transition metal complex
with an E°; and (iii) a plurality of proteins attached to said
electrode, wherein said proteins comprises a cleavage site of
said protease; (b) cleaving a plurality of said proteins with
said protease; and (c¢) determining the presence of said pro-
tease by measuring a change of said E°.

[0010] Insomeembodiments,the EAM and the proteins are
arranged so that the EAM is at least partially shielded by the
proteins from exposing to a solution. In some embodiments,
said cleavage site is near the height of said EAM such as when
said protein is cleaved at said cleavage site, said EAM is
exposed to said solution. In some embodiments, the protease
is endopeptidase toxin, such as is an endopeptidase nuero-
toxin produced by the bacterium Clostridium botulinum,
including botulinum toxin A, B, or E.

[0011] In some embodiments, the EAM and said proteins
are attached separately to said electrode. In some embodi-
ments, the protein comprises a sequence according to any of
SEQ ID NO: 1-4.

[0012] In some embodiments, said transition metal com-
plex does not comprise a metal selected from the group con-
sisting of: manganese, technetium, rhenium, iron, ruthenium,
osmium, cobalt, rhodium, iridium, nickel, palladium, plati-
num, coppet, silver and gold. In some embodiments, said
transition metal complex does not comprise a ferrocene.
[0013] In another aspect the present invention provides a
method for detecting a kinase in a test sample, said method
comprising the steps of: (a) adding a test sample comprises a
kinase to an electrode comprising: (i) a self-assembled mono-
layer (SAM); (ii) a covalently attached electroactive active
moiety (EAM) comprising a transition metal complex with an
E°; and (iii) a plurality of proteins attached to said electrode,
wherein said proteins are first substrates of said kinase; (b)
phosphorylating said proteins with said kinase and a second
kinase substrate so that said second kinase substrate is
covalently attached to said protein; and (c) determining the
presence of said kinase by measuring a change of said E°.
[0014] Insome embodiments, said EAM and said peptides
are arranged so that the EAM is at least partially exposed to a
solution.

[0015] Insomeembodiments, said first substrate comprises
a phosphorylation site which site is near the height of said
EAM such that when said in the mixed SAM arrangement,
wherein said cleavage site is near the height of said EAM such
as such that when the second substrate is attached to the first
substrate through said phosphorylating step, said second sub-
strate-coupled first substrate will shield the neighboring
EAMs from said solution. The kinase is a protein kinase
selected from the group consisting of the kinases listed in
Table 2. In some embodiments, the second kinase substrate is
a polymer-modified ATP cofactor.
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[0016] In some embodiments, said transition metal com-
plex does not comprise a metal selected from the group con-
sisting of: manganese, technetium, rhenium, iron, ruthenium,
osmium, cobalt, rhodium, iridium, nickel, palladium, plati-
num, copper, silver and gold. In some embodiments, said
transition metal complex does not comprise a ferrocene.
[0017] In another aspect, the present invention provides a
method for detecting a target enzyme in a test sample, said
method comprising: (a) adding a test sample comprises a
target enzyme to an electrode comprising: (i) a self-as-
sembled monolayer (SAM); (ii) a covalently attached elec-
troactive active moiety (EAM) comprising a transition metal
complex with an E°; and (iii) a plurality of substrates attached
to said electrode, wherein said substrates are substrates of
said enzyme; (b) contacting said target enzyme and said sub-
strates to form a plurality of reactants; and (c) determining the
presence of said enzyme by measuring a change of said E°.
[0018] In some embodiments, said transition metal com-
plex comprises a metal selected from the group consisting of
manganese, technetium, rhenium, iron, ruthenium, osmium,
cobalt, rhodium, iridium, nickel, palladium, platinum, cop-
per, silver, and gold. In some embodiments, the target enzyme
is a hydrolase, preferably is a protease, including peptidase.
In some embodiments, the target enzyme is a transferase,
preferably a kinase.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 depicts schematically the electrochemical
assay for kinase activity according to some embodiments of
the present invention.

[0020] FIG. 2 depicts schematically the electrochemical
assay for peptidase toxins according to some embodiments of
the present invention.

[0021] FIG. 3 depicts several schematics of suitable geom-
etries of the present invention. FIG. 3A depicts the situation
where a linker is attached at one end to the electrode and the
other end terminates in a ligand (L) that provides a coordina-
tion atom for the transition metal (TM). The capture substrate
(CS) provides an additional ligand (not depicted), and a plu-
rality of other ligands provide the remaining coordination
atoms. Upon action by the enzyme, the capture substrate
results in a leaving group (X). It should be noted that FIG. 3
depicts a situation where the transition metal utilizes 6 coor-
dination atoms, but other numbers of coordination atoms can
be used, depending on the metal. Similarly, FIG. 3 depicts the
use of ligands that provide a single coordination atom, but
fewer ligands providing multiple coordination atoms (e.g.
multidentate) ligands can be used as well. FIG. 3B depicts the
situation where the capture substrate and the EAM are
attached separately to the electrode. FIG. 3C depicts a similar
situation to FIG. 3A, except the capture substrate does not
provide a coordination atom to the transition metal. It should
be appreciated that solution phase systems can be similar to
FIGS. 3A and 3C, in that the electrochemical potential of the
EAM in solution can be altered as a result of the enzymatic
activity of the target enzyme.

[0022] FIGS. 4A and 4B depict an exemplary embodiment
for the detection of Prostate Specific Antigen (PSA) activity.
[0023] FIG. 5 depicts the structure of an EMA used in one
of the exemplary PSA assay.

[0024] FIG. 6A is aschematic diagram of the electrochemi-
cal biosensor platform for detecting protease activity. Steps
include: (1) measuring the E° of ferrocene buried in neigh-
boring protease-removable peptide substrates in a SAM, (2)
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incubation with target protease which recognizes and cleaves
the immobilized peptides, (3) removal ofthe cleaved peptides
by washing, exposing the ferrocene probe to a more aqueous
environment causing a negative shift in E°. FIG. 6B depicts
Structure of 1 and the peptide sequence 2 used to transduce
the activity of PSA.

[0025] FIGS. 7-9 depict the geometries of exemplary
embodiments of the biosensor and schemes of using such
biosensor.

[0026] FIG. 10A depicts [BIM-Ru(NH3)4L.]2+ complexes
with alkylthiol anchors. FIG. 10B depicts [Ru(NH3)5L]2+
complexes with conjugated thiol anchors.

[0027] FIG. 11 depicts Osmium-based EAMs.

[0028] FIG. 12A depicts new architectures for Ru—N
based complexes. FIG. 12B depicts examples of Ru—N
based complexes.

DETAILED DESCRIPTION OF THE INVENTION

[0029] The present invention is directed to methods and
compositions for detection of analytes, particularly enzymes,
based on a change of electrochemical potential, E°, of a redox
active molecule either on the surface of an electrode, or in
some cases, in solution (while most of the description herein
is directed to solid phase assays, as will be appreciated by
those in the art, the invention can be used in solution as well,
and such description herein is meant to apply as applicable to
solution phase assays as well).

[0030] The present invention provides methods and com-
positions for the detection of target analytes using changes in
the reorganization energy of redox active molecules upon
binding of the analytes, to facilitate or hinder electron transfer
between the redox active molecule and an electrode. This
invention is based on the fact that when a redox active mol-
ecule, such as a transition metal ion, is either oxidized (losing
an electron) or reduced (gaining an electron), changes occur
in the molecular structure as well as in its immediate solvent
environment. These changes in the molecules structure (bond
lengths and angles) and in the organization of the solvent
molecules surrounding the molecule serve to stabilize the
new oxidation state energetically. The sum of these changes
constitute the reorganization energy, A, of a redox reaction.
The intramolecular changes are termed the inner-sphere reor-
ganization energy, A, and the changes in the solvent and
environment are termed the outer-sphere or solvent reorgani-
zation energy, Ao.

[0031] Forthe purposes of this invention, the primary focus
is on changes in the solvent reorganization energy although
changes in the inner-sphere reorganization will also be con-
sidered in several embodiments of the invention. It is the
intent of this invention to capitalize on changes in reorgani-
zation energy of a redox reaction when an electroactive mol-
ecule (EAM) is attached to a capture ligand (CL) which can
selectively bind to an analyte of interest (e.g., protein or
bacteria). Binding of the EAM-CL to the analyte results in a
change in the solvent environment of the EAM so that the
reorganization energy for aredox reaction involving the EAM
is changed. For the case where the redox reaction involves
electron transfer between an electrode and the EAM, the
standard potential, E°, is changed. Thus, a change in E° for an
EAM-CL complex is an indication that it is bound to the
analyte. It is the intent of this invention to detect the change in
E° as an indicator of binding and, consequently, the presence
or absence of the analyte.
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[0032] Inconventional methodologies for analyte detection
using electron transfer usually employ the EAM as a label or
tag attached to one member of a binding pair (e.g., antibody
and antigen). In these methods, EAM’s are chosen in which
the outer sphere solvent effect is minimal, by using electro-
active molecules that have minimal solvent reorganization
upon oxidation or reduction. Such EAMs generally comprise
large hydrophobic ligands which have little interaction with
water. Thus, the ligands for the transition metal ions tradition-
ally used are non-polar and are generally hydrophobic, fre-
quently containing organic rings (e.g., bipyridyl and terpy-
ridyl). Such EAMs are chosen because conventionally
because the magnitude of the total electron transfer reaction is
measured (current) at a predetermined electrode potential.

[0033] Without being bound by theory, it is expected that
the redox molecules best suited for this invention will be those
whose redox reaction has a large solvent eorganization
energy in aqueous environments. Solvent reorganization to
stabilize an increase or decrease in charge can be attributed to
several phenomena. In polar solvents such as water, the
charge on a redox molecule is stabilized by orienation of the
polar solvent molecules in the environment near the redox
molecule. Since polar molecules have slight charge variation
on different atoms of the molecule, their orientation around
the redox molecule can help to stabilize it. Further, some
ligands, such as CN—, themselves are polar and have partial
charges on atoms. These polar ligands can themselves induce
an orientation of surrounding solvent molecules. Stabiliza-
tion (or destabilization) of charged redox molecules can also
occur by hydrogen bonding of solvent and/or other molecules
to the ligands of the transition metal in the redox molecule.
Solvent molecules, as well as other molecules in the solvent
surrounding a redox molecules can be characterized and com-
pared based on their donor number or acceptor number (Ney-
hart et al., J. Am. Chem. Soc 118 (1996) 3724-29, incorpo-
rated herein by reference). The use of a particular solvent or a
particular additive to a solvent of a molecule having a pre-
ferred donor or acceptor number would affect the solvent
reorganization energy of a redox reaction. Further, a change
in the charge of a redox molecule is stabilized by charged ion
in the solvent. Thus, changes in solvent reorganization
change upon analyte binding can be maximized by the proper
choice of an electrolyte, considering the charge on the ions,
the concentration of the ions, the size of the ions, and the
hydrophobicity of the ions.

[0034] Without being bound by theory, it is preferred to
maximize the stabilization of the redox molecule (i.e., maxi-
mize its solvent reorganization energy) in the solvent system
of choice in order that the phenomena which stabilize the
redox molecule are disrupted upon binding of the redox mol-
ecule/capture ligand complex, EAM-CL to the analyte.
Under such conditions, one would expect that the change in
reorganization energy, evidenced by a change in E°, would be
optimum. It is expected that the binding of the CL to the
analyte will “force” the EAM into an environment on the
surface or in a cleft or pocket of the analyte (e.g., a protein)
which will be less favorable to the optimal organization of the
solvent environment. In one embodiment it is expected that
binding would cause a shedding of water molecules near the
EAM because of steric constraints.

[0035] It should be noted, and not being bound by theory,
that whether the solvent reorganization energy increases or
decreases upon binding (and whether E° goes to more positive
or to more negative potentials is dependent upon the particu-
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lar charge of the EAM. If the EAM redox reaction being
monitored results in an increased charge ofthe EAM, such as
EAM2+ oxidation to EAM3+, then the bound environment of
the EAM-CL would be less stabilized by reorganization than
the unbound EAM-CL. Hence, one would expect the E° to
move to more positive potentials. Alternatively, if the EAM
redox reaction being monitored results in a decreased charge
of the EAM, such as EAM2- oxidation to EAM-, then the
unbound EAM-CL would be less stabilized by reorganization
than the bound EAM-CL. Hence, one would expect the E° to
move to less positive potentials.

[0036] Without being bound by theory, there are two gen-
eral mechanisms which may be exploited in the present inven-
tion. The first relates to inner sphere change due to the redox
label. In this embodiment, the binding of a target analyte to a
capture ligand which is sterically close to an EAM causes one
or more of the small, polar ligands of the EAM to be replaced
by one or more coordination atoms supplied by the target
analyte, causing a change in the inner-sphere reorganization
energy for at least two reasons. First, the exchange of a small,
polar ligand for a putatively larger ligand will generally
exclude more water from the metal, lowering the required
solvent reorganization energy (i.e. an inner sphere Ai effect).
Secondly, the proximity of a generally large target analyte to
the relatively small redox active molecule will sterically
exclude water within the first or second coordination sphere
of the metal ion, also changing the solvent reorganization
energy.

[0037] Alternatively, the invention relies on substitution-
ally inert ligand, plus outer sphere effects. In this embodiment
exchange of the polar ligands on the metal ion by a target
analyte coordination atom. Rather, in this embodiment, the
polar ligands are effectively irreversibly bound to the metal
ion, and the change in solvent reorganization energy is
obtained as a result of the exclusion of water in the first or
second coordination sphere of the metal ion as a result of the
binding of the target analyte; essentially the water is excluded
(i.e. an outer sphere Ao effect).

[0038] The present invention provides compounds with
novel architecture and methods of using these compounds for
detection of target analytes.

[0039] Insomeembodiments, the target analyte binds to the
capture ligand. In some embodiments, the target analyte can
be an enzyme, and the change in E° is as a result of an
enzymatic event, as described in U.S. Patent Application No.
61/087,094, hereby incorporated by reference in its entirety.
[0040] In the embodiments of the invention, there is a
change in the E°, presumably due to a change in the reorga-
nization energy, upon the introduction of the target analyte.
As discussed more fully below, the change may be either a
positive or negative shift in E°, depending on a variety of
factors. In general, when cyano ligands are used, the change
in E° can be a negative shift in E°, although depending on the
system and the other ligands used (if any), the effect of inter-
action of the target analyte with the capture ligand can result
in a positive shift in E°. Surprisingly, shifts of greater than
about 50 mV, 100 mV, 150 mV, 200 mV, 250 mV and 300 mV
can be seen using cyano ligands.

[0041] In general, the invention is sometimes referred to as
a “lawnmower” assay and can be described as follows. An
electrochemical active molecule (EAM), generally compris-
ing a transition metal and ligands that provide coordination
atoms for the transition metal, is attached to the surface of an
electrode, generally through a linker as described herein. In
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addition, the electrode may also optionally comprise a self-
assembled monolayer (SAM) as described herein. In the spa-
tial vicinity of the EAM, a capture substrate, corresponding to
a substrate of the enzyme to be detected, is also attached.
Upon introduction of the target enzyme, the target enzyme
acts on the substrate, causing a change in the electrochemical
potential of the EAM, which is then detected in a variety of
ways. For example, if the enzyme is a hydrolase such as a
protease, the capture substrate may be a protein such as a
peptide corresponding to the target enzyme. Upon cleavage of
the capture substrate, the environment around the EAM is
altered, resulting in a change in the electrochemical potential
of'the molecule. Similarly, if the enzyme is a transferase or an
isomerase, the enzymatic reaction on the substrate results in
an altered environment around the EAM which again effects
achange in the electrochemical potential of the molecule. The
assay can also work with ligases, where a solution substrate is
used, such that if the ligase is present, the solution substrate is
added to the capture substrate and a change is effected.
[0042] The “lawnmower assay” describes a method for
detecting enzymes that interacts with surface, optionally
comprising SAMs, containing EAMs “buried” in a thick
“lawn” of neighboring peptide substrates. The catalytic
cleavage of synthetic peptides in the SAMs coupled with
diffusion of product fragments not bound to the electrode
allows for exposure of the EAMs to solvent, triggering a shift
in the electrochemical potential and an increase in current.
[0043] In some embodiments, the invention embodies a
mixed SAM of thiolated EAMs that are “buried” in neighbor-
ing capture substrate moieties that are known substrates for a
target enzyme. In this arrangement, the EAM is “shielded”
from the SAM/solution interface. In the presence of target
enzyme, the capture substrate will be catalytically cleaved
causing a reduction in SAM height. If the cleavage site is near
the height of the EAM in the mixed SAM arrangement, dif-
fusion of the product peptide from the interface will produce
“holes” in the monolayer and the EAM component will be
exposed to solution. This change in solvation environment of
the EAM due to the catalytic “chopping” of neighboring
peptides by the target enzyme (like a “lawnmower”) will
result in a change in potential that can be detected electro-
chemically. Once a target enzyme is determined and a capture
substrate (either synthetic or naturally occurring) identified,
the assay can be further optimized by changing the dimen-
sions/concentrations of the EAM and peptide components in
the SAM. A graphical representation is shown in FIG. 2. A
useful characteristic of the assay is the inherent sensitivity to
the enzyme activity, which leads to an amplification of signal
per target enzyme molecule.

[0044] In some embodiments, the EAM and the capture
substrates, the latter comprise a cleavage site, are arranged so
that said EAM is at least partially shielded by the substrates
from exposing to a solution. Preferably, the cleavage site is
near the height of said EAM such as when the substrate is
cleaved at the cleavage site, the EAM is exposed to the solu-
tion.

[0045] Insomeembodiments, the target enzyme is protease
such as a an endopeptidase nuerotoxin produced by the bac-
terium Clostridium botulinum, such as botulinum toxin A, B,
or E, as further described below.

[0046] One advantage of the present invention is that due to
the catalytic nature of enzymes, a single enzyme molecule
can result in a number of reactions, thus effectively amplify-
ing the signal and lowering the detection limit.
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[0047] Several potential schematics of suitable geometries
of the invention are shown in FIG. 3.

[0048] As depicted in FIGS. 7-9, there are three basic
geometries for the sensor, although the descriptions herein
are not meant to be so limited. In one embodiment, as shown
in FIG. 7A, an electroactive moiety (EAM), comprising a
transition metal ion and ligands that provide coordination
atoms for the transition metal (in some embodiments, at least
one of which is a cyano ligand), is attached to an electrode. In
addition, a capture ligand (sometimes also referred to as a
“binding ligand”) that will specifically bind the target analyte
is also attached to the electrode. Both species are generally
attached to the electrode using an attachment linker as
described herein. The two species are attached to the elec-
trode in such a manner that they are spatially close, such that
the E° of the EAM is altered upon binding of a target analyte.
It should be noted that a third species, comprising a mono-
layer forming species, described below, can also be optionally
present on the electrode. In this embodiment, the EAM spe-
cies can have the formula (Ia), the capture ligand species can
have the formula (Ib) and the diluent species can have the
formula (Ic):

AG-Spacer 1-EAM (Ia)
AG-Spacer 1-CL (Ib)
AG-Spacer 1-TG,, (Ic)

wherein AG is an anchor group, EAM is an electroactive
moiety comprises a solvent accessible redox complex, spacer
1 is a SAM forming species described herein, CL. is a capture
ligand, and TG is a terminal group, with n being 0 or 1.
[0049] In a second embodiment, as depicted in FIG. 7B,
one of the coordination atoms for the transition metal of the
EAM is provided by the capture ligand, forming a “redox
active moiety complex”, or ReAMC. In this embodiment, the
coordination atom can be actually part of the capture ligand
(e.g. if the capture ligand is a peptide, an amino group can
provide the coordination atom) or part of a linker used to
attach the capture ligand (e.g. a pyridine linker, etc.). The
ReAMC is attached as a single species, and as above, an
additional species, comprising a monolayer forming species,
described below, can also be optionally present on the elec-
trode. In this embodiment, the present invention provides a
compound having the formula (II):

AG-Spacer 1-EAM-(Spacer 2),-CL (1)

wherein AG is an anchor group, EAM is an electroactive
moiety comprises a solvent accessible redox complex, CL is
acapture ligand, spacer 1 is a SAM forming species described
herein, and Spacer 2 is a linker, with n=0 or 1.

