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Description

FIELD OF THE INVENTION

[0001] The invention relates to new methods and sys-
tems for stochastic sensing in which the analyte becomes
irreversibly attached to the sensor element through cov-
alent bonding and in which chemical reagents are used
to reverse such covalent bonding.

BACKGROUND

[0002] Stochastic sensing is based on the detection of
individual binding events between analyte molecules and
a single sensor element. Upon binding, a property of the
sensor element is altered. This property or the effects of
the changed property are measured.

[0003] In a simple example, the sensor element is a
protein that is altered when it binds another molecule.
The binding molecule to be detected is referred to as the
analyte. The alteration of the sensor element that occurs
upon binding is measured either directly or indirectly. In
simple systems the alteration produces a simple signal,
such as a difference in electrical current, force or fluo-
rescence. Measurements of the signal indicate whether
the analyte is bound and how long it remains bound. The
frequency of occurrence of binding events is determined
by the concentration of the analyte. The nature of the
binding event is determined by the binding properties of
the analyte, which determine, for example, the magnitude
and duration of the resulting signal. Thus, a single sensor
element to which multiple analytes may bind either di-
rectly may be used to determine which of those analytes
are in a solution and the concentration of each particular
analyte.

[0004] Althoughinsimpler systems the sensor element
has one binding site to which all analytes bind directly, it
is possible for the sensor to have multiple binding sites,
with different sites for different analytes. Additionally, a
host or adaptor molecule may be used to facilitate binding
of the analyte to the sensor element. The host molecule
may merely facilitate the direct interaction of the analyte
and sensor element, or it may serve as an adaptor that
binds to both the analyte and the sensor element and
allows connection of the two.

[0005] Stochastic sensing may be accomplished with
various sensing elements, using various modes of de-
tection. One simple model uses an ion channel protein
pore embedded in a membrane between a cis chamber
and a trans chamber. When the pore is fully open a large
ion flux occurs (e.g. 108 ions/s) which constitutes an elec-
trical current that may be monitored by single channel
recording. When an analyte binds to the pore, ion flux is
altered, usually by decreasing the flow of ions. This gen-
erates a current trace which shows conduction over time.
[0006] One particular pore that has been used in sto-
chastic sensing is Staph alpha hemolysin (aHL), which
is actually an exotoxin secreted by Staphylococcus au-
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reus. The monomeric 293 amino acid polypeptide can
self-assemble on lipid bilayers, such as membranes, to
form a heptameric pore. Alternatively, pre-formed pores
may be inserted into a lipid bilayer. The pore is a mush-
room-shaped structure in which the lower half of the stem
forms a transmembrane channel. The interior of the pore
is referred to as the "lumen" and may be accessible from
outside the pore. By convention, when the pore is situated
in a membrane, the side of the membrane on which the
top of the mushroom shape is located is designated as
the "cis" side of the membrane. The side ofthe membrane
to which the stem portion leads is designated the "trans"
side of the membrane. The pore essentially forms a hole
in the membrane through which ions will flow if an electric
potential is generated between the two chambers. (See
FIGURE 1.)

[0007] Stochastic