[0050] Inathird embodiment, as depicted in FIG. 7C, there
ReAMC is a single species, but the capture ligand does not
provide a coordination atom; rather, it is spatially close but
distinct from the EAM of the ReAMC. Again, a third species,
comprising a monolayer forming species, described below,
can also be optionally present on the electrode. In this
embodiment, the present invention provides a compound hav-
ing the formula (I1I):
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n
EAM \S _ o 3/Cl
2
\(bra.nch)

Spacer 1

AG

wherein AG is an anchor group, EAM is an electroactive
moiety comprises a solvent accessible redox complex, CL is
acapture ligand, spacer 1 is a SAM forming species described
herein, and S, and S; are two linkages that link the EAM and
CL together with the AG to form a branched structure. S, and
S; can be different or the same.

[0051] In additional, the disclosures of U.S. Pat. Nos.
6,013,459, 6,248,229, 7,018,523, 7,267,939, U.S. patent
application Ser. Nos. 09/096,593 and 60/980,733, and U.S.
patent application titled “Novel Chemistry In Biosensors”
which is filed concurrently with the present application are
herein incorporated in their entireties for all purposes.
[0052] Accordingly, the present invention provides compo-
sitions and methods for electrochemically detecting enzy-
matic reactions.

1. The Compositions

[0053] Inone aspect, the present invention provide methods
for detecting an enzyme in a test sample using an electrode.
The electrode optionally comprises a self-assembled mono-
layer (SAM) and a covalently attached electroactive active
moiety (EAM, also referred to herein as a “redox active
molecule” (ReAM)). The EAM comprises a transition metal
complex with a first E°. Also attached to the electrode is a
plurality of enzyme substrates (“capture substrates”, some-
times also referred to herein as “support substrates™) of the
target enzyme. Thus in this method, the test sample is added
to the electrode, the target enzyme and the substrates of the
target enzymes form a plurality of reactants. The presence of
the enzyme is determined by measuring a change of the E°,
resulting from a change in the environment of the EAM.
[0054] Asisfurther described below and depicted in FIG. 3.
several different geometries can be used in the present inven-
tion. In one embodiment, as shown in FIG. 3A, the EAM also
includes a capture substrate, forming what is referred to
herein as a “redox active moiety complex” or ReAMC. In
some embodiments, the capture substrate provides a coordi-
nation atom (FIG. 3A); in others, while the Re AMC is a single
molecule attached to the electrode, the capture substrate does
not provide a coordination atom (FIG. 3C). In other embodi-
ments, as shown in FIG. 3B, there is no ReAMC,; rather the
EAM and the capture substrate are attached separately to the
electrode.

[0055] A. Target Enzymes

[0056] In one aspect, the present invention provides meth-
ods and compositions useful in the detection of target
enzymes. By “analyte”, “target analyte” or “target enzyme”
herein is meant an enzyme to be detected, including, but not
limited to, oxoreductases, hydrolases (particularly pro-
teases), lyases, isomerases, transferases (particular kinases),
and ligases. See Enzyme Nomenclature 1992, Academic
Press, San Diego, Calif., with Supplement 1 (1993), Supple-
ment 2 (1994), Supplement 3 (1995), Supplement 4 (1997)
and Supplement 5 (in Eur. J. Biochem. 1994, 223, 1-5; Eur. J.
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Biochem. 1995, 232, 1-6; Eur. J. Biochem. 1996, 237, 1-5;
FEur. J. Biochem. 1997, 250; 1-6, and Eur. J. Biochem. 1999,
264, 610-650; respectively), herein all incorporated by refer-
ence in their entirety.

[0057] Hydrolase

[0058] Insome embodiment, the target enzyme is a hydro-
lase. By “hydrolase” herein is meant an enzyme that catalyzes
the hydrolysis of various chemical bonds. They are classified
as EC 3 in the EC number classification. Hydrolases include,
but are not limited to, enzymes that catalyze ester bonds
(esterases, such as nucleases, phophodiesterases, lipases and
phosphatases), sugars (carbohydrases including glycosylase/
DNA glycosylase, glucoside hydrolase, cellulases, endoglu-
canases, etc.), ether bonds, peptide bonds (proteases/pepti-
dases), carbon-nitrogen bonds (other than peptide bonds),
acid anhydrides (acid anhyride hydrolase, including helicase
and GTPase), carbon-carbon bonds, halide bonds, phospho-
rus-nitrogen bonds, sulfur-nitrogen bonds, carbon-phospho-
rus bonds, sulfur-sulfur bonds, and carbon-sulfur bonds.
[0059] In some embodiments, the hydrolase is a protease
(EC 3.4). By “protease” or “proteinase” herein is meant an
enzyme that can hydrolyze proteins by hydrolysis of the
peptide (amide) bonds that link amino acids. Specifically
included within the definition of protease is a peptidase,
which specifically refers to an enzyme that hydrolyzes a
peptide.

[0060] By “proteins” or grammatical equivalents herein is
meant proteins, polypeptides, oligopeptides and peptides,
derivatives and analogs, including proteins containing non-
naturally occurring amino acids and amino acid analogs, and
peptidomimetic structures. The side chains may be in either
the (R) or the (S) configuration. In a preferred embodiment,
the amino acids are in the (S) or L. configuration. As discussed
below, when the protein is used as a capture substrate it may
be desirable to utilize protein analogs to retard degradation by
sample contaminants. In general, however, if protein ana-
logues are used as the enzyme substrate, the substrate is still
able to be processed by the target enzyme.

[0061] Proteases are classified into six groups: serine pro-
teases, threonine proteases, cysteine proteases, aspartic acid
proteases, metalloproteases, and glutamic acid proteases. In
general, protease can either break specific peptide bonds (e.g.
specific segments for limited proteolysis), depending on the
amino acid sequence of a protein, or break down a complete
protein to amino acids (unlimited proteolysis). The activity
can be a destructive change, abolishing a protein’s function or
digesting it to its principal components; it can be an activation
of'a function, or it can be a signal in a signaling pathway.
[0062] In some embodiments, the target enzyme is an
endopeptidase. By “endopeptidase” herein is meant pepti-
dases that break peptide bonds within a protein substrate, in
contrast to exopeptidases, which break peptide bonds from
one or both termini of the protein substrate. Endopeptidases
are divided into subclasses on the basis of catalytic mecha-
nism: the serine endopeptidases, cysteine endopeptidases,
aspartic endopeptidases, metalloendopeptidases, and other
endopeptidases.

[0063] (1). Serine Endopeptidases

[0064] This class comprises two distinct families. The chy-
motrypsin family which includes the mammalian enzymes
such as chymotrypsin, trypsin or elastase or kallikrein and the
substilisin family which include the bacterial enzymes such
as subtilisin. The general three dimensional (3D) structure is
different in the two families but they have the same active site
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geometry and the catalysis proceeds via the same mechanism.
The serine endopeptidases exhibit different substrate speci-
ficities which are related to amino acid substitutions in the
various enzyme subsites interacting with the substrate resi-
dues. Some enzymes have an extended interaction site with
the substrate whereas others have a specificity restricted to the
P1 substrate residue.

[0065] (2). Cysteine Endopeptidases

[0066] This family includes the plant proteases such as
papain, actinidin or bromelain, several mammalian cathep-
sins, including lysosomal cathepsins and cathepsin B, L., S, H,
J, N and O; the cytosolic calpains (calcium-activated) as well
as several parasitic proteases (e.g., Trypanosoma, Schisto-
soma) and caspases, including interleukin converting enzyme
(ICE).

[0067] (3). Aspartic Endopeptidases

[0068] Most of aspartic endopeptidases belong to the pep-
sin family. The pepsin family includes digestive enzymes
such as pepsin and chymosin as well as lysosomal cathepsins
D and processing enzymes such as renin, and certain fungal
proteases (penicillopepsin, rhizopuspepsin, endothiapepsin).
A second family comprises viral endopeptidases such as the
protease from the AIDS virus (HIV) also called retropepsin.
[0069] Incontrasttoserine and cysteine proteases, catalysis
by aspartic endopeptidases do not involve a covalent interme-
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cobalt or nickel without loss of the activity. Bacterial ther-
molysin has been well characterized and its crystallographic
structure indicates that zinc is bound by two histidines and
one glutamic acid. Many enzymes contain the sequence
HEXXH, which provides two histidine ligands for the zinc
whereas the third ligand is either a glutamic acid (thermol-
ysin, neprilysin, alanyl aminopeptidase) or a histidine (asta-
cin). Other families exhibit a distinct mode of binding of the
Zn atom. The catalytic mechanism leads to the formationof'a
non covalent tetrahedral intermediate after the attack of a
zinc-bound water molecule on the carbonyl group of the
scissile bond. This intermediate is further decomposed by
transfer of the glutamic acid proton to the leaving group.
[0072] Of particular interest are metalloenzymes including
adenosine deaminase, angiotensin converting enzyme, cal-
cineurin, metallo-beta-lactamase, PDE3, PDE4, PDES, renal
dipeptidase, and urease.

[0073] In one embodiment, the metallo endopeptidase is a
matrix metalloproteinase, including MMP-1 through MMP-
10, particularly MMP-1, MMP-2, MMP-7 and MMP-9.

[0074] (5). Bacterial/Toxin Endopeptidases

[0075] Toxin endopeptidases, usually of bacterial origin,
can have a devastating and sometime lethal impact on host
organisms. Some of the better known bacterial endopeptidase
toxins are listed below in Table 1.

TABLE 1

Bacterial Endopeptidases

diate though a tetrahedral intermediate exists. The nucleo-

Organism/Toxin Mode of Action ~ Target (Cleavage Site) Disease
B. anthracis/lethal Metalloprotease ~ MAPKK1/MAPKK?2  Anthrax
factor (multiple)

C. botulinum/neurotxin Zinc- SNAP-25 (ANQ/RAT) Botulism
A metalloprotease

C. botulinum/neurotxin Zinc- VAMP/synaptobrevin ~ Botulism
B metalloprotease ~ (ASQ/FET)

C. botulinum/neurotxin Zinc- Syntaxin (TKK/AVK) Botulism
C metalloprotease

C. botulinum/neurotxin Zinc- VAMP/synaptobrevin ~ Botulism
D metalloprotease  (DQK/LSE)

C. botulinum/neurotxin Zinc- SNAP-25 (IDR/IME)  Botulism
E metalloprotease

C. botulinum/neurotxin Zinc- VAMP/synaptobrevin ~ Botulism
F metalloprotease

C. botulinum/neurotxin Zinc- VAMP/synaptobrevin ~ Botulism
G metalloprotease  (TSA/AKL)

Yersinia virulence Cysteine Unknown

factor YopJ protease

Yersinia virulence Cysteine Prenylated cysteine

factor YopT protease

Salmonella virulence Unknown Unknown Salmonellosis
factor AvrA

Clostridium tetani/ Zinc- VAMP/synaptobrevin ~ Tetanus
tetanus toxin metalloprotease ~ (ASQ/FET)

[0076]

The C. botulinum neurotoxins (BoNTs, serotypes

philic attack is achieved by two simultaneous proton transfer:
one from a water molecule to the diad of the two carboxyl
groups and a second one from the diad to the carbonyl oxygen
of the substrate with the concurrent CO—NH bond cleavage.
[0070] (4). Metallo Endopeptidases

[0071] The metallo endopeptidases are found in bacteria,
fungi as well as in higher organisms. They differ widely in
their sequences and their structures but the great majority of
enzymes contain a zinc atom which is catalytically active. In
some cases, zinc may be replaced by another metal such as

A-G) and the C. tetani tetanus neurotoxin (TeNT) are two
examples of bacterial toxins that are endopeptidases. BoNTs
are most commonly associated with infant and food-borne
botulism and exist in nature as large complexes comprised of
the neurotoxin and one or more associated proteins believed
to provide protection and stability to the toxin molecule while
in the gut. TeNT, which is synthesized from vegetative C.
tetani in wounds, does not appear to form complexes with any
other protein components.
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[0077] BoNTs are highly specific, zinc-dependent
endoproteases that specifically cleave small proteins which
control the docking of synaptic vesicles with the neural syn-
aptic membrane. BONT A and BoNT E specifically cleave the
25-kD synaptosomal-associated protein (SNAP-25) with
BONT A cleaves between residues Q197 and R198. SNAP-
25 is a presynaptic plasma membrane protein involved in the
regulation of neurotransmitter release. Two alternative tran-
script variants encoding different protein isoforms have been
described for this gene in human, SNAP25A (GenBank
Accession No. NP_003072) and SNAP25B (GenBank
Accession No. NP__570824). BONT C cleaves the mem-
brane protein syntaxin and SNAP-25. BoNT B, D, F and G are
specific for the intracellular vesicle-associated membrane-
associated protein (VAMP, also termed synaptobrevin). See
Schiavo et al., IBC 266:23784-87 (1995); Schiavo et al.,
FEBS Letters 335:99-103 (1993), herein are incorporated by
reference in their entireties.

[0078] Several in vitro assays have been developed based
on the cleavage of immobilized synthetic peptide substrates.
Halls et al., J Clin Microbiol 34:1934-8 (1996); Witcome et
al., Appl Environ Microbiol 65:3787-92 (1999), and Anne et
al., Ana Biochem 291:253-61 (2001).

[0079] The BoNTs and TeNT are either plasmid encoded
(TeNT, BoNTs/A, G, and possibly B) or bacteriophage
encoded (BoNTs/C, D, E, F), and the neurotoxins are synthe-
sized as inactive polypeptides of 150 kDa. BoNTs and TeNT
are released from lysed bacterial cells and then activated by
the proteolytic cleavage of an exposed loop in the neurotoxin
polypeptide. Each active neurotoxin molecule consists of a
heavy (100 kDa) and light chain (50 kDa) linked by a single
interchain disulphide bond. The heavy chains of both the
BoNTs and TeNT contain two domains: a region necessary
for toxin translocation located in the N-terminal half of the
molecule, and a cell-binding domain located within the C-ter-
minus of the heavy chain. The light chains of both the BoNTs
and TeNT contain zinc-binding motifs required for the zinc-
dependent protease activities of the molecules.

[0080] The cellular targets of the BoNTs and TeNT are a
group of proteins required for docking and fusion of synaptic
vesicles to presynaptic plasma membranes and therefore
essential for the release of neurotransmitters. The BoNTs
bind to receptors on the presynaptic membrane of motor
neurons associated with the peripheral nervous system. Pro-
teolysis of target proteins in these neurons inhibits the release
of acetylcholine, thereby preventing muscle contraction.
BoNTs/B, D, F, and G cleave the vesicle-associated mem-
brane protein and synaptobrevin, BoN'T/A and E target the
synaptosomal-associated protein SNAP-25, and BoNT/C
hydrolyzes syntaxin and SNAP-25. TeNT affects the central
nervous system and does so by entering two types of neurons.
TeNT initially binds to receptors on the presynaptic mem-
brane of motor neurons but then migrates by retrograde
vesicular transport to the spinal cord, where the neurotoxin
can enter inhibitory interneurons. Cleavage of the vesicle-
associated membrane protein and synaptobrevin in these neu-
rons disrupts the release of glycine and gamma-amino-bu-
tyric acid, which, in turn, induces muscle contraction. The
contrasting clinical manifestations of BONT or TeNT intoxi-
cation (flaccid and spastic paralysis, respectively) are the
direct result of the specific neurons affected and the type of
neurotransmitters blocked.

[0081] Of particular interest is BONT/LC (serotype C), and
specifically BONTC/LC (as compared to other LC serotypes).
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First, BONTC/LC poses a particularly significant bioterror
threat because it has a long half-life inside human neuronal
cells. Second, an in vitro assay for BONTC/LC does not
currently exist, probably because this L.C protease appears to
require membranes to function. In the neuronal cell environ-
ment, BONTC/LC cleaves syntaxin, a membrane protein
required for synaptic vesicle fusion to the presynaptic mem-
brane.

[0082] Other examples include the Yersinia virulence fac-
tors YopJ and YopT, as well as Salmonella AvrA.

[0083]

[0084] Insome embodiments, the target enzyme is a trans-
ferase. By “transferase” herein is meant an enzyme that cata-
lyzes the transfer of a functional group (e.g. a methyl or
phosphate group) from one molecule (the donor) to another
(the acceptor).

[0085] Transferases are classified as EC 2 in the EC number
classification. Transferases can be further classified into nine
subclasses: enzymes that transfer one-carbon groups (meth-
yltransterase), enzymes that transfer aldehyde or ketone
groups, acyltransferases, glycosyltransferases, enzymes that
transfer alkyl or aryl groups, other than methyl groups,
enzymes that transfer nitrogenous groups (transaminase),
enzymes that transfer phosphorus-containing groups (phos-
photransferase, including polymerase and kinase), enzymes
that transfer sulfur-containing groups (sulfurtransferase and
sulfotransferase), and enzymes that transfer selenium-con-
taining groups.

[0086] Insomeembodiments, thetargetenzymeis akinase,
as described herein.

[0087] In another aspect, the present invention provides
compositions and methods for detecting kinases. Analytical
methods to quantify protein kinase activity are critical for
understanding their role in the diagnosis and therapy of dis-
eases. The kinase assays provided herein can also be used to
screen for drug candidate inhibitors of kinase.

[0088] FEukaryotes employ phosphorylation and dephos-
phorylation of specific proteins to regulate many cellular
processes. T. Hunter, Cell 80:225-236 (1995); Karin, M.,
Curr. Opin. Cell Biol. 3:467-473 (1991). These processes
include signal transduction, cell division, and initiation of
gene transcription. Thus, significant events in an organism’s
maintenance, adaptation, and susceptibility to disease are
controlled by protein phosphorylation and dephosphoryla-
tion. These phenomena are so extensive that it has been esti-
mated that humans have around 2,000 protein kinase genes
and 1,000 protein phosphatase genes, T. Hunter, Cell 80:225-
236 (1995), some of these likely coding for disease suscepti-
bility. For these reasons, protein kinases and phosphatases are
good targets for the development of drug therapies.

[0089] Some of the frequently used protein kinase screens
employ either radioactive ATP or ELISAs. However, the use
ofradioactive ATP is undesirable due to the attendant costs of
record-keeping, waste-disposal, and the fact that the assay
format is not homogeneous. ELISAs are undesirable because
they have a lower assay throughput due to the extra steps
required for both washing and the enzyme reaction.

[0090] Fluorescence detection in the visible wavelengths
offer an alternative to the use of radiotracers or ELISAs for
kinase assays, as fluorescence offers detection limits compa-
rable to those of radioactivity. Furthermore, this eliminates
the cost of radioactive waste disposal. However, previously

Transferases
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developed fluorometric assays for kinases have not been
especially amenable to the requirements of high throughput
screening.

[0091] Electrochemical detection of kinase activity using a
Ferrocene-conjugated ATP (Fc-ATP) has been described.
Song et al., Chem. Commun., 502-504 (2008). In this assay, a
substrate of protein kinase C (PKC) is immobilized on the
surface of an electrode. PKC-catalyzed reaction transfers a
y-phosphate-Fc group to the serine residue of the peptide. The
electrode surface-attached Fc groups are detected using elec-
trochemical techniques. Thus in this assay the Ferrocene is
not attached to the electrode prior to the phosphorylation; it
only attaches to attached to the electrode through the phos-
phorylation process.

[0092] Also has been described is electrochemical detec-
tion of protein kinase C (PLC)-catalyzed thiophorylation
using gold particle. Kerman and Kraatz, Chem. Commun.
5019-5021 (2007). In this assay, a biotinylated substrate pep-
tide is immobilized on the surface of a streptaavidin-coated
carbon electrode. PKC-catalyzed reaction transfers a thio-
phosphate group to the serine residue of the peptide. The
incubation of the thiophosyrylated peptide with gold particle
causes the attachment of gold particle on the surface. The
presence of the gold particle is determined by the electro-
chemical reduction response obtained from the chloride ions
on god particle. Thus in this assay the gold particle is not
attached to the electrode prior to the phosphorylation; it only
attaches to attached to the electrode through the phosphory-
lation process.

[0093] Insome embodiment, the target analyte is a protein
kinase. By “kinase” or “phosphotransferase” herein is meant
an enzyme that transfers phosphate groups from high-energy
donor molecules, such as ATP, to specific target molecules
(substrates). This process of transfer is termed phosphoryla-
tion. Thus, protein kinase catalyzes the transfer of phospho-
rous from adenosine triphosphate (ATP), or guanosine triph-
osphate (GTP) to the targeted protein to yield a
phosphorylated protein and adenosine diphosphate (ADP) or
guanosine diphosphate (GDP), respectively. ATP or GTP is
first hydrolyzed to form ADP or GDP and inorganic phos-
phate. The inorganic phosphate is then attached to the tar-
geted protein. The protein substrate which is targeted by
kinases may be a structural protein, found in membrane mate-
rial such as a cell wall, or another enzyme which is a func-
tional protein.

[0094] Due to their physiological relevance, variety and
ubiquitousness, protein kinases have become one of the most
important and widely studied families of enzymes in bio-
chemical and medical research. Studies have shown that pro-
tein kinases are key regulators of many cell functions, includ-
ing signal transduction, transcriptional regulation, cell
motility, and cell division. Several oncogenes have also been
shown to encode protein kinases, suggesting thatkinases play
a role in oncogenesis.

[0095] Protein kinases are often divided into two groups
based on the amino acid residue they phosphorylate. The first
group, called serine/threonine kinases, includes cyclic AMP
and cyclic GMP dependent protein kinases, calcium and
phospholipid dependent protein kinase, calcium and calm-
odulin-dependent protein kinases, casein kinases, cell divi-
sion cycle protein kinases and others. These kinases are usu-
ally cytoplasmic or associated with the particulate fractions
of cells, possibly by anchoring proteins.
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[0096] The second group of kinases, called tyrosine
kinases, phosphorylate tyrosine residues. They are present in
much smaller quantities but play an equally important role in
cell regulation. These kinases include several receptors for
molecules such as growth factors and hormones, including
epidermal growth factor receptor, insulin receptor, platelet
derived growth factor receptor and others. Studies have indi-
cated that many tyrosine kinases are transmembrane proteins
with their receptor domains located on the outside of the cell
and their kinase domains on the inside.

[0097] Phosphorylation of serine-, threonine- and tyrosine-
containing proteins by kinases is important because the phos-
phorylated protein products have been implicated in a variety
of cellular processes including oncogenesis, cellular transfor-
mation, cellular growth and exocytosis.

[0098] Oxidoreductases

[0099] In some embodiments, the target enzyme is an oXi-
doreductase. An oxidoreductase is an enzyme that catalyzes
the transfer of electrons from one molecule (the oxidant, also
called the hydrogen donor or electron donor) to another (the
reductant, also called the hydrogen acceptor or electron
acceptor). Oxidoreductases are classified as EC 1 in the EC
number classification of enzymes. Oxidoreductases can be
further classified into 22 subclasses. Many oxidoreductase
enzymes are metalloenzymes that contain one or more metal
ions. Some exemplary enzymes in this group are 4-hydrox-
yphenylpyruvate dioxygenase, 5-lipoxygenase, alcohol
dehydrogenase, aldehyde dehydrogenase, aromatase,
cyclooxygenase, cytochrome P450, fumarate reductase,
heme oxygenase, lanosterol demethylase, pyruvate:ferre-
doxin oxidoreductase, ribonucleoside diphosphate reductase,
thyroid peroxidase, and xanthine oxidase.

[0100] Lyase

[0101] Insome embodiments, the target enzyme is a lyase.
By “lyase” herein is meant an enzyme that catalyzes the
breaking of various chemical bonds by means other than
hydrolysis and oxidation, often forming a new double bond or
a new ring structure.

[0102] Lysases are classified as EC 4 in the EC number
classification of enzymes. Lyases can be further classified
into seven subclasses: (1) lyases that cleave carbon-carbon
bonds, such as decarboxylases, aldehyde lyases, and oxo acid
lyases; (2) lyases that cleave carbon-oxygen bonds, such as
dehydratases; (3) lyases that cleave carbon-nitrogen bonds;
(4) lyases that cleave carbon-sulfur bonds; (5) lyases that
cleave carbon-halide bonds; (6) lyases that cleave phospho-
rus-oxygen bonds, such as adenylate cyclase and guanylate
cyclase; and (7) other lyases, such as ferrochelatase.

[0103] Isomerase

[0104] In some embodiments, the target enzyme is an
isomerase. By “isomerase” herein is meant an enzyme that
catalyses the structural rearrangement of isomers.

[0105] Isomerases have their own EC classification of
enzymes: EC 5. Isomerases can be further classified into six
subclasses: (1) enzymes that catalyze racemization (race-
mases) and epimerization (epimerases); (2) enzymes that
catalyze the isomerization of geometric isomers (cis-trans
isomerases); (3) intramolecular oxidoreductases; (4)
intramolecular transferases (mutases); (5) intramolecular
lyases, and (6) other isomerases (including topoisomerases).
[0106] Ligases

[0107] Insomeembodiments, the target enzyme is a ligase.
By “ligase” herein is meant an enzyme that catalyzes the
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joining of two molecules with concomitant hydrolysis of the
diphosphate bond in ATP or a similar triphosphate.

[0108] Ligases are classified as EC 6 in the EC number
classification of enzymes. Ligases can be further classified
into six subclasses: (1) enzymes for forming carbon-oxygen
bonds (e.g. enzymes acylating a transfer RNA with the cor-
responding amino acid (amino-acid-tRNA ligases)); (2)
enzymes for forming carbon-sulfur bonds (e.g. enzymes syn-
thesizing acyl-CoA derivatives); (3) enzymes for forming
carbon-nitrogen bonds (e.g. amide synthases, peptide syn-
thases, enzymes forming heterocyclic rings, enzymes using
glutamine as amido-N-donor) and others; (4) enzymes for
forming carbon-carbon bonds (the carboxylating enzymes,
mostly biotinyl-proteins); (5) enzymes for forming phospho-
ric ester bonds (e.g. enzymes restoring broken phosphodi-
ester bonds in the nucleic acids (often called repair
enzymes)), and (6) enzymes for forming nitrogen-metal
bonds (e.g. metal chelation of a tetrapyrrole ring system).

[0109]

[0110] The substrates being used in the present invention
depends on the target enzyme. Enzyme/substrate relation-
ships are generally well known as being characteristics of the
relevant target enzyme. As described herein, there are two
types of substrates which may find use in the invention,
depending on the target enzyme: a “capture substrate” and a
“solution substrate”.

[0111] “Capture substrates” are substrates for the target
enzyme, and generally are those that undergo a conforma-
tional change based on change in covalent bonds upon contact
with the corresponding enzyme. For example, the substrate
can be cleaved if the enzyme is a protease, as more fully
described below. Similarly, the substrate can under go a spa-
tial rearrangement, such as for the case with transferases and
isomerases. It should be understood that “capture substrate”
(sometimes referred to herein as “support substrate”) need
not actually capture the target on the surface, rather, it is
attached to the surface. In general, capture substrates are used
for enzymes that break covalent bonds, such as hydrolases,
isomerases and transferases.

[0112] A “solution substrate” is used with target enzymes
that synthesize bonds, in enzymatic reactions that result in the
addition of two or more substrates to form a single reactant
(also referred to as a “product”). For example, ligases can be
used to synthesize a longer peptide from two shorter peptides
or to ligate two nucleic acids together (e.g. a capture substrate
on the surface and a solution substrate in the assay). Another
example would be nucleic acid synthesis, where a nucleic
acid is on the surface and nucleotides are added to the capture
substrate. Kinases also fall into this class, as described herein.

[0113] Suitable target enzyme/substrate pairs include, but
are not limited to, protease/protein, (including protease/pep-
tide), ligase/nucleic acids, ligase/proteins, lipase/lipid, carbo-
hydrase/carbohydrate, kinase/phosphate groups, etc.

[0114] For example, when the target enzyme is a protease,
the substrate is generally a protein, including peptides, that is
cleaved by the target enzyme. In some embodiments, smaller
capture substrates are preferred, such as peptides, although
larger proteins can be used as well. Again, what is important
is that the electrochemical potential of the nearby ReAM is
altered as a result of the action of the enzyme. The substrate
preferably also comprises a sequence that can confer speci-
ficity to the cleavage, such that each substrate can only be
cleaved by one or more specific target enzyme.

B. Substrates of the Target Enzymes
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[0115] For example, when the target enzyme is one of the
BoNT, the substrate comprises a sequence derived from as
known substrate of BoNT, such as SNAP-25 or VAMP), with
or without optimization, such as by genetic engineering.
[0116] C. Electrodes

[0117] In one aspect, the present invention provides these
ligand architectures attached to an electrode. By “electrode”
herein is meant a composition, which, when connected to an
electronic device, is able to sense a current or charge and
convert it to a signal. Preferred electrodes are known in the art
and include, but are not limited to, certain metals and their
oxides, including gold; platinum; palladium; silicon; alumi-
num; metal oxide electrodes including platinum oxide, tita-
nium oxide, tin oxide, indium tin oxide, palladium oxide,
silicon oxide, aluminum oxide, molybdenum oxide (Mo,Oy),
tungsten oxide (WO;) and ruthenium oxides; and carbon
(including glassy carbon electrodes, graphite and carbon
paste). Preferred electrodes include gold, silicon, carbon and
metal oxide electrodes, with gold being particularly pre-
ferred.

[0118] Theelectrodes described herein are depicted as a flat
surface, which is only one of the possible conformations of
the electrode and is for schematic purposes only. The confor-
mation of the electrode will vary With the detection method
used. For example, flat planar electrodes may be preferred for
optical detection methods, or when arrays of nucleic acids are
made, thus requiring addressable locations for both synthesis
and detection. Alternatively, for single probe analysis, the
electrode may be in the form of a tube, with the components
of the system such as SAMs, EAMs and capture ligands
bound to the inner surface. This allows a maximum of surface
area containing the nucleic acids to be exposed to a small
volume of sample.

[0119] The electrodes of the invention are generally incor-
porated into biochip cartridges and can take a wide variety of
configurations, and can include working and reference elec-
trodes, interconnects (including “through board” intercon-
nects), and microfluidic components. See for example U.S.
Pat. No. 7,312,087, incorporated herein by reference in its
entirety.

[0120] The biochip cartridges include substrates compris-
ing the arrays of biomolecules, and can be configured in a
variety of ways. For example, the chips can include reaction
chambers with inlet and outlet ports for the introduction and
removal of reagents. In addition, the cartridges can include
caps or lids that have microfluidic components, such that the
sample can be introduced, reagents added, reactions done,
and then the sample is added to the reaction chamber com-
prising the array for detection.

[0121] In a preferred embodiment, the biochips comprise
substrates with a plurality of array locations. By “substrate”
or “solid support” or other grammatical equivalents herein is
meant any material that can be modified to contain discrete
individual sites appropriate of the attachment or association
of capture ligands. Suitable substrates include metal surfaces
such as gold, electrodes as defined below, glass and modified
or functionalized glass, fiberglass, teflon, ceramics, mica,
plastic (including acrylics, polystyrene and copolymers of
styrene and other materials, polypropylene, polyethylene,
polybutylene, polyimide, polycarbonate, polyurethanes,
Teflon™, and derivatives thereof, etc.), GETEK (a blend of
polypropylene oxide and fiberglass), etc, polysaccharides,
nylon or nitrocellulose, resins, silica or silica-based materials
including silicon and modified silicon, carbon, metals, inor-



US 2010/0003710 Al

ganic glasses and a variety of other polymers, with printed
circuit board (PCB) materials being particularly preferred.
[0122] The present system finds particular utility in array
formats, i.e. wherein there is a matrix of addressable detection
electrodes (herein generally referred to “pads”, “addresses”
or “micro-locations”). By “array” herein is meant a plurality
of capture ligands in an array format; the size of the array will
depend on the composition and end use of the array. Arrays
containing from about 2 different capture substrates to many
thousands can be made.

[0123] Ina preferred embodiment, the detection electrodes
are formed on a substrate. In addition, the discussion herein is
generally directed to the use of gold electrodes, but as will be
appreciated by those in the art, other electrodes can be used as
well. The substrate can comprise a wide variety of materials,
as outlined herein and in the cited references.

[0124] In general, preferred materials include printed cir-
cuit board materials. Circuit board materials are those that
comprise an insulating substrate that is coated with a con-
ducting layer and processed using lithography techniques,
particularly photolithography techniques, to form the pat-
terns of electrodes and interconnects (sometimes referred to
in the art as interconnections or leads). The insulating sub-
strate is generally, but not always, a polymer. As is known in
the art, one or a plurality of layers may be used, to make either
“two dimensional” (e.g. all electrodes and interconnections in
aplane) or “three dimensional” (wherein the electrodes are on
one surface and the interconnects may go through the board to
the other side or wherein electrodes are on a plurality of
surfaces) boards. Three dimensional systems frequently rely
on the use of drilling or etching, followed by electroplating
with a metal such as copper, such that the “through board”
interconnections are made. Circuit board materials are often
provided with a foil already attached to the substrate, such as
a copper foil, with additional copper added as needed (for
example for interconnections), for example by electroplating.
The copper surface may then need to be roughened, for
example through etching, to allow attachment of the adhesion
layer.

[0125] Accordingly, in a preferred embodiment, the present
invention provides biochips (sometimes referred to herein
“chips”) that comprise substrates comprising a plurality of
electrodes, preferably gold electrodes. The number of elec-
trodes is as outlined for arrays. Each electrode preferably
comprises a self-assembled monolayer as outlined herein. In
a preferred embodiment, one of the monolayer-forming spe-
cies comprises a capture ligand as outlined herein. In addi-
tion, each electrode has an interconnection, that is attached to
the electrode at one end and is ultimately attached to a device
that can control the electrode. That is, each electrode is inde-
pendently addressable.

[0126] Finally, the compositions of the invention can
include a wide variety of additional components, including
microfiuidic components and robotic components (see for
example U.S. Pat. No. 6,942,771 and 7,312,087 and related
cases, both of which are hereby incorporated by reference in
its entirety), and detection systems including computers uti-
lizing signal processing techniques (see for example U.S. Pat.
No. 6,740,518, hereby incorporated by reference in its
entirety)

(a). Self Assembled Monolayer Spacers

[0127] Insomeembodiments, the electrodes optionally fur-
ther comprise a SAM. By “monolayer” or “self-assembled
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monolayer” or “SAM” herein is meant a relatively ordered
assembly of molecules spontaneously chemisorbed on a sur-
face, in which the molecules are oriented approximately par-
allel to each other and roughly perpendicular to the surface.
Each of the molecules includes a functional group that
adheres to the surface, and a portion that interacts with neigh-
boring molecules in the monolayer to form the relatively
ordered array. A “mixed” monolayer comprises a heteroge-
neous monolayer, that is, where at least two different mol-
ecules make up the monolayer. As outlined herein, the use of
a monolayer reduces the amount of non-specific binding of
biomolecules to the surface, and, in the case of nucleic acids,
increases the efficiency of oligonucleotide hybridization as a
result of the distance of the oligonucleotide from the elec-
trode. Thus, a monolayer facilitates the maintenance of the
target enzyme away from the electrode surface. In addition, a
monolayer serves to keep charge carriers away from the sur-
face of the electrode. Thus, this layer helps to prevent elec-
trical contact between the electrodes and the ReAMs, or
between the electrode and charged species within the solvent.
Such contact can result in a direct “short circuit” or an indirect
short circuit via charged species which may be present in the
sample. Accordingly, the monolayer is preferably tightly
packed in a uniform layer on the electrode surface, such that
a minimum of “holes” exist. The monolayer thus serves as a
physical barrier to block solvent accesibility to the electrode.
[0128] In some embodiments, the monolayer comprises
conductive oligomers. By “conductive oligomer” herein is
meant a substantially conducting oligomer, preferably linear,
some embodiments of which are referred to in the literature as
“molecular wires”. By “substantially conducting” herein is
meant that the oligomer is capable of transferring electrons at
100 Hz. Generally, the conductive oligomer has substantially
overlapping m-orbitals, i.e. conjugated m-orbitals, as between
the monomeric units of the conductive oligomer, although the
conductive oligomer may also contain one or more sigma (O)
bonds. Additionally, a conductive oligomer may be defined
functionally by its ability to inject or receive electrons into or
from an associated EAM. Furthermore, the conductive oligo-
mer is more conductive than the insulators as defined herein.
Additionally, the conductive oligomers of the invention are to
be distinguished from electroactive polymers, that them-
selves may donate or accept electrons.

[0129] A more detailed description of conductive oligo-
mers is found in WO/1999/57317, herein incorporated by
reference in its entirety. In particular, the conductive oligo-
mers as shown in Structures 1 to 9 on page 14 to 21 of
WO/1999/57317 find use in the present invention. In some
embodiments, the conductive oligomer has the following

O—O—0

[0130] In addition, the terminus of at least some of the
conductive oligomers in the monolayer is electronically
exposed. By “electronically exposed” herein is meant that
upon the placement of an EAM in close proximity to the
terminus, and after initiation with the appropriate signal, a
signal dependent on the presence of the EAM may be
detected. The conductive oligomers may or may not have
terminal groups. Thus, in a preferred embodiment, there is no
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additional terminal group, and the conductive oligomer ter-
minates with a terminal group; for example, such as an acety-
lene bond. Alternatively, in some embodiments, a terminal
group is added, sometimes depicted herein as “Q”. A terminal
group may be used for several reasons; for example, to con-
tribute to the electronic availability of the conductive oligo-
mer for detection of EAMS, or to alter the surface of the SAM
for other reasons, for example to prevent non-specific bind-
ing. For example, there may be negatively charged groups on
the terminus to form a negatively charged surface such that
when the target analyte is nucleic acid such as DNA or RNA,
the nucleic acid is repelled or prevented from lying down on
the surface, to facilitate hybridization. Preferred terminal
groups include —NH, —OH, —COOH, and alkyl groups
such as —CH3, and (poly)alkyloxides such as (poly)ethylene
glycol, with —OCH,CH,OH, —(OCH,CH,0),H,
—(OCH,CH,0),H, and —(OCH,CH,0),H being preferred.
[0131] Inone embodiment, it is possible to use mixtures of
conductive oligomers with different types of terminal groups.
Thus, for example, some of the terminal groups may facilitate
detection, and some may prevent non-specific binding.
[0132] In some embodiments, the electrode further com-
prises a passivation agent, preferably in the form of a mono-
layer on the electrode surface. For some analytes the effi-
ciency of analyte binding (i.e. hybridization) may increase
when the binding ligand is at a distance from the electrode. In
addition, the presence of a monolayer can decrease non-
specific binding to the surface (which can be further facili-
tated by the use of a terminal group, outlined herein. A pas-
sivation agent layer facilitates the maintenance of the binding
ligand and/or analyte away from the electrode surface. In
addition, a passivation agent serves to keep charge carriers
away from the surface of the electrode. Thus, this layer helps
to prevent electrical contact between the electrodes and the
electron transfer moieties, or between the electrode and
charged species within the solvent. Such contact can result in
a direct “short circuit” or an indirect short circuit via charged
species which may be present in the sample. Accordingly, the
monolayer of passivation agents is preferably tightly packed
in a uniform layer on the electrode surface, such that a mini-
mum of “holes” exist. Alternatively, the passivation agent
may not be in the form of a monolayer, but may be present to
help the packing of the conductive oligomers or other char-
acteristics.

[0133] The passivation agents thus serve as a physical bar-
rier to block solvent accessibility to the electrode. As such, the
passivation agents themselves may in fact be either (1) con-
ducting or (2) nonconducting, i.e. insulating, molecules.
Thus, in one embodiment, the passivation agents are conduc-
tive oligomers, as described herein, with or without a terminal
group to block or decrease the transfer of charge to the elec-
trode. Other passivation agents which may be conductive
include oligomers of —(CF,),—, —(CHF),— and —(CFR)
,— In a preferred embodiment, the passivation agents are
insulator moieties.

[0134] In some embodiments, the monolayers comprise
insulators. An “insulator” is a substantially nonconducting
oligomer, preferably linear. By “substantially nonconduct-
ing” herein is meant that the rate of electron transfer through
the insulator is slower than the rate of electron transfer
through the conductive oligomer. Stated differently, the elec-
trical resistance of the insulator is higher than the electrical
resistance of the conductive oligomer. It should be noted
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however that even oligomers generally considered to be insu-
lators, such as —(CH2)16 molecules, still may transfer elec-
trons, albeit at a slow rate.

[0135] Insomeembodiments, the insulators have a conduc-
tivity, S, of about 10-7€21 cm-1 or lower, with less than about
10-8Q-1 cm-1 being preferred. Gardner et al., Sensors and
Actuators A 51 (1995) 57-66, incorporated herein by refer-
ence.

[0136] Generally, insulators are alkyl or heteroalkyl oligo-
mers or moieties with sigma bonds, although any particular
insulator molecule may contain aromatic groups or one or
more conjugated bonds. By “heteroalkyl” herein is meant an
alkyl group that has at least one heteroatom, i.e. nitrogen,
oxygen, sulfur, phosphorus, silicon or boron included in the
chain. Alternatively, the insulator may be quite similar to a
conductive oligomer with the addition of one or more het-
eroatoms or bonds that serve to inhibit or slow, preferably
substantially, electron transfer. In some embodiments the
insulator comprises C6-C16 alkyl.

[0137] The passivation agents, including insulators, may be
substituted with R groups as defined herein to alter the pack-
ing of the moieties or conductive oligomers on an electrode,
the hydrophilicity or hydrophobicity of the insulator, and the
flexibility, i.e. the rotational, torsional or longitudinal flex-
ibility of the insulator. For example, branched alkyl groups
may be used. In addition, the terminus of the passivation
agent, including insulators, may contain an additional group
to influence the exposed surface of the monolayer, sometimes
referred to herein as a terminal group (“TG”). For example,
the addition of charged, neutral or hydrophobic groups may
be done to inhibit non-specific binding from the sample, or to
influence the kinetics of binding of the analyte, etc. For
example, there may be charged groups on the terminus to
form a charged surface to encourage or discourage binding of
certain target analytes or to repel or prevent from lying down
on the surface.

[0138] The length of the passivation agent will vary as
needed. Generally, the length of the passivation agents is
similar to the length of the conductive oligomers, as outlined
above. In addition, the conductive oligomers may be basically
the same length as the passivation agents or longer than them,
resulting in the binding ligands being more accessible to the
solvent.

[0139] The monolayer may comprise a single type of pas-
sivation agent, including insulators, or different types.
[0140] Suitable insulators are known in the art, and include,
but are not limited to, —(CH,),—, —(CRH),—, and
—(CR,),—, ethylene glycol or derivatives using other het-
eroatoms in place of oxygen, i.e. nitrogen or sulfur (sulfur
derivatives are not preferred when the electrode is gold). In
some embodiments, the insulator comprises C6 to C16 alkyl.
[0141] In some embodiments, the electrode is a metal sur-
face and need not necessarily have interconnects or the ability
to do electrochemistry.

(b). Anchor Groups

[0142] The present invention provides compounds com-
prising an anchor group. By “anchor” or “anchor group”
herein is meant a chemical group that attaches the compounds
of the invention to an electrode.

[0143] As will be appreciated by those in the art, the com-
position of the anchor group will vary depending on the
composition of the surface to which it is attached. In the case



US 2010/0003710 Al

of gold electrodes, both pyridinyl anchor groups and thiol
based anchor groups find particular use.

[0144] The covalent attachment of the conductive oligomer
may be accomplished in a variety of ways, depending on the
electrode and the conductive oligomer used. Generally, some
type of linker is used, as depicted below as “A” in Structure 1,
where X is the conductive oligomer, and the hatched surface
is the electrode:

-

[0145] In this embodiment, A is a linker or atom. The
choice of “A” will depend in part on the characteristics of the
electrode. Thus, for example, A may be a sulfur moiety when
a gold electrode is used. Alternatively, when metal oxide
electrodes are used, A may be a silicon (silane) moiety
attached to the oxygen of the oxide (see for example Chen et
al., Langmuir 10:3332-3337 (1994); Lenhard et al., J. Elec-
troanal. Chem. 78:195-201 (1977), both of which are
expressly incorporated by reference). When carbon based
electrodes are used, A may be an amino moiety (preferably a
primary amine; see for example Deinhammer et al., Lang-
muir 10:1306-1313 (1994)). Thus, preferred A moieties
include, but are not limited to, silane moieties, sulfur moieties
(including alkyl sulfur moieties), and amino moieties.
[0146] In some embodiments, the electrode is a carbon
electrode, i.e. a glassy carbon electrode, and attachment is via
a nitrogen of an amine group. A representative structure is
depicted in Structure 15 of US Patent Application Publication
No. 20080248592, hereby incorporated by reference in its
entirety but particularly for Structures as described therein
and the description of different anchor groups and the accom-
panying text. Again, additional atoms may be present, i.e.
linkers and/or terminal groups.

[0147] In Structure 16 of US Patent Application Publica-
tion No. 20080248592, hereby incorporated by reference as
above, the oxygen atom is from the oxide of the metal oxide
electrode. The Si atom may also contain other atoms, i.e. be a
silicon moiety containing substitution groups. Other attach-
ments for SAMs to other electrodes are known in the art; see
for example Napier et al., Langmuir, 1997, for attachment to
indium tin oxide electrodes, and also the chemisorption of
phosphates to an indium tin oxide electrode (talk by H.
Holden Thorpe, CHI conference, May 4-5, 1998).

[0148] In one preferred embodiment, indium-tin-oxide
(ITO) is used as the electrode, and the anchor groups are
phosphonate-containing species.

Structure 1

1). Sulfur Anchor Groups

[0149] Although depicted in Structure 1 as a single moiety,
the conductive oligomer may be attached to the electrode with
more than one “A” moiety; the “A” moieties may be the same
or different. Thus, for example, when the electrode is a gold
electrode, and “A” is a sulfur atom or moiety, multiple sulfur
atoms may be used to attach the conductive oligomer to the
electrode, such as is generally depicted below in Structures 2,
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3 and 4. As will be appreciated by those in the art, other such
structures can be made. In Structures 2, 3 and 4 the A moiety
is just a sulfur atom, but substituted sulfur moieties may also
be used.

[0150] Thus, for example, when the electrode is a gold
electrode, and “A” is a sulfur atom or moiety, such as gener-
ally depicted below in Structure 6, multiple sulfur atoms may
be used to attach the conductive oligomer to the electrode,
such as is generally depicted below in Structures 2,3 and 4. As
will be appreciated by those in the art, other such structures
can be made. In Structures 2, 3 and 4, the A moiety is just a
sulfur atom, but substituted sulfur moieties may also be used.

/ Structure 2
/ S
| :@\
P X
/ Structure 3
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/— S X
/ Structure 4
/ S >=Q
AT ° X%
/
[0151] Itshould also be noted that similar to Structure 4, it

may be possible to have a conductive oligomer terminating in
a single carbon atom with three sulfur moieties attached to the
electrode.

[0152] In another aspect, the present invention provide
anchor comprise conjugated thiols. Some exemplary com-
plexes with conjugated thiol anchors are shown in FIG. 10. In
some embodiments, the anchor comprises an alkylthiol
group. Some of the examples are shown in FIGS. 10A and 4B.
The two compounds depicts in FIG. 10B are based on carbene
and 4-pyridylalanine, respectively.

[0153] In another aspect, the present invention provides
conjugated multipodal thio-containing compounds that serve
as anchoring groups in the construction of electroactive moi-
eties for analyte detection on electrodes, such as gold elec-
trodes. That is, spacer groups (which can be attached to
EAMs, ReAMCs, or an “empty” monolayer forming species)
are attached using two or more sulfur atoms. These mulitpo-
dal anchor groups can be linear or cyclic, as described herein.
[0154] Insomeembodiments, the anchor groups are “bipo-
dal”, containing two sulfur atoms that will attach to the gold
surface, and linear, although in some cases it can be possible
to include systems with other multipodalities (e.g. “tripo-
dal”). Such a multipodal anchoring group display increased
stability and/or allow a greater footprint for preparing SAMs
from thiol-containing anchors with sterically demanding
headgroups.
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[0155] Insome embodiments, the anchor comprises cyclic
disulfides (“bipod™). Although in some cases it can be pos-
sible to include ring system anchor groups with other mul-
tipodalities (e.g. “tripodal”). The number of the atoms of the
ring can vary, for example from 5 to 10, and also includes
multicyclic anchor groups, as discussed below

[0156] Insome embodiments, the anchor groups comprise
a [1,2,5]-dithiazepane unit which is seven-membered ring
with an apex nitrogen atom and a intramolecular disulfide
bond as shown below:

(IITa)

T\

| N

S\J

[0157] In Structure (IIIa), it should also be noted that the
carbon atoms of the ring can additionally be substituted. As
will be appreciated by those in the art, other membered rings
are also included. In addition, multicyclic ring structures can
be used, which can include cyclic heteroalkanes such as the
[1,2,5]-dithiazepane shown above substituted with other
cyclic alkanes (including cyclic heteroalkanes) or aromatic
ring structures.

[0158] I In some embodiments, the anchor group and part
of the spacer has the structure shown below

(ITIb)

[0159] The “R” group herein can be any substitution group,
including a conjugated oligophenylethynylene unit with ter-
minal coordinating ligand for the transition metal component
of the EAM.

[0160] The anchors are synthesized from a bipodal inter-
mediate (I) (the compound as formula III where R—1I), which
isdescribed in Lietal., Org. Lett. 4:3631-3634 (2002), herein
incorporated by reference. See also Wei et al, J. Org, Chem.
69:1461-1469 (2004), herein incorporated by reference.

[0161] The number of sulfur atoms can vary as outlined
herein, with particular embodiments utilizing one, two, and
three per spacer.

(¢). Electroactive Moieties

[0162] In addition to anchor groups, the present invention
provides compound comprising electroactive moieties. By
“electroactive moiety (EAM)” or “transition metal complex”
or “redox active molecule” or “electron transfer moiety
(ETM)” herein is meant a metal-containing compound which
is capable of reversibly or semi-reversibly transferring one or
more electrons. It is to be understood that electron donor and
acceptor capabilities are relative; that is, a molecule which
can lose an electron under certain experimental conditions
will be able to accept an electron under different experimental
conditions.
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[0163] It is to be understood that the number of possible
transition metal complexes is very large, and that one skilled
in the art of electron transfer compounds will be able to utilize
a number of compounds in the present invention. By “transi-
tional metal” herein is meant metals whose atoms have a
partial or completed shell of electrons. Suitable transition
metals for use in the invention include, but are not limited to,
cadmium (Cd), copper (Cu), cobalt (Co), palladium (Pd), zinc
(Zn), iron (Fe), ruthenium (Ru), rhodium (Rh), osmium (Os),
rhenium (Re), platinum (Pt), scandium (Sc), titanium (T1),
Vanadium (V), chromium (Cr), manganese (Mn), nickel (Ni),
Molybdenum (Mo), technetium (Tc¢), tungsten (W), and iri-
dium (Ir). That is, the first series of transition metals, the
platinum metals (Ru, Rh, Pd, Os, Ir and Pt), along with Fe, Re,
W, Mo and Tc, find particular use in the present invention.
Particularly preferred are metals that do not change the num-
ber of coordination sites upon a change in oxidation state,
including ruthenium, osmium, iron, platinum and palladium,
with osmium, ruthenium and iron being especially preferred,
and osmium finding particular use in many embodiments. In
some embodiments, iron is not preferred. Generally, transi-
tion metals are depicted herein as TM or M.

[0164] The transitional metal and the coordinating ligands
form a metal complex. By “ligand” or “coordinating ligand”
(depicted herein in the figures as “L”") herein is meant an
atom, ion, molecule, or functional group that generally
donates one or more of its electrons through a coordinate
covalent bond to, or shares its electrons through a covalent
bond with, one or more central atoms or ions.

[0165] Theother coordination sites of the metal are used for
attachment of the transition metal complex to either a capture
ligand (directly or indirectly using a linker), or to the elec-
trode (frequently using a spacer, as is more fully described
below), or both. Thus for example, when the transition metal
complex is directly joined to a binding ligand, one, two or
more of the coordination sites of the metal ion may be occu-
pied by coordination atoms supplied by the binding ligand (or
by the linker, ifindirectly joined). In addition, or alternatively,
one or more of the coordination sites of the metal ion may be
occupied by a spacer used to attach the transition metal com-
plex to the electrode. For example, when the transition metal
complex is attached to the electrode separately from the bind-
ing ligand as is more fully described below, all of the coordi-
nation sites of the metal (n) except 1 (n-1) may contain polar
ligands.

[0166] Suitable small polar ligands, generally depicted
herein as “L”, fall into two general categories, as is more fully
described herein. In one embodiment, the small polar ligands
will be effectively irreversibly bound to the metal ion, due to
their characteristics as generally poor leaving groups or as
good sigma donors, and the identity of the metal. These
ligands may be referred to as “substitutionally inert”. Alter-
natively, as is more fully described below, the small polar
ligands may be reversibly bound to the metal ion, such that
upon binding of a target analyte, the analyte may provide one
or more coordination atoms for the metal, eftectively replac-
ing the small polar ligands, due to their good leaving group
properties or poor sigma donor properties. These ligands may
be referred to as “substitutionally labile”. The ligands prefer-
ably form dipoles, since this will contribute to a high solvent
reorganization energy.
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[0167] Some of the structures of transitional metal com-
plexes are shown below:

%L., ‘,L}lﬁ
I/ \\
v

L.
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g
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[0168] L are the co-ligands, that provide the coordination
atoms for the binding of the metal ion. As will be appreciated
by those in the art, the number and nature of the co-ligands
will depend on the coordination number of the metal ion.
Mono-, di- or polydentate co-ligands may be used at any
position. Thus, for example, when the metal has a coordina-
tion number of six, the L from the terminus of the conductive
oligomer, the L contributed from the nucleic acid, and r, add
up to six. Thus, when the metal has a coordination number of
six, r may range from zero (when all coordination atoms are
provided by the other two ligands) to four, when all the
co-ligands are monodentate. Thus generally, r will be from 0
to 8, depending on the coordination number of the metal ion
and the choice of the other ligands.

[0169] Inoneembodiment, the metalion has acoordination
number of six and both the ligand attached to the conductive
oligomer and the ligand attached to the nucleic acid are at
least bidentate; that is, r is preferably zero, one (i.e. the
remaining co-ligand is bidentate) or two (two monodentate
co-ligands are used).

[0170] As will be appreciated in the art, the co-ligands can
be the same or different. Suitable ligands fall into two catego-
ries: ligands which use nitrogen, oxygen, sulfur, carbon or
phosphorus atoms (depending on the metal ion) as the coor-
dination atoms (generally referred to in the literature as sigma
(0) donors) and organometallic ligands such as metallocene
ligands (generally referred to in the literature as pi (7r) donors,
and depicted herein as Lm). Suitable nitrogen donating
ligands are well known in the art and include, but are not
limited to, cyano (C=N), NH2; NHR; NRR'; pyridine; pyra-
zine; isonicotinamide; imidazole; bipyridine and substituted
derivatives of bipyridine; terpyridine and substituted deriva-
tives; phenanthrolines, particularly 1,10-phenanthroline (ab-
breviated phen) and substituted derivatives of phenanthro-
lines such as 4,7-dimethylphenanthroline and dipyridol[3,2-
a:2'3'-c]phenazine (abbreviated dppz); dipyridophenazine;
1,4,5,8,9,12-hexaazatriphenylene (abbreviated hat); 9,10-
phenanthrenequinone diimine (abbreviated phi); 1,4,5,8-tet-
raazaphenanthrene (abbreviated tap); 1,4,8,11 -tetraazacy-
clotetradecane (abbreviated cyclam) and isocyanide.
Substituted derivatives, including fused derivatives, may also
be used. In some embodiments, porphyrins and substituted
derivatives of the porphyrin family may be used. See for
example, Comprehensive Coordination Chemistry, Ed.
Wilkinson et al., Pergammon Press, 1987, Chapters 13.2 (pp
73-98), 21.1 (pp. 813-898) and 21.3 (pp 915-957), all of
which are hereby expressly incorporated by reference.
[0171] As will be appreciated in the art, any ligand donor
(1)-bridge-donor(2) where donor (1) binds to the metal and
donor(2) is available for interaction with the surrounding
medium (solvent, protein, etc) can be used in the present
invention, especially if donor(1) and donor(2) are coupled
through a pi system, as in cyanos (C is donor(1), N is donor
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(2), pi system is the CN triple bond). One example is bipyri-
midine, which looks much like bipyridine but has N donors on
the “back side” for interactions with the medium. Additional
co-ligands include, but are not limited to cyanates, isocyan-
ates (—N—C—0), thiocyanates, isonitrile, N2, O2, carbo-
nyl, halides, alkoxyide, thiolates, amides, phosphides, and
sulfur containing compound such as sulfino, sulfonyl, sul-
foamino, and sulfamoyl.

[0172] In some embodiments, multiple cyanos are used as
co-ligand to complex with different metals. For example,
seven cyanos bind Re(IIl); eight bind Mo(IV) and W(IV).
Thus at Re(III) with 6 or less cyanos and one or more L, or
Mo(IV) or W(IV) with 7 or less cyanos and one or more L can
be used in the present invention. The EAM with W(IV) sys-
tem has particular advantages over the others because it is
more inert, easier to prepare, more favorable reduction poten-
tial. Generally that a larger CN/L ratio will give larger shifts.
[0173] Suitable sigma donating ligands using carbon, oxy-
gen, sulfur and phosphorus are known in the art. For example,
suitable sigma carbon donors are found in Cotton and Wilk-
enson, Advanced Organic Chemistry, Sth Edition, John Wiley
& Sons, 1988, hereby incorporated by reference; see page 38,
for example. Similarly, suitable oxygen ligands include
crown ethers, water and others known in the art. Phosphines
and substituted phosphines are also suitable; see page 38 of
Cotton and Wilkenson.

[0174] Theoxygen, sulfur, phosphorus and nitrogen-donat-
ing ligands are attached in such a manner as to allow the
heteroatoms to serve as coordination atoms.

[0175] In some embodiments, organometallic ligands are
used. In addition to purely organic compounds for use as
redox moieties, and various transition metal coordination
complexes with d-bonded organic ligand with donor atoms as
heterocyclic or exocyclic substituents, there is available a
wide variety of transition metal organometallic compounds
with .pi.-bonded organic ligands (see Advanced Inorganic
Chemistry, 5th Ed., Cotton & Wilkinson, John Wiley & Sons,
1988, chapter 26; Organometallics, A Concise Introduction,
Elschenbroich et al., 2nd Ed., 1992, VCH; and Comprehen-
sive Organometallic Chemistry 11, A Review of the Literature
1982-1994, Abel et al. Ed., Vol. 7, chapters 7, 8, 10 & 11,
Pergamon Press, hereby expressly incorporated by refer-
ence). Such organometallic ligands include cyclic aromatic
compounds such as the cyclopentadienide ion [CSHS (-1)]
and various ring substituted and ring fused derivatives, such
as the indenylide (-1) ion, that yield a class of bis(cyclopen-
tadieyl)metal compounds, (i.e. the metallocenes); see for
example Robins et al., J. Am. Chem. Soc. 104:1882-1893
(1982); and Gassman et al., J. Am. Chem. Soc. 108:4228-
4229 (1986), incorporated by reference. Of these, ferrocene
[(C5HS)2Fe] and its derivatives are prototypical examples
which have been used in a wide variety of chemical (Connelly
et al., Chem. Rev. 96:877-910 (1996), incorporated by refer-
ence) and electrochemical (Geiger et al., Advances in Orga-
nometallic Chemistry 23:1-93; and Geiger et al., Advances in
Organometallic Chemistry 24:87, incorporated by reference)
electron transfer or “redox” reactions. Metallocene deriva-
tives of a variety of the first, second and third row transition
metals are potential candidates as redox moieties that are
covalently attached to either the ribose ring or the nucleoside
base of nucleic acid. Other potentially suitable organometal-
lic ligands include cyclic arenes such as benzene, to yield
bis(arene)metal compounds and their ring substituted and
ring fused derivatives, of which bis(benzene)chromium is a
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prototypical example. Other acyclic m-bonded ligands such as
the allyl(-1) ion, or butadiene yield potentially suitable orga-
nometallic compounds, and all such ligands, in conduction
with other .pi.-bonded and delta.-bonded ligands constitute
the general class of organometallic compounds in which there
is a metal to carbon bond. Electrochemical studies of various
dimers and oligomers of such compounds with bridging
organic ligands, and additional non-bridging ligands, as well
as with and without metal-metal bonds are potential candi-
date redox moieties in nucleic acid analysis.

[0176] When one or more of the co-ligands is an organo-
metallic ligand, the ligand is generally attached via one of the
carbon atoms of the organometallic ligand, although attach-
ment may be via other atoms for heterocyclic ligands. Pre-
ferred organometallic ligands include metallocene ligands,
including substituted derivatives and the metalloceneophanes
(see page 1174 of Cotton and Wilkenson, supra). For
example, derivatives of metallocene ligands such as methyl-
cyclopentadienyl, with multiple methyl groups being pre-
ferred, such as pentamethylcyclopentadienyl, can be used to
increase the stability of the metallocene. In a preferred
embodiment, only one of the two metallocene ligands of a
metallocene are derivatized.

[0177] As described herein, any combination of ligands
may be used. Preferred combinations include: a) all ligands
are nitrogen donating ligands; b) all ligands are organometal-
lic ligands; and c) the ligand at the terminus of the conductive
oligomer is a metallocene ligand and the ligand provided by
the nucleic acid is a nitrogen donating ligand, with the other
ligands, if needed, are either nitrogen donating ligands or
metallocene ligands, or a mixture.

[0178] As a general rule, EAM comprising non-macrocy-
clic chelators are bound to metal ions to form non-macrocy-
clic chelate compounds, since the presence of the metal
allows for multiple proligands to bind together to give mul-
tiple oxidation states.

[0179] In some embodiments, nitrogen donating proli-
gands are used. Suitable nitrogen donating proligands are
well known in the art and include, but are not limited to, NH2;
NHR; NRR'; pyridine; pyrazine; isonicotinamide; imidazole;
bipyridine and substituted derivatives of bipyridine; terpyri-
dine and substituted derivatives; phenanthrolines, particu-
larly 1,10-phenanthroline (abbreviated phen) and substituted
derivatives of phenanthrolines such as 4,7-dimethylphenan-
throline and dipyridol[3,2-a:2',3'-c]phenazine (abbreviated
dppz); dipyridophenazine; 1,4,5,8,9,12-hexaazatriphenylene
(abbreviated hat); 9,10-phenanthrenequinone diimine (ab-
breviated phi); 1,4,5,8-tetraazaphenanthrene (abbreviated
tap); 1,4,8,11 -tetraazacyclotetradecane (abbreviated cyclam)
and isocyanide. Substituted derivatives, including fused
derivatives, may also be used. It should be noted that macro-
cylic ligands that do not coordinatively saturate the metal ion,
and which require the addition of another proligand, are con-
sidered non-macrocyclic for this purpose. As will be appre-
ciated by those in the art, it is possible to covalent attach a
number of “non-macrocyclic” ligands to form a coordina-
tively saturated compound, but that is lacking a cyclic skel-
eton.

[0180] In some embodiments, a mixture of monodentate
(e.g. at least one cyano ligand), bi-dentate, tri-dentate, and
polydentate ligands (till to saturate) can be used in the con-
struction of EAMs

[0181] Generally, it is the composition or characteristics of
the ligands that determine whether a transition metal complex
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is solvent accessible. By “solvent accessible transition metal
complex” or grammatical equivalents herein is meant a tran-
sition metal complex that has at least one, preferably two, and
more preferably three, four or more small polar ligands. The
actual number of polar ligands will depend on the coordina-
tion number (n) of the metal ion. Preferred numbers of polar
ligands are (n-1) and (n-2). For example, for hexacoordinate
metals, such as Fe, Ru, and Os, solvent accessible transition
metal complexes preferably have one to five small polar
ligands, with two to five being preferred, and three to five
being particularly preferred, depending on the requirement
for the other sites, as is more fully described below. Tetraco-
ordinate metals such as Pt and Pd preferably have one, two or
three small polar ligands.

[0182] It should be understood that “solvent accessible”
and “solvent inhibited” are relative terms. That is, at high
applied energy, even a solvent accessible transition metal
complex may be induced to transfer an electron.

[0183] Some examples of EAMs are described herein.
[0184] 1). Cyano-Based Complexes
[0185] Inone aspect, the present invention provides EAMs

with a transition metal and at least one cyano (—C=N)
ligand. Depending on the valency of the metal and the con-
figuration of the system (e.g. capture ligand contributing a
coordination atom, etc.), 1, 2, 3, 4 or 5 cyano ligands can be
used. In general, embodiments which use the most cyano
ligands are preferred; again, this depends on the configuration
of the system. For example, as depicted in FIG. 7, an EAM
using a hexadentate metal such as osmium, separately
attached from the capture ligand, allows 5 cyano ligands, with
the 6th coordination site being occupied by the terminus of
the attachment linker. When a hexadentate metal has both an
attachment linker and a capture ligand providing coordina-
tion atoms, there can be four cyano ligands.

[0186] Insomeembodiments, such asdepicted in the FIGS.
7-9, the attachment linker and/or the capture ligand can pro-
vide more than a single coordination atom. Thus, for
example, in FIG. 11, the attachment linker comprises a bipy-
ridine which contributes two coordination atoms.

[0187] In some embodiments, ligands other than cyano
ligands are used in combination with at least one cyano
ligand.

[0188] 2). Ru—N Based Complexes

[0189] In one aspect, the resent invention provides new

architectures for Ru—N based complexes, where the coordi-
nation could be monodentate, bidentate, tridentate, or multi-
dendate. Thus the number of coordination ligand L. (which
covalently connected to the anchor and capture ligand) can be
1,2, 3, or 4. Some of the examples are shown in FIG. 12A.
[0190] The charge-neutralizing ligands can be any suitable
ligand known in the art, such as dithiocarbamate, benzene-
dithiolate, or Schiff base as described herein. The capture
ligand and the anchor can be on the same framework or
separate.

[0191] Inanotheraspectofthe presentinvention, each com-
ponent of the EAM ligand architecture is connected through
covalent bonds rather than Ru coordination chemistry. The
construction of the architectures provide herein relies on
modern synthetic organic chemical methodology. An impor-
tant design consideration includes the necessary orthogonal
reactivity of the functional groups present in the anchor and
capture ligand component versus the coordinating ligand
component. Preferably, the entire compound can be synthe-
sized and the redox active transitional metal coordinated to
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the ligand near the last step of the synthesis. The coordinating
ligands provided herein rely on well-established inorganic
methodologies for ruthenium pentaamine precursors. See
Gerhardt and Weck, J. Org. Chem. 71:6336-6341 (2006);
Sizova et al., Inorg. Chim. Acta, 357:354-360 (2004); and
Scott and Nolan, Eur. J. Inorg. Chem. 1815-1828 (2005), all
herein incorporated by reference. Some examples of EAM
architectures with Ru-pentaamine complexes are shown bel-
low in FIG. 5B.

[0192] As can beunderstood by those skilled in the art, the
anchor components of the compounds provided herein could
be interchanged between alkyl and multipodal-based thiols.

3). Ferrocene-Based EAMs

[0193] In some embodiments, the EAMs comprise substi-
tuted ferrocenes. Ferrocene is air-stable. It can be easily sub-
stituted with both capture ligand and anchoring group. Upon
binding of the target protein to the capture ligand on the
ferrocene which will not only change the environment around
the ferrocene, but also prevent the cyclopentadienyl rings
from spinning, which will change the energy by approxi-
mately 4 kJ/mol. WO/1998/57159; Heinze and Schlenker,
Eur. J. Inorg. Chem. 2974-2988 (2004); Heinze and Schlen-
ker, Eur. J. Inorg. Chem. 66-71 (2005); and Holleman-
Wiberg, Inorganic Chemistry, Academic Press 34th Ed, at
1620, all incorporated by reference.

‘/to be funtionalized

NI, with the capture ligand

Q/Fe/@

Br

\ to be funtionalized with
an anchoring group
NH,

to be funtionalized
with the capture ligand

/

G/Fe
COOH

[0194] In some embodiments the anchor and capture
ligands are attached to the same ligand for easier synthesis. In
some embodiments the anchor and capture ligand are
attached to different ligands.

[0195] There are many ligands that can be used to build the
new architecture disclosed herein. They include but not lim-
ited to carboxylate, amine, thiolate, phosphine, imidazole,
pyridine, bipyridine, terpyridine, tacn (1,4,7-Triazacy-
clononane), salen (N,N'-bis(salicylidene) ethylenediamine),
acacen (N,N'-Ethylenebis(acetylacetoniminate(-)), EDTA
(ethylenediamine tetraacetic acid), DTPA (diethylene tri-
amine pentaacetic acid), Cp (cyclopentadienyl), pincer
ligands, and scorpionates. In some embodiments, the pre-
ferred ligand is pentaamine.
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[0196] Pincerligands are a specific type of chelating ligand.
A pincer ligand wraps itself around the metal center to create
bonds on opposite sides of the metal as well as one in
between. The effects pincer ligand chemistry on the metal
core electrons is similar to amines, phosphines, and mixed
donor ligands. This creates a unique chemical situation where
the activity of the metal can be tailored. For example, since
there is such a high demand on the sterics of the complex in
order to accommodate a pincer ligand, the reactions that the
metal can participate in is limited and selective.

[0197] Scorpionate ligand refers to a tridentate ligand
which would bind to a metal in a fac manner. The most
popular class of scorpionates are the tris(pyrazolyl)hydrobo-
rates or Tp ligands. A Cp ligand is isolobal to Tp

[0198] In some embodiments, the following restraints are
desirable: the metal complex should have small polar ligands
that allow close contact with the solvent.

4). Charge-Neutralizing [igands

[0199] In another aspect, the present invention provides
compositions having metal complexes comprising charged
ligands. The reorganization energy for a system that changes
from neutral to charged (e.g. M+<M0; M-<MO0) may be
larger than that for a system in which the charge simply
changes (e.g. M2+<sM3+) because the water molecules have
to “reorganize” more to accommodate the change to or from
an unpolarized environment.

[0200] Insomeembodiments, charged ligand anionic com-
pounds can be used to attach the anchor and the capture ligand
to the metal center. A metal complex containing a halide ion
X in the inner complex sphere reacts with charged ligands,
include but not limited to, thiols (R—SH), thiolates (RS-E;
E=leaving group, i.e., trimethylsilyl-group), carbonic acids,
dithiols, carbonates, acetylacetonates, salicylates, cysteine,
3-mercapto-2-(mercaptomethyl)propanoic acid. The driving
force for this reaction is the formation of HX or EX. If the
anionic ligand contains both capture ligand and anchor, one
substitution reaction is required, and therefore the metal com-
plex, with which it is reacted, needs to have one halide ligand
in the inner sphere. If the anchor and capture ligand are
introduced separately the starting material generally needs to
contain two halide in the inner coordination sphere. Seidel et
al., Inorg. Chem 37:6587-6596 (1998); Kathari and Busch,
Inorga. Chem. 8:2276-2280 (1978); Isied and Kuehn J. Am.
Chem. Soc. 100:6752-6754; and Volkers et al., Eur. J. Inorg.
Chem. 4793-4799 (2006), all herein incorporated by refer-
ence.

[0201] Examples for suitable metal complexes are the fol-
lowing (it should be noted that the structures depicted below
show multiple unidentate ligands, and multidentate ligands
can be substituted for or combined with unidentate ligands
such as cyano ligands):

capture ligand
O— anchor, capture ligand
/
LM -
\ § S
~
O ML4/

anchor
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[0202] In some embodiments, dithiocarbamate is used as a

charge-neutralizing ligand, such as the following example:
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[0203] In some embodiments, benzenedithiolate is used as
charge-neutralizing ligand, such as the following example:

Lc
S
Ln
S
\l /Ln
S Ru\
/ | Ln
5 Ln
anchor

[0204] In the above depicted structures, Ln is coordinate
ligand and n=0 or 1.

[0205] In some embodiments, the EAM comprises Schiff
base type complexes. By “Schiff base” or “azomethine”
herein is meant a functional group that contains a carbon-
nitrogen double bond with the nitrogen atom connected to an
aryl or alkyl group-but not hydrogen. Schiff bases are of the
general formula RIR2C—N-—R3, where R3 is a phenyl or
alkyl group that makes the Schiff base a stable imine. Schiff
bases can be synthesized from an aromatic amine and a car-
bonyl compound by nucleophilic addition forming a hemi-
aminal, followed by a dehydration to generate an imine.

[0206] Acacenis a small planar tetradentate ligand that can
form hydrogen bonds to surrounding water molecules trough
its nitrogen and oxygen atoms, which would enhance the
reorganization energy effect. It can be modified with many
functionalities, include but not limited to, carboxylic acid and
halides, which can be used to couple the acacen-ligand to the
capture ligand and to the anchoring group. This system allows
a large variety of different metal centers to be utilized in the
EAMs. Since the ligand binds with its two oxygen and two
nitrogen atoms, only four coordination sites are occupied.
This leaves two additional coordination sites open, depending
on the metal center. These coordination sites can be occupied
by a large variety of organic and inorganic ligands. These
additional open sites can be used for inner-sphere substution
(e.g. labile H20 or NH3 can be displaced by protein binding)
or outer-sphere influence (e.g. CO, CN can for H-bonds) to
optimize the shift of potentials upon binding of the capture
ligand to the target. WO/1998/057158, WO/1997/21431,
Louie et al., PNAS 95:6663-6668 (1999), and Bottcher et al.,
Inorg. Chem. 36:2498-2504 (1997), herein all incorporated
by references.

[0207] Insome embodiments, salen-complexes are used as
well. Syamal et al., Reactive and Functional Polymers 39:27-
35 (1999).

[0208] The structures of some acacen-based complexes and
salen-based complexes are shown below, where positions on
the ligand that are suitable for functionalization with the
capture ligand and/or the anchor are marked with an asterisk.

(-
-

CL and/or AG
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-continued
*
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CL and/or AG

[0209] One example of using acacen as ligand to form a
cobalt complex is the following:

+
CH.
s
—N, N

\Co -
\_ 14

Ln
;G

wherein is A and B are substitute groups, Ln is coordinating
ligand and n=0 or 1.

[0210] 5). Sulfato Ligands

[0211] In some embodiments, the EAM comprises sulfato
complexes, include but not limited to, [L-Ru(lI[)(NH3)
4S04]+ and [L-Ru(TI)(NH3)4S022]2+. The SO4-Ru(11D)-
complexes are air stable. The ligand L. comprises a capture
ligand an anchor. The sulfate ligand is more polar than amine
and negatively charged. The surface complexes therefore will
be surrounded by a large number of water molecules than
both the [L-Ru(NH3)5-L'] and [L-Ru(NH3)5]2+. Isied and
Taube, Inorg. Chem. 13:1545-1551 (1974), herein incorpo-
rated by reference.

0
Il o) 0
0=5=0 X7
(l) + (l) 2+
H3N\| /NH3_| H3N\| /NH3_|
AR cl AR Cly
;N7 | TNH; H;NT | TNH;
L L

(d). Spacer Groups

[0212] In some embodiments, the EAM or ReAMC is
covalently attached to the anchor group (which is attached to
the electrode) via an attachment linker or spacer (“Spacer1”),
that further generally includes a functional moiety that allows
the association of the attachment linker to the electrode. See
for example U.S. Pat. No. 7,384,749, incorporated herein by
reference in its entirety and specifically for the discussion of
attachment linkers). It should be noted in the case of a gold
electrode, a sulfur atom can be used as the functional group
(this attachment is considered covalent for the purposes of
this invention). By “spacer” or “attachment linker” herein is
meant a moiety which holds the redox active complex off the
surface of the electrode. In some embodiments, the spacer is
a conductive oligomer as outlined herein, although suitable
spacer moieties include passivation agents and insulators as
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outlined below. In some cases, the spacer molecules are SAM
forming species. The spacer moieties may be substantially
non-conductive, although preferably (but not required) is that
the electron coupling between the redox active molecule and
the electrode (HAB) does not become the rate limiting step in
electron transfer.

[0213] In addition, attachment linkers can be used to
between the coordination atom of the capture ligand and the
capture ligand itself, in the case when ReAMC:s are utilized.
Similarly, attachment linkers can be branched, such as shown
in FIGS. 7-9. In addition, attachment linkers can be used to
attach capture ligands to the electrode when they are not
associated in a ReAMC.

[0214] One end of the attachment linker is linked to the
EAM/ReAMC/capture ligand, and the other end (although as
will be appreciated by those in the art, it need not be the exact
terminus for either) is attached to the electrode.

[0215] The covalent attachment of the conductive oligomer
containing the redox active molecule (and the attachment of
other spacer molecules) may be accomplished in a variety of
ways, depending on the electrode and the conductive oligo-
mer used. See for example Structures 12-19 and the accom-
panying text in U.S. Patent Publication No. 20020009810,
hereby incorporated by reference in its entirety.

[0216] In general, the length of the spacer is as outlined for
conductive polymers and passivation agents in U.S. Pat. Nos.
6,013,459, 6,013,170, and 6,248,229, as well as 7,384,749 all
herein incorporated by reference in their entireties. As will be
appreciated by those in the art, if the spacer becomes too long,
the electronic coupling between the redox active molecule
and the electrode will decrease rapidly.

II. Method of Making

[0217] In another aspect, the present invention provides
method of making the compositions as described herein. In
some embodiments, the composition are made according to
methods disclosed in of U.S. Pat. Nos. 6,013,459, 6,248,229,
7,018,523, 7,267,939, U.S. patent application Ser. Nos.
09/096,593 and 60/980,733, and U.S. Provisional Applica-
tion No. 61/087,102, filed on Aug. 7, 2008, all are herein
incorporated in their entireties for all purposes.

[0218] Inoneembodiments, Compound 1 (anunsymmetric
dialkyl disulfide bearing terminal ferrocene and maleimide
groups) as shown below was synthesized and deposited on
gold electrodes as described in more detail in the Examples.

I

Methods of detecting Target Enzymes
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[0219] Reorganization energy has been explored to develop
methods for detecting analytes.

[0220]

[0221] In one aspect, the present invention provides meth-
ods for detection of a target enzyme that involves a catalysis
(chemical) event—cleaving or transferring of substrate,
rather than a binding/dissociation (physical) event, thus pro-
ducing an amplification effect. In some embodiments, the
target analyte may be an enzyme. Upon introduction of the
target enzyme, the enzyme associates with the substrate to
cleave or otherwise sterically alter the substrate such that the
redox active molecule is made solvent accessible. This
change can then be detected. This embodiment is advanta-
geous in that it results in an amplification of the signal, since
a single enzyme molecule can result in multiple solvent
accessible molecules. This may find particular use in the
detection of bacteria or other pathogens that secrete enzymes,
particularly scavenger proteases or carbohydrases.

[0222]

[0223] In one aspect, the present invention provides a
method of detecting a target enzyme in a sample. By “sample”
or “test sample” herein is meant a composition that contains
the analyte or analytes to be detected. The sample can be
heterogeneous, containing a variety of components, i.e. dif-
ferent proteins. Alternatively, the sample can be homogenous,
containing one component. The sample can be naturally
occurring, a biological material, or man-made material. The
material can be in a native or denatured form. The sample can
be a single cell or a plurality of cells, a blood sample, a tissue
sample, a skin sample, a urine sample, a water sample, or a
soil sample. In some embodiments, the sample comprises the
contents of a single cell, or the contents of a plurality of cells.
The sample can be from a living organism, such as a eukary-
ote, prokaryote, mammal, human, yeast, or bacterium, or the
sample can be from a virus. The samples can be used without
any treatment, or with treatment if desired.

[0224] Thus, in the present invention, sample or test sample
comprises a target enzyme, as described herein.

[0225] 3). Mechanism

[0226] Inthe assays provided herein, the shift in E° can due
either the removing a moiety from the vicinity the EAM, or
the adding of a moiety to the vicinity of the EAM. The moiety
can be any size, as long as the removing or adding of such
moiety results in a shift of the E° of EAM that enable the
detection of the target enzyme.

[0227] In general, the adding of a moiety to the vicinity of
the EAM results in a positive shift in the E° of the EAM. One
example is the kinase assay described herein.

[0228] In general, the removing of a moiety to the vicinity
of the EAM results in a negative shift in the E° of the EAM.
One example is the “lawnmower assay” described herein.
[0229] In some embodiments, an assay may involve both
the adding and removing moieties to or from the vicinity of
the EAM, thus involve the shift of the E° of the EAM in both
directions. One example is the “lawnmower assay” described
herein. See FIG. 4A.

[0230]

[0231] The methods and compositions provide herein find
use in different applications.

1). Overview

2). Sample

4). Applications
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[0232] Kinase

[0233] Inone aspect, the present invention provides meth-
ods for detecting kinase, the method comprises: (a) adding a
test sample comprises a kinase to an electrode comprising: (i)
aself-assembled monolayer (SAM); (ii) a covalently attached
eletroactive active moiety (EAM) comprising a transition
metal complex with an E°; and (iii) a plurality of proteins
attached to said electrode, wherein said proteins are first
substrates of said kinase; (b) phosphorylating said proteins
with said kinase and a second kinase substrate; and (c) deter-
mining the presence of said kinase by measuring a change of
said E°.

[0234] In some embodiments, the kinase assay employs a
mixed self-assembled monolayer (SAM) of thiolated electro-
active moieties (EAM) that are sparsely diluted with neigh-
boring oligopeptide sequences that are known substrates for
kinase enzymes. In this arrangement, the EAM is “exposed”
to the SAM/solution interface. In the presence of kinase target
of interest, the oligopeptide in the SAM will be specifically
phosphorylated with a polymer-modified ATP cofactor that is
present in the sample matrix resulting in an oligopeptide that
is modified with a phosphate-terminated polymer. If the phos-
phorylation site is near the height of the EAM in the mixed
SAM arrangement, the polymer-coupled product peptide will
“shield” the neighboring EAMs from solvent. This change in
solvation environment of the EAM due to the catalytic phos-
phorylation of the kinase will result in a change in potential
that can be detected electrochemically. A graphical represen-
tation of some embodiments of the kinase assay is shown in
FIG. 1.

[0235] Asdescribed herein, protein kinase transfers a phos-
phate from a donor (the second substrate) to an acceptor
peptide (the first substrate). In the present invention, the first
and second substrate can be either the capture substrate or the
solution substrate.

[0236] Once a target kinase is determined and a synthetic
peptide substrate identified, the assay can be optimized by
changing the dimensions/concentrations of the EAM and
peptide components in the SAM.

[0237] Once the potential shift is optimized for a particular
kinase of interest, the assay can be used to screen for drug
candidate that inhibit the kinase activity as described herein.
[0238] By “first substrate” herein is meant a protein that is
capable of being phosphorylated by a kinase. The composi-
tion of first substrate depends on the target kinase.

[0239] In some embodiments, the target kinase is protein
kinase C (PKC) and the first substrate comprise a peptide has
the sequence of (SEQ ID NO:34)(STYRRGSRRWRKL).
[0240] In some embodiments, the first substrate is from
about 10 to 50 amino acids long, preferably from about 15 to
20 amino acids long.

[0241] By “second substrate” herein is meant a molecule
that provide a phosphate for the phosphorylation by a kinase.
In some embodiments, the second substrate is a polymer
comprises an ATP. In some embodiments, the second sub-
strate is a polymer comprises a GTP.

[0242] Insomeembodiment, the second substrate is a poly-
mer-modified ATP cofactor.
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[0243] Insome embodiments, the second substrate has the
structure of Formula (I):

[0244] In some embodiment, the EAM and the first sub-
strate peptides are arranged so that the EAM is at least par-
tially exposed to a solution.

[0245] Generally, the first substrate comprises a phospho-
rylation site which site is near the height of the EAM in the
mixed SAM arrangement, such that when the second sub-
strate is attached to the first substrate through phosphoryla-
tion, the second substrate-coupled first substrate will shield
the neighboring EAMs from solution.

[0246] The sequence of phosphorylation site depends on
the target kinase. For example, a peptide substrate for a serine/
threonine kinase has a serine or threonine. Consensus
sequences for various protein kinases are known. (Methods in
Enzymology 200: 62-81 (1991)). Table 2 shows consensus
phosphorylation site motifs for various protein kinases that
are suitable for the present invention. An asterisk indicates the
phosphorylable residue. An “X” indicates any amino acid.

TABLE 2

Protein Kinase Consensus Motifs

XRXXS*/T*; (SEQ ID NO: 8)
XRXXS*/T*V (SEQ ID NO: 9)

Calmodulin-
dependent
protein kinase II
Casein kinase I S (PO;) XXS* /T*
(SEQ ID NO: 10)

S$*/T*XXEX; (SEQ ID NO: 11)
S*/T*XXDX (SEQ ID NO: 12)

Casein kinase II

c-AMP-dependent
protein kinase

RXS*;
RRXS*; (SEQ ID NO: 13)
RXXS*; (SEQ ID NO: 14)
KRXXS* (SEQ ID NO: 15

c-GMP-dependent
protein kinase

R/KXS*/T*; (SEQ ID NO: 16)
R/KXXS*/T*; (SEQ ID NO: 17)
R/KR/KXS*/T#;

(SEQ ID NO: 18)

R/KXXXS*/T+*; (SEQ ID NO: 19)
S$*/T*XR/K (SEQ ID NO: 20)

Glycogen synthase
kinase-3

S*XXXS(PO3) (SEQ ID NO: 21)

Growth-associated $*/T*PXK/R; (SEQ ID NO: 22)

histone H1 kinase

(MPF, cdc2*/ ¢DC28
protein kinases)

K/RS*/T*P; (SEQ ID NO: 23)
S$*/T*PK/R (SEQ ID NO: 24)
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TABLE 2-continued

Protein Kinase Consensus Motifs

Phosphorylase K/RXXS*V/I (SEQ ID NO: 25)

kinase

S*/T*XK/R; (SEQ ID NO: 26)
K/RXX S*/T*;

(SEQ ID NO: 27)
K/RXXS*/T*XK/R;

(SEQ ID NO: 28)

K/RXS*/T*; (SEQ ID NO: 29)
K/RXS*/T*XK/R

(SEQ ID NO: 30)

Protein kinase C

XE/DY*X; (SEQ ID NO: 31)
XE/DY*I/L/V (SEQ ID. NO: 32)

Tyrosine kinase/
EGF-receptor
kinase

[0247] The utility of a potential peptide substrate for the
kinase assay can be determined by incubating the potential
peptide substrate with the kinase under conditions where the
kinase is known to be active. Those peptide substrates that are
useful in a kinase reaction are those that can be phosphory-
lated by a kinase of interest. Other preferred peptide sub-
strates are listed in the Examples.

[0248] Any kinase recognition motif known in the art can
be used in accordance with the present invention. Examples
of recognition motifs which can be monitored for phospho-
rylation using the metal binding amino acids of the present
invention are shown in Table 3.

TABLE 3

Kinase recognition motif

Protein kinase
C (PKC)

-Ser/Thr-Phe-Arg-Arg-Arg-
(SEQ ID NO: 5)

cyclic-AMP dependent
kinase (PKa)

-Leu-Arg-Arg-Ala-Ser/
Thr-Leu- (SEQ ID NO: 6)
Abelson kinase (2bl) -Ile-Tyr-Ala-Ala-Pro-Phe
(SEQ ID NO: 7)

[0249] Alistofother peptides which canbe phosphorylated
(and the corresponding kinases) is found in Table I of Pinna &
Donella-Deana, Biochemica et Biophysica Acta 1222: 415-
431 (1994); incorporated herein by reference in its entirety.
Another list can be found at in New England Biolabs Inc.
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2005-06 Catalog & Technical Reference, page 198, incorpo-
rated herein by reference in its entirety.

[0250] Activators can be added to the kinase reaction where
desired, e.g., where the kinase under investigation requires an
activator. It also may be desirable to add an activator to
achieve optimal kinase activity. Activators useful in the
kinase reaction include, but are not limited to, calcium, phos-
pholipids and other lipids, and phorbol 12-myristate 13-ac-
etate (PMA) or similar activators for Calcium-phospholipid-
dependent protein kinase (PKC), calcium and calmodulin for
calmodulin-dependent protein kinase (CaM K), cAMP for
cAMP-dependent protein kinase (PKA) holoenzyme, CGMP
for cGMP-dependent protein kinase (PKG), DNA for DNA-
PK. Activators can be added at nanomolar or higher concen-
trations and at micromolar or lower concentrations depending
on the kinase under investigation. A termination reagent can
optionally be added to the system in which the kinase reaction
is occurring where an end point is desired, e.g., for measuring
and quantitating the activity of protein kinase. The termina-
tion reagent usually is a metal chelating reagent added at a
concentration that is sufficient to sequester the metal away
from the kinase. In addition, any other reagent that terminates
the phosphorylation catalyzed by the kinase can be used to
terminate the phosphorylation reaction. For example, EDTA,
EGTA, and 1,10-phenanthroline are good chelators for mag-
nesium, calcium, and zinc, respectively. Other ion chelating
agents may be used. Additionally, kinases can be heat inacti-
vated.

[0251] The kinase reaction can also be performed using a
phosphopeptide as the phosphate donor and a nucleoside
diphosphate (NDP) as the phosphate acceptor, i.e., the reverse
of'the previously described reaction. In this configuration, the
kinase reaction is performed in the same manner as is
described above. However, the output that is detected gener-
ally will be the inverse of the output for kinase reactions
where a phosphopeptide is the phosphate donor. That is,
where there is kinase activity in this assay configuration,
output will increase when dephosphorylation of the phospho-
peptide substrate and phosphorylation of the NDP occur.
[0252] Protease and PSA

[0253] In some embodiments, the target enzyme is a pro-
tease. Proteases represent a broad class of enzymes involved
in numerous critical physiological processes and are impli-
cated as diagnostic markers for many disease states, including
arthritis, Alzheimer’s disease, cancer, and stroke. The devel-
opment of biosensor plafforms for this important class of
proteins remains an active area of multidisciplinary research
that will facilitate further advances in catalomics, cell biol-
ogy, drug discovery, and clinical diagnostics.

[0254] Insomeembodiments, the target enxyme is prostate
specific antigen (PSA). PSA, also known as kallikrein 11,
seminin, semenogelase, y-seminoprotein and P-30 antigen) is
a34 kD glycoprotein manufactured almost exclusively by the
prostate gland. PSA is a serine protease (EC 3.4.21.77)
enzyme, and is present in small quantities in the serum of
normal men, and is often elevated in the presence of prostate
cancer and in other prostate disorders. A blood test to measure
PSA is the one of the tests currently available for the early
detection of prostate cancer. Rising levels of PSA over time
are associated with both localized and metastatic prostate
cancer (CaP).

[0255] On exemplary embodiment is depicted in FIGS. 4A
and 4B, and FIGS. 6A and 6B. In this assay, a peptide
(HSSKLQC, SEQ ID NO:33) is first attached to a linker. This
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results in the shift of E° (a positive shift). When PSA is present
in the assay, it cleaves the peptide, results in anther shift of E°
(a negative shift).

[0256] Peptidase Toxin

[0257] In one aspect, the present invention provides com-
positions and methods for detecting peptidases toxin. The
method comprises the steps of: (a) adding a test sample com-
prising a protease to an electrode, said electrode comprises:
(1) a self-assembled monolayer (SAM); (ii) a covalently
attached eletroactive active moiety (EAM) comprising a tran-
sition metal complex with an E°; and (iii) a plurality of pro-
teins attached to said electrode, wherein said proteins com-
prises a cleavage site of said protease; (b) cleaving a plurality
of said proteins with said protease; and (c) determining the
presence of said protease by measuring a change of said E°.
[0258] Insome embodiments, a substrate of the target pep-
tidase comprises a cleavage siteis attached to the electrode. In
some embodiments, the substrate comprises a peptide that
comprises a cleavage site which can be cleaved by the target
peptidase. Preferably, the peptide further comprises an amino
acid sequence that can be recognized by the target peptidase
(a target recognition sequence), thus confer specificity to the
cleaving. The cleavage site and the target recognition
sequence can be chosen from those known in the art, such as
those described herein, with or without optimization.

[0259] Insomeembodiments, the target peptidase is BoNT
A, the substrate comprises residues 187 to 203 of SNAP-25:
SNKTRIDEAN QRATKML (SEQ ID NO:1), or a modified
version of it with K189 and K291 substituted with arginines:
SNRTRIDEAN QRATRML (SEQ ID NO:2). See Schmidt
and Stafford, Applied and Environmental Microbiology,
69:297-303 (2003)

[0260] Insomeembodiments, the target peptidaseis BONT
B, the substrate comprises residues 60 to 94 of human
VAMP-2 (GenBank Aceesion No: NP_055047): LSELD-
DRADA LQAGASQFET SAAKLKRKYW WKNLK (SEQ
1D NO:3).

[0261] Insomeembodiments, the target peptidaseis BONT
F, the substrate comprises residues 37 to 75 of human VAMP-
2: AQVDEWDI MRVNVDKVLE RDQKLSELDD RAD-
ALQAGAS (SEQ ID NO:4).

[0262] Alternatively, the cleavage site and the target recog-
nition sequence can be designed based on the target pepti-
dase. For example, a library of random peptide can be used to
screen for a peptidase substrate.

[0263] In some embodiments, the substrate comprise an
analogue of a known target peptidase substrate.

[0264] The peptide can be made using technique in the art.
Peptides can be synthesized chemically. Alternatively, the
peptide can be generated by expressing in vitro, such as use £.
coli or yeast based expression system.

[0265] The substrate is attached to the electrode use the
attachment linkers as described herein.

[0266] Thus, in some embodiments, a test sample comprise
the target peptidase is added to an electrode comprises EAM
and SAM, and the presence of the target peptidase is deter-
mined by measuring the E° of the EAM, as described herein.
[0267] 5). Initiation

[0268] Inone aspect, the present invention provides meth-
ods and compositions useful in the detection of target ana-
lytes, preferably enzymes.

[0269] Insome embodiments, the target analyte, contained
within a test sample, is added to the electrode containing
either a solvent accessible redox active complex or a mixture
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of solvent accessible redox active molecules and substrates,
under conditions that if present, the target enzyme catalyze
the substrate. These conditions are generally physiological
conditions. Generally a plurality of assay mixtures is run in
parallel with different concentrations to obtain a differential
response to the various concentrations. Typically, one of these
concentrations serves as a negative control, i.e., at zero con-
centration or below the level of detection. In addition, any
variety of other reagents may be included in the screening
assay. These include reagents like salts, neutral proteins, e.g.
albumin, detergents, etc which may be used to facilitate opti-
mal binding and/or reduce non-specific or background inter-
actions. Also reagents that otherwise improve the efficiency
of the assay, such as protease inhibitors, nuclease inhibitors,
anti-microbial agents, etc., may be used. The mixture of com-
ponents may be added in any order that provides for the
requisite binding.

[0270] Insomeembodiments, upon catalysis of a substrate
by the target enzyme, the solvent accessible redox active
molecule becomes solvent inhibited. By “solvent inhibited
redox active molecule” herein is meant the solvent reorgani-
zation energy of the solvent inhibited redox active molecule is
less than the solvent reorganization energy of the solvent
accessible redox active molecule.

[0271] Insome embodiments, upon catalysis of a substrate
by the target enzyme, the solvent inhibited redox active mol-
ecule becomes solvent accessible.

[0272] In some embodiments, the required solvent reorga-
nization energy changes sufficiently to result in a change in
the E° of the redox active molecule by at about 100 mV, with
at least about 200 mV being preferred, and at least about
300-500 mV being particularly preferred. In some embodi-
ments, when the accessible redox active molecule becomes
solvent inhibited, the changes in the E° of the redox active
molecule is a decrease. In some embodiments, when the
solvent inhibited redox active molecule becomes solvent
accessible, the changes in the E° of the redox active molecule
is a increase.

[0273] In some embodiments, the required solvent reorga-
nization energy changes by at least 100 mV, with at least
about 200 mV being preferred, and at least about 300-500 mV
being particularly preferred.

[0274] In some embodiments, the required solvent reorga-
nization energy decreases sufficiently to result in a rate
change of electron transfer (kET) between the solvent inhib-
ited redox active molecule and the electrode relative to the
rate of electron transfer between the solvent accessible redox
active molecule and the electrode. In an embodiment, this rate
change is greater than about a factor of 3, with at least about
a factor of 10 being preferred and at least about a factor of 100
or more being particularly preferred.

[0275] The determination of solvent reorganization energy
will be done as is appreciated by those in the art. Briefly, as
outlined in Marcus theory, the electron transfer rates (kET)
are determined at a number of different driving forces (or free
energy, —AG®); the point at which the rate equals the free
energy is the A. This may be treated in most cases as the
equivalent of the solvent reorganization energy; see Gray et
al. Ann. Rev. Biochem. 65:537 (1996), hereby incorporated
by reference.

[0276] The solvent inhibited redox active molecule, indi-
cating the presence of a target analyte, is detected by initiating
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electron transfer and detecting a signal characteristic of elec-
tron transfer between the solvent inhibited redox active mol-
ecule and the electrode.

[0277] Electron transfer is generally initiated electroni-
cally, with voltage being preferred. A potential is applied to a
sample containing modified nucleic acid probes. Precise con-
trol and variations in the applied potential can be via a poten-
tiostat and either a three electrode system (one reference, one
sample and one counter electrode) or a two electrode system
(one sample and one counter electrode). This allows match-
ing of applied potential to peak electron transfer potential of
the system which depends in part on the choice of redox active
molecules and in part on the conductive oligomer used.
[0278] Preferably, initiation and detection is chosen to
maximize the relative difference between the solvent reorga-
nization energies of the solvent accessible and solvent inhib-
ited redox active molecules.

[0279] 6). Detection

[0280] Electron transfer between the redox active molecule
and the electrode can be detected in a variety of ways, with
electronic detection, including, but not limited to, amperom-
metry, voltammetry, capacitance and impedance being pre-
ferred. These methods include time or frequency dependent
methods based on AC or DC currents, pulsed methods, lock-
in techniques, and filtering (high pass, low pass, band pass).
In some embodiments, all that is required is electron transfer
detection; in others, the rate of electron transfer may be deter-
mined.

[0281] In some embodiments, electronic detection is used,
including amperommetry, voltammetry, capacitance, and
impedance. Suitable techniques include, but are not limited
to, electrogravimetry; coulometry (including controlled
potential coulometry and constant current coulometry); vol-
tametry (cyclic voltametry, pulse voltametry (normal pulse
voltametry, square wave voltametry, differential pulse volta-
metry, Osteryoung square wave voltametry, and coulostatic
pulse techniques); stripping analysis (aniodic stripping
analysis, cathiodic stripping analysis, square wave stripping
voltammetry); conductance measurements (electrolytic con-
ductance, direct analysis); time-dependent electrochemical
analyses (chronoamperometry, chronopotentiometry, cyclic
chronopotentiometry and amperometry, AC polography,
chronogalvametry, and chronocoulometry); AC impedance
measurement; capacitance measurement; AC voltametry, and
photoelectrochemistry.

[0282] Insome embodiments, monitoring electron transfer
is via amperometric detection. This method of detection
involves applying a potential (as compared to a separate ref-
erence electrode) between the electrode containing the com-
positions of the invention and an auxiliary (counter) electrode
in the test sample. Electron transfer of differing efficiencies is
induced in samples in the presence or absence of target ana-
Iyte.

[0283] The device for measuring electron transfer ampero-
metrically involves sensitive current detection and includes a
means of controlling the voltage potential, usually a poten-
tiostat. This voltage is optimized with reference to the poten-
tial of the redox active molecule.

[0284] In some embodiments, alternative electron detec-
tion modes are utilized. For example, potentiometric (or vol-
tammetric) measurements involve non-faradaic (no net cur-
rent flow) processes and are utilized traditionally in pH and
other ion detectors. Similar sensors are used to monitor elec-
tron transfer between the redox active molecules and the
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electrode. In addition, other properties of insulators (such as
resistance) and of conductors (such as conductivity, imped-
ance and capicitance) could be used to monitor electron trans-
fer between the redox active molecules and the electrode.
Finally, any system that generates a current (such as electron
transfer) also generates a small magnetic field, which may be
monitored in some embodiments.

[0285] Insomeembodiments, the system may be calibrated
to determine the amount of solvent accessible redox active
molecules on an electrode by running the system in organic
solvent prior to the addition of target. This is quite significant
to serve as an internal control of the sensor or system. This
allows a preliminary measurement, prior to the addition of
target, on the same molecules that will be used for detection,
rather than rely on a similar but different control system.
Thus, the actual molecules that will be used for the detection
can be quantified prior to any experiment. Running the sys-
tem in the absence of water, i.e. in organic solvent such as
acetonitrile, will exclude the water and substantially negate
any solvent reorganization effects. This will allow a quanti-
fication of the actual number of molecules that are on the
surface of the electrode. The sample can then be added, an
output signal determined, and the ratio of bound/unbound
molecules determined. This is a significant advantage over
prior methods.

[0286] It should be understood that one benefit of the fast
rates of electron transfer observed in the compositions of the
invention is that time resolution can greatly enhance the sig-
nal-to-noise results of monitors based on electronic current.
The fast rates of electron transfer of the present invention
result both in high signals and stereotyped delays between
electron transfer initiation and completion. By amplifying
signals of particular delays, such as through the use of pulsed
initiation of electron transfer and “lock-in” amplifiers of
detection, orders of magnitude improvements in signal-to-
noise may be achieved.

[0287] Without being bound by theory, it appears that target
analytes, bound to an electrode, may respond in a manner
similar to a resistor and capacitor in series. Also, the E° of the
redox active molecule can shift as a result of the target analyte
binding. Furthermore, it may be possible to distinguish
between solvent accessible and solvent inhibited redox active
molecules on the basis of the rate of electron transfer, which
in turn can be exploited in a number of ways for detection of
the target analyte. Thus, as will be appreciated by those in the
art, any number of initiation-detection systems can be used in
the present invention.

[0288] In some embodiments, electron transfer is initiated
and detected using direct current (DC) techniques. As noted
above, the E° of the redox active molecule can shift as a result
of'the change in the solvent reorganization energy upon target
analyte binding. Thus, measurements taken at the E° of the
solvent accessible redox active molecule and at the E° of the
solvent inhibited molecule will allow the detection of the
analyte. As will be appreciated by those in the art, a number of
suitable methods may be used to detect the electron transfer.
[0289] In some embodiments, electron transfer is initiated
using alternating current (AC) methods. A first input electri-
cal signal is applied to the system, preferably via at least the
sample electrode (containing the complexes of the invention)
and the counter electrode, to initiate electron transfer between
the electrode and the second electron transfer moiety. Three
electrode systems may also be used, with the voltage applied
to the reference and working electrodes. In this embodiment,
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the first input signal comprises at least an AC component. The
AC component may be of variable amplitude and frequency.
Generally, for use in the present methods, the AC amplitude
ranges from about 1 mV to about 1.1 V, with from about 10
mV to about 800 mV being preferred, and from about 10 mV
to about 500 mV being especially preferred. The AC fre-
quency ranges from about 0.01 Hz to about 10 MHz, with
from about 1 Hz to about 1 MHz being preferred, and from
about 1 Hz to about 100 kHz being especially preferred
[0290] In some embodiments, the first input signal com-
prises a DC component and an AC component. That is, a DC
offset voltage between the sample and counter electrodes is
swept through the electrochemical potential of the second
electron transfer moiety. The sweep is used to identify the DC
voltage at which the maximum response of the system is seen.
This is generally at or about the electrochemical potential of
the redox active molecule. Once this voltage is determined,
either a sweep or one or more uniform DC offset voltages may
be used. DC offset voltages of from about —1 V to about +1.1
V are preferred, with from about -500 mV to about +800 mV
being especially preferred, and from about =300 mV to about
500 mV being particularly preferred. On top of the DC offset
voltage, an AC signal component of variable amplitude and
frequency is applied. If the redox active molecule has a low
enough solvent reorganization energy to respond to the AC
perturbation, an AC current will be produced due to electron
transfer between the electrode and the redox active molecule.
[0291] In some embodiments, the AC amplitude is varied.
Without being bound by theory, it appears that increasing the
amplitude increases the driving force. Thus, higher ampli-
tudes, which result in higher overpotentials give faster rates of
electron transfer. Thus, generally, the same system gives an
improved response (i.e. higher output signals) at any single
frequency through the use of higher overpotentials at that
frequency. Thus, the amplitude may be increased at high
frequencies to increase the rate of electron transfer through
the system, resulting in greater sensitivity. In addition, as
noted above, it may be possible to distinguish between sol-
vent accessible and solvent inhibited redox active molecules
on the basis of the rate of electron transfer, which in turn can
be used either to distinguish the two on the basis of frequency
or overpotential.

[0292] Insome embodiments, measurements of the system
are taken at least two separate amplitudes or overpotentials,
with measurements at a plurality of amplitudes being pre-
ferred. As noted above, changes in response as a result of
changes in amplitude may form the basis of identification,
calibration and quantification of the system.

[0293] In some embodiments, the AC frequency is varied.
At different frequencies, different molecules respond in dif-
ferent ways. As will be appreciated by those in the art,
increasing the frequency generally increases the output cur-
rent. However, when the frequency is greater than the rate at
which electrons may travel between the electrode and the
redox active molecules, higher frequencies result in a loss or
decrease of output signal. At some point, the frequency will
be greater than the rate of electron transfer through even
solvent inhibited redox active molecules, and then the output
signal will also drop.

[0294] In addition, the use of AC techniques allows the
significant reduction of background signals at any single fre-
quency due to entities other than the covalently attached
nucleic acids, i.e. “locking out” or “filtering” unwanted sig-
nals. That is, the frequency response of a charge carrier or
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redox active molecule in solution will be limited by its diffu-
sion coefficient. Accordingly, at high frequencies, a charge
carrier may not diffuse rapidly enough to transfer its charge to
the electrode, and/or the charge transfer kinetics may not be
fast enough. This is particularly significant in embodiments
that do not utilize a passavation layer monolayer or have
partial or insufficient monolayers, i.e. where the solvent is
accessible to the electrode. As outlined above, in DC tech-
niques, the presence of “holes” where the electrode is acces-
sible to the solvent can result in solvent charge carriers “short
circuiting” the system. However, using the present AC tech-
niques, one or more frequencies can be chosen that prevent a
frequency response of one or more charge carriers in solution,
whether or not a monolayer is present. This is particularly
significant since many biological fluids such as blood contain
significant amounts of redox active molecules which can
interfere with amperometric detection methods.

[0295] Insome embodiments, measurements of the system
are taken at least two separate frequencies, with measure-
ments at a plurality of frequencies being preferred. A plurality
of frequencies includes a scan. In a preferred embodiment,
the frequency response is determined at least two, preferably
at least about five, and more preferably at least about ten
frequencies.

[0296] 7). Signal Processing

[0297] After transmitting the input signal to initiate elec-
tron transfer, an output signal is received or detected. The
presence and magnitude of the output signal will depend on
the overpotential/amplitude of the input signal; the frequency
of the input AC signal; the composition of the intervening
medium, i.e. the impedance, between the electron transfer
moieties; the DC offset; the environment of the system; and
the solvent. At a given input signal, the presence and magni-
tude of the output signal will depend in general on the solvent
reorganization energy required to bring about a change in the
oxidation state of the metal ion. Thus, upon transmitting the
input signal, comprising an AC component and a DC offset,
electrons are transferred between the electrode and the redox
active molecule, when the solvent reorganization energy is
low enough, the frequency is in range, and the amplitude is
sufficient, resulting in an output signal.

[0298] In some embodiments, the output signal comprises
an AC current. As outlined above, the magnitude of the output
current will depend on a number of parameters. By varying
these parameters, the system may be optimized in a number of
ways.

[0299] In general, AC currents generated in the present
invention range from about 1 femptoamp to about 1 milliamp,
with currents from about 50 femptoamps to about 100 micro-
amps being preferred, and from about 1 picoamp to about 1
microamp being especially preferred.

IV. Apparatus

[0300] The present invention further provides apparatus for
the detection of analytes using AC detection methods. The
apparatus includes a test chamber which has at least a first
measuring or sample electrode, and a second measuring or
counter electrode. Three electrode systems are also useful.
The first and second measuring electrodes are in contact with
a test sample receiving region, such that in the presence of a
liquid test sample, the two electrodes may be in electrical
contact.

[0301] Inyetanother embodiment, the first measuring elec-
trode comprises a redox active complex, covalently attached
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via a spacer, and preferably via a conductive oligomer, such as
are described herein. Alternatively, the first measuring elec-
trode comprises covalently attached redox active molecules
and binding ligands.

[0302] The apparatus further comprises a voltage source
electrically connected to the test chamber; that is, to the
measuring electrodes. Preferably, the voltage source is
capable of delivering AC and DC voltages, if needed.

[0303] Inaembodiment, the apparatus further comprises a
processor capable of comparing the input signal and the out-
put signal. The processor is coupled to the electrodes and
configured to receive an output signal, and thus detect the
presence of the target analyte.

V. Applications

[0304] In another aspsect, the present invention provides
methods of screening for protease or kinase inhibitors.
[0305] By “inhibitor” herein is meant a molecule that is
capable of inhibiting a target enzyme. By “inhibit” herein
meant to decrease the activity of the target enzyme, as com-
pared to the activity in the absence of the inhibitor. In this
case, “inhibit” is generally at least a 5-20-25% decrease in the
activity, with over 50-75% being useful in some embodiments
and a 95-98-100% loss of activity being useful as well. The
activity of each target enzyme may vary, and is described in
more details

[0306] A. Methods of Screening for BONT Inhibitors
[0307] In another aspect, the present invention provides
assays for the identification of inhibitors of endopeptidase
toxins. In some embodiments the assay is a cell-based assay
for identifying peptidase inhibitor. U.S. Patent Publication
No. 20050136394, herein is incorporated for its entirety.
[0308] B. Methods of Screening for Kinase Inhibitors
[0309] Inone aspect, the present invention provide a kinase
assay to screen for kinase inhibitors. Such inhibitors can be
used as drug candidates. US. Patent Publication No.
20080113396, herein is incorporated for its entirety.

[0310] A further embodiment of the invention is an assay to
screen for alterations in or to a kinase reaction. Alterations
include, but are not limited to, activations or inhibitions of a
kinase reaction. For this, a test substance that is a potential
activator or inhibitor of a kinase is added to the assay along
with the kinase. An assay typically includes a bufter, a cation,
NTP, peptide substrate, and 0.05 units or greater of the kinase
of interest.

[0311] The potential inhibitor or activator is added to the
reaction to determine whether a compound inhibits or stimu-
lates the phosphorylation reaction. In addition, a peptidase is
added to the reaction as detailed above. The potential inhibi-
tor or activator can produce a change in the detectable output
from the reporter compound. For example, where a potential
inhibitor is included in the assay, typically an increase in the
detectable output from the reporter compound indicates inhi-
bition of the kinase. This increase would be due to inhibition
of'the kinase, leading to reduced phosphorylation of the pep-
tide substrate. With fewer amino acids of the peptide substrate
phosphorylated, the peptidase can cleave more molecules of
the peptide substrates to liberate more reporter compound
than a non-inhibited kinase reaction. Conversely, where a
potential enhancer is included in the assay, a decrease in
output from the reporter compound when compared to a
control reaction without the potential enhancer indicates the
enhancement of the kinase.
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[0312] In a preferred embodiment, output from a test
sample contacted with a test substance is compared to output
of a control sample that has not been contacted with the test
substance. Preferably, a ratio is calculated from these
detected outputs. The ratio is a measure of the phosphoryla-
tion (or lack thereof) of the reporter compound by the kinase.
[0313] In some embodiments, a kinase reaction includes a
buffer, a source of metal or divalent cation, a nucleotide
triphosphate (NTP), which can act as a phosphate donor, a
peptide substrate, and, optionally, an activator of the kinase.
The buffer, cation, NTP, and peptide substrate are selected
based on the protein kinase under investigation, as is
explained below. If desired, an activator of the kinase, can
also be added. The sample is added to the reaction.

[0314] If the sample contains a protein kinase, the protein
kinase can catalyze the transfer of the phosphate group from
the NTP to phosphorylate the peptide substrate. Kinase reac-
tions can be incubated at a temperature at which the enzyme
is active. Preferably, the temperature is about 21° C. or higher.
Also preferred is a temperature 0 37° C. or lower. Incubation
time preferably is 5 seconds or more. Also preferred is an
incubation time of one hour or less. However, the incubation
time may be longer than one hour, as long as the reaction time
is not longer than the transferase remains active under assay
conditions. Incubation time may be optimized depending on,
e.g., the incubation temperature, the stability and amount of
kinase under investigation, and the amount of peptide sub-
strate. The reaction is instantaneous, so measurement can be
taken as soon as is practicable.

[0315] Buffers useful in a kinase reaction include, but are
not limited to, Tristhydroxymethyl)aminomethane hydro-
chloride (Tris-HCI), N-(2-Hydroxyethyl)piperazine-N'-(2-
ethanesulfonic acid) (HEPES), 4-(2-Hydroxyethyl)pipera-
zine-1-ethanesulfonic acid) (HEPES), 2-(N-Morpholino)
ethanesulfonic acid (MES), at concentrations and pH levels
that are optimal for the particular enzyme under investigation.
Preferably, the buffer concentration is 10 mM or higher. Also
preferred is a buffer concentration of 100 mM or lower. The
pH of the kinase reaction preferably is 7.0 or higher. Also
preferred is a pH 0f 9.0 or lower.

[0316] A preferred divalent cation for the kinase reaction is
magnesium. Other divalent cations, such as manganese, cal-
cium, nickel, and the like, can substitute for magnesium. In
addition, these other divalent cations can be combined with
magnesium. Notably, some of the other divalent cations can
be added for optimal activity of the kinase. Preferably, the
divalent cation is added at a 1 mM or higher concentration.
Also preferred is adding magnesium at a concentration 50
mM or lower concentration. Other divalent cations can be
added in the micromolar to millimolar ranges.

[0317] The NTP added to the kinase reaction typically is
ATP or GTP. As is known in the art, the choice of which NTP
is added to the kinase reaction depends on the kinase used in
the assay. A preferred concentration of NTP in a kinase reac-
tion is about 1 uM or higher, and is also preferred at 1 mM or
lower, and more preferably is 100 uM.

Examples
Example 1
Synthesis of Compound 1

[0318] General considerations. All synthetic manipulations
(Schemes S1) were performed under a dry argon atmosphere
using standard Schlenk techniques, unless otherwise noted.
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For reaction media, solvents were dried over neutral alumina
via the Dow-Grubbs solvent system' acquired from Glass
Contours (Laguna Beach, Calif.). These solvents were
degassed with argon prior to use. All flash chromatography
was carried out using silica gel 60 (particle size: 40-63
microns) (EMD Chemicals, Gibbstown, N.J.) under a posi-
tive pressure of lab air. 'H and *C NMR spectra were
recorded ona Varian INOVA 500 FT-NMR spectrometer (500
MHz for 'HNMR, 125 MHz for >*C NMR). "HNMR data are
reported as follows: chemical shift {multiplicity (b=broad,
s=singlet, d=doublet, t=triplet, q=quartet, pt=pseudo triplet
from a non-resolved doublet of doublets, and m=multiplet),
integration, and peak assignments}. 'H and '*C chemical
shifts are reported in ppm downfield from tetramethylsilane
(TMS). Matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry was obtained on a
Perspective Biosystems Voyager DE-Pro mass spectrometer.
Elemental analyses were performed by Quantitative Tech-
nologies, Inc. (Whitehouse, NJ). X-ray crystallography was
performed on a Bruker SMART 1000 X-ray diffractometer
equipped with a CCD detector. Electrochemical experiments
were carried out with a CHI model 660A electrochemical
analyzer (CHI Instruments Inc.) in a three-electrode system,
with a Ag/AgCl reference wire, a platinum wire as counter
electrode (Bioanalytical Systems) and evaporated gold sub-
strates as the working electrode. Electrochemical measure-
ments in solution were carried out using a freshly cleaned
platinum microdisc electrode (CHI Instruments). Absorbance
spectra were collected using an Ocean Optics S200 Dual
Channel spectrometer equipped with a DH-2000-BAL light
source.

[0319] Materials. Compound 3 and 11-aminounde-
canethiol. HC] were synthesized as previously described.>?
Chloroform-d, was purchased from Cambridge Isotope
Laboratories. All other reagents were purchased from com-
mercial sources and used without further purification unless
otherwise noted. Reactions were monitored by TLC (alumi-
num backed silica gel sheets 60 F,,; EMD Chemicals, Inc.,
Gibbstown, N.J.) and spots were visualized by fluorescence
quenching upon exposure to UV light. For the electrochemi-
cal measurements, de-ionized water was used after it was
passed through an Aqua Solutions system equipped with a
combined reverse osmosis deionized system and a UV ster-
ilization lamp, for a final product that has a resistivity of 18.0
MD cm.

[0320] Scheme S1. Synthesis of compound 1.
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[0321] Reaction Conditions: (a) PPh,/NH,OH; (b) DCC,
HOBt, 11-mercaptoundecanoic acid; (c¢) AldrithiolTm-2,
TEA; (d) 11-aminoundecanethiol. HCl, DMAP; (e) 3-male-
imidobenzoic acid N-hydroxysuccinimide ester, TEA.
[0322] Ferrocene methylamine (4). Compound 3 (0.226 g,
0.940 mmol) was dissolved in THF (4 mL) and cooledto 4° C.
in an ice bath. Lithium aluminum hydride (0.053 mg, 1.40
mmol) was added slowly as a solid and the reaction stirred at
4° C. for 1 h and warmed to r.t. for another 2 h. The reaction
was cooled in an ice bath and quenched with sat. Na,SO,, (aq)
(5mL). After 10 min, the mixture was poured into NaOH(aq)
(0.1 M, 100 mL) and extracted with DCM (3x50 mL). The
organic phase was dried over Na,SO,, filtered, and concen-
trated to an orange solid (0.177 g, 0.820 mmol, 87%). 'H
NMR consistent with the structure of 4.

[0323] 11-Mercaptoundecanoic acid ferrocenylmethyl-
amide (5). Compound 4 (0.175 g, 0.81 mmol), N,N'-dicyclo-
hexylcarbodiimide (0.169 g, 0.82 mmol), 1-hydroxybenzot-
riazole (0.126 g, 0.82 mmol), and 11-mercaptoundecanoic
acid (0.179 g, 0.82 mmol) were combined in degassed
acetone (12 mL). The solution was stirred at r.t. for 18 hunder
an atmosphere of Ar. The reaction mixture was concentrated
in vacuo and dissolved in dichloromethane (100 mL). After
washing with water (3x50 mL), the organic phase was dried
over Na,SO,, filtered, and concentrated to a crude residue
that was purified by column chromatography on silica gel
(2:3, EtOAc:hexanes) to yield the pure product as a pale
orange solid (0.288 g, 0.69 mmol, 85%). 'H NMR (CDCl,):
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d 1.25-138 (m, 13H, (CH,)s+SH), 1.57-1.66 (m, 4H,
COCH,CH,+CH,CH,SH) 2.17 (t, J, ,~7.8 Hz, 2H,
COCH,), 2.51 (psuedo dt, J, ,~=7.3 Hz, 7.4 Hz, 2H,
CH,SH), 4.13-4.15 (m, 4H, NHCH,+ferrocene-H), 4.16 (bs,
SH, ferrocene-H), 4.18 (pt, 2H, ferrocene-H), 5.56 (bs, 1H,
NH). *C{*H} NMR (CDCl,): § 24.9, 26.0, 28.6, 29.2, 29.5,
29.5,29.6,29.6,34.2,37.0,39.0,68.4,68.5,68.8,85.0,172.6.
[0324] 11-(Pyridin-2-yldisulfanyl)-undecanoic acid ferro-
cenylmethyl-amide (6). Compound 5 (0.288 g, 0.69 mmol)
was dissolved in methanol (8 mL) and dichloromethane (2
mL). Aldrithiol™-2 (0.304 g, 1.38 mmol) followed by tri-
ethylamine (0.192 mL., 1.38 mmol) were added and the reac-
tion set to stir at r.t. for 15 h under an atmosphere of Ar. The
solvent was removed in vacuo and the crude residue was
purified by column chromatography on silica gel (2:3,
EtOAc:hexanes) to yield the pure product as an orange oil
(0.316 g, 0.60 mmol, 87%). 'H NMR (CDCl,): 8 1.25-1.39
(m, 12H, (CH,)), 1.60-1.71 (m, 4H, COCH,CH,+
CH,CH,SS), 2.16 (t, I,,_,~7.8 Hz, 2H, COCH,), 2.79 (t,
1z _77.4 Hz, CH,CH,SS), 4.13-4.15 (m, 4H, NHCH, +fer-
rocene-H), 4.16 (bs, SH, ferrocene-H), 4.18 (pt, 2H, fer-
rocene-H), 5.59 (bs, 1H, NH), 7.63-7.66 (m, 1H, pyridyl-H),
7.06-7.09 (m, 1 H, pyridyl-H), 7.73 (d, 1H, J,, ,~8.1 Hz,
pyridyl-H), 8.45 (d, 1H, J,; ,=4.8 Hz, pyridyl-H). *C{'H}
NMR (CDCl,): §26.0,28.6,29.1,29.3,29.5,29.5,29.5,29.6,
37.0,39.0,39.2, 68.4, 68.5, 68.8, 85.0, 119.7, 120.7, 137.1,
149.8, 160.9, 172.6.

[0325] 11-(11-Amino-undecyldisulfanyl)-undecanoic acid
ferrocenylmethyl-amide (7). Compound 6(0.060 g, 0.11
mmol), 11-aminoundecanethiol. HC1 (0.032 g, 0.13 mmol),
and 4-dimethylaminopyridine (0.030 g, 0.24 mmol) were
combined in THF (4 mL) and DMF (1 mL) for Shatr.t. under
Ar. The solvent was removed in vacuo and the crude residue
was purified by column chromatography on silica gel (0.3:0.
7:9, TEA:MeOH:DCM) to yield the pure product as a pale
yellow solid (0.065 g, 0.10 mmol, 91%). ESI-MS (MeOH)
m/z: 617.77 (M+H)*. 'H NMR consistent with the structure
of 7.

[0326] 3-Maleimido-N-{11-[10-(ferrocenylmethyl-car-
bamoyl)-decyidisulfanyl]-undecyl }-benzamide (1). Com-
pound 7 (0.024 g, 0.039 mmol) and 3-maleimidobenzoic
acid-N-hydroxysuccinimide ester (0.024 g, 0.078 mmol)
were combined in N,N-dimethylacetamide (3 mL). Triethy-
lamine (0.100 mL.) was added and the reaction set to stir at r.t.
for 4 h under an atmosphere of Ar. The solvent was removed
in vacuo and the crude residue was dissolved in dichlo-
romethane (100 mL), washed with H,O (3x50 mL), dried
over Na,SO,, and concentrated. The crude residue was puri-
fied by column chromatography on silica gel (0.1:0.9:9,
MeOH:EtOAc:DCM) to yield the pure product as an orange
solid (0.028 g, 0.034 mmol, 87%). '"H NMR consistent with
the structure of 1.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 34

<210> SEQ ID NO 1

<211> LENGTH: 17

<212> TYPE: PRT

<213> ORGANISM: Artificial
<220> FEATURE:
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<223> OTHER INFORMATION: Residues 187 to 203 of SNAP-25
<400> SEQUENCE: 1

Ser Asn Lys Thr Arg Ile Asp Glu Ala Asn Gln Arg Ala Thr Lys Met
1 5 10 15

Leu

<210> SEQ ID NO 2

<211> LENGTH: 17

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Residues 187 to 203 of SNAP-25 modified

<400> SEQUENCE: 2

Ser Asn Arg Thr Arg Ile Asp Glu Ala Asn Gln Arg Ala Thr Arg Met
1 5 10 15

Leu

<210> SEQ ID NO 3

<211> LENGTH: 35

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Residues 60 to 94 of human VAMP-2

<400> SEQUENCE: 3

Leu Ser Glu Leu Asp Asp Arg Ala Asp Ala Leu Gln Ala Gly Ala Ser
1 5 10 15

Gln Phe Glu Thr Ser Ala Ala Lys Leu Lys Arg Lys Tyr Trp Trp Lys
20 25 30

Asn Leu Lys
35

<210> SEQ ID NO 4

<211> LENGTH: 39

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Residues 37 to 75 of human VAMP-2

<400> SEQUENCE: 4

Ala Gln Val Asp Glu Val Val Asp Ile Met Arg Val Asn Val Asp Lys
1 5 10 15

Val Leu Glu Arg Asp Gln Lys Leu Ser Glu Leu Asp Asp Arg Ala Asp
20 25 30

Ala Leu Gln Ala Gly Ala Ser
35

<210> SEQ ID NO 5

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Protein kinase C (PKC) Recognition Motif

<400> SEQUENCE: 5

Ser Thr Pro Arg Arg
1 5
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<210> SEQ ID NO 6

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: cyclic-AMP dependent kinase (PKA)
Recognition Motif

<400> SEQUENCE: 6

Leu Arg Arg Ala Ser Thr Leu
1 5

<210> SEQ ID NO 7

<211> LENGTH: 6

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Abelson kinase (Abl) Recognition Motif

<400> SEQUENCE: 7

Ile Tyr Ala Ala Pro Phe
1 5

<210> SEQ ID NO 8

<211> LENGTH: 6

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Calmodulin-dependent protein kinase II
Consensus phosphorylation site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1)

<223> OTHER INFORMATION: Xaa can be any naturally ocurring amino acid

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(4)

<223> OTHER INFORMATION: Xaa can be any naturally ocurring amino acid

<400> SEQUENCE: 8

Xaa Arg Xaa Xaa Ser Thr
1 5

<210> SEQ ID NO 9

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Calmodulin-dependent protein kinase II
Consensus phosphorylationsite motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(1)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(4)

<223> OTHER INFORMATION: Xaa can be any naturally ocurring amino acid

<400> SEQUENCE: 9

Xaa Arg Xaa Xaa Ser Thr Val
1 5

<210> SEQ ID NO 10

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial
<220> FEATURE:
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<223> OTHER INFORMATION: Casein kinase I Consensus phosphorylation
site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (2)..(3)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 10

Ser Xaa Xaa Ser Thr
1 5

<210> SEQ ID NO 11

<211> LENGTH: 6

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Casein kinase II Consensus phosphorylation
site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(4)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (6)..(6)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 11

Ser Thr Xaa Xaa Glu Xaa
1 5

<210> SEQ ID NO 12

<211> LENGTH: 6

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Casein kinase II Consensus phosphorylation
site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(4)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (6)..(6)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 12

Ser Thr Xaa Xaa Asp Xaa
1 5

<210> SEQ ID NO 13

<211> LENGTH: 4

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: c-AMP-dependent protein kinase Consensus
phosphorylation site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(3)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 13
Arg Arg Xaa Ser

1

<210> SEQ ID NO 14
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<211> LENGTH: 4

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: c-AMP-dependent protein kinase Consensus
phosphorylation site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (2)..(3)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 14

Arg Xaa Xaa Ser
1

<210> SEQ ID NO 15

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: c-AMP-dependent protein kinase Consensus
phosphorylation site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(4)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 15

Lys Arg Xaa Xaa Ser
1 5

<210> SEQ ID NO 16

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: c-GMP-dependent protein kinase Consensus
phosphorylation site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(3)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 16

Arg Lys Xaa Ser Thr
1 5

<210> SEQ ID NO 17

<211> LENGTH: 6

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: c-GMP-dependent protein kinase Consensus
phosphorylation site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(4)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 17

Arg Lys Xaa Xaa Ser Thr
1 5

<210> SEQ ID NO 18

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Artificial
<220> FEATURE:
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<223> OTHER INFORMATION: c-GMP-dependent protein kinase Consensus
phosphorylation site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (5)..(5)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 18

Arg Lys Arg Lys Xaa Ser Thr
1 5

<210> SEQ ID NO 19

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: c-GMP-dependent protein kinase Consensus
phosphorylation site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(5)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 19

Arg Lys Xaa Xaa Xaa Ser Thr
1 5

<210> SEQ ID NO 20

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: c-GMP-dependent protein kinase Consensus
phosphorylation site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(3)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 20

Ser Thr Xaa Arg Lys
1 5

<210> SEQ ID NO 21

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Glycogen synthase kinase-3 Consensus
phosphorylation site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (2)..(4)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 21

Ser Xaa Xaa Xaa Ser
1 5

<210> SEQ ID NO 22

<211> LENGTH: 6

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Growth-associated histone Hl kinase (MPF,
cdc2+/ CDC28 protein kinases) Consensus phosphorylation site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature
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<222> LOCATION: (4)..(4)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 22

Ser Thr Pro Xaa Lys Arg
1 5

<210> SEQ ID NO 23

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Growth-associated histone Hl kinase (MPF,
cdc2+/ CDC28 protein kinases) Consensus phosphorylation site motif

<400> SEQUENCE: 23

Lys Arg Ser Thr Pro
1 5

<210> SEQ ID NO 24

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Growth-associated histone Hl kinase (MPF,
cdc2+/ CDC28 protein kinases) Consensus phosphorylation site motif

<400> SEQUENCE: 24

Ser Thr Pro Lys Arg
1 5

<210> SEQ ID NO 25

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Phosphorylase kinase Consensus phosphorylation
site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(4)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 25

Lys Arg Xaa Xaa Ser Val Ile
1 5

<210> SEQ ID NO 26

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Protein kinase C Consensus phosphorylation
site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(3)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 26
Ser Thr Xaa Lys Arg

1 5

<210> SEQ ID NO 27
<211> LENGTH: 6
<212> TYPE: PRT
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<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Protein kinase C Consensus phosphorylation
site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(4)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino
acid

<400> SEQUENCE: 27

Lys Arg Xaa Xaa Ser Thr
1 5

<210> SEQ ID NO 28

<211> LENGTH: 9

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Protein kinase C Consensus phosphorylation
site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(4)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (7)..(7)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 28

Lys Arg Xaa Xaa Ser Thr Xaa Lys Arg
1 5

<210> SEQ ID NO 29

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Protein kinase C Consensus phosphorylation
site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(3)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 29

Lys Arg Xaa Ser Thr
1 5

<210> SEQ ID NO 30

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Protein Kinase C Consensus phosphorylation
site motif

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (3)..(3)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<220> FEATURE:

«<221> NAME/KEY: misc_feature

<222> LOCATION: (6)..(6)

<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid

<400> SEQUENCE: 30

Lys Arg Xaa Ser Thr Xaa Lys Arg
1 5
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<210>
<211>
<212>
<213>
<220>
<223>

<220>
<221>
<222>
<223>
<220>
<221>
<222>
<223>

<400>

SEQ ID NO 31

LENGTH: 5

TYPE: PRT

ORGANISM: Artificial sequence

FEATURE:

OTHER INFORMATION: Tyrosine kinase/EGF- receptor kinase Consensus
phosphorylation site motif

FEATURE:
NAME/KEY: misc_feature
LOCATION: (1)..(1)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: misc_feature

LOCATION: (5)..(5)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid

SEQUENCE: 31

Xaa Glu Asp Tyr Xaa

1

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

<220>
<221>
<222>
<223>

<400>

5

SEQ ID NO 32

LENGTH: 7

TYPE: PRT

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: Tyrosine kinase/EGF- receptor kinase
Consensus phosphorylationsite motif

FEATURE:
NAME/KEY: misc_feature
LOCATION: (1)..(1)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid

SEQUENCE: 32

Xaa Glu Asp Tyr Ile Leu Val

1

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

<400>

5

SEQ ID NO 33

LENGTH: 7

TYPE: PRT

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: PSA substrate peptide

SEQUENCE: 33

His Ser Ser Lys Leu Gln Cys

1

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

<400>

5

SEQ ID NO 34

LENGTH: 13

TYPE: PRT

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: Protein kinase C substrate peptide

SEQUENCE: 34

Ser Ile Tyr Arg Arg Gly Ser Arg Arg Trp Arg Lys Leu

1

5 10
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1. A method for detecting a protease in a test sample, said
method comprising:

(a) adding a test sample comprising a protease to a solid

support comprising an electrode comprising:

(1) a self-assembled monolayer (SAM);

(i1) a covalently attached eletroactive active moiety
(EAM) comprising a transition metal complex with
an E°, wherein said EAM comprises a ferrocene; and

(iii) a plurality of proteins attached to said electrode,
wherein said proteins comprise a cleavage site of said
protease;

(b) cleaving a plurality of said proteins with said protease;
and

(c) determining the presence of said protease by measuring
a change of said E°.

2-4. (canceled)

5. The method according to claim 1, wherein said protease

is an endopeptidase neurotoxin.

6. The method according to claim 5, wherein said endopep-
tidase neurotoxin is selected from the group consisting of
Clostridium botulinum A, B or E.

7. The method according to claim 1, wherein said EAM and
said substrates are attached separately to said electrode.

8. The method according to claim 1, wherein said solid
support comprises an array of electrodes.

9. (canceled)

10. A method for detecting a protease in a test sample, said
method comprising:

(a) adding a test sample comprising a protease to a solid
support comprising an electrode, said electrode com-
prising:

(1) a self-assembled monolayer (SAM);

(i1) a covalently attached eletroactive active moiety
(EAM) comprising a transition metal complex with
an E°, wherein said EAM comprises osmium and at
least one cyano ligand; and

(iii) a plurality of proteins attached to said electrode,
wherein said proteins comprises a cleavage site of
said protease;

(b) cleaving a plurality of said proteins with said protease;
and
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(c) determining the presence of said protease by measuring
a change of said E°.

11. The method according to claim 10, wherein said pro-

tease is an endopeptidase neurotoxin.

12. A method for detecting a kinase in a test sample, said
method comprising the steps of:

(a) adding a test sample comprises a kinase protease to a
solid support comprising an electrode, said electrode
comprising:

(1) a self-assembled monolayer (SAM);

(i) a covalently attached eletroactive active moiety
(EAM) comprising a transition metal complex with
an E°; and

(iii) a plurality of proteins attached to said electrode,
wherein said proteins are first substrates of said
kinase;

(b) phosphorylating said proteins with said kinase and a
second kinase substrate so that said second kinase sub-
strate is covalently attached to said protein; and

(c) determining the presence of said kinase by measuring a
change of said E°.

13. The method according to claim 12, wherein said EAM

comprises at least one cyano ligand.

14. The method according to claim 12, wherein said tran-
sition metal is selected from the group consisting of iron,
ruthenium and osmium.

15. The method according to claim 12, wherein said EAM
and said substrates are attached separately to said electrode.

16. The method according to claim 12, wherein said solid
support comprises an array of electrodes.

17. The method according to claim 12, wherein said tran-
sition metal is selected from the group consisting of iron,
ruthenium and osmium.

18. The method according to claim 11, wherein said
endopeptidase neurotoxin is selected from the group consist-
ing of Clostridium botulinum A, B or E.

19. The method according to claim 10, wherein said EAM
and said substrates are attached separately to said electrode.

20. The method according to claim 10, wherein said solid
support comprises an array of electrodes.

sk sk sk sk sk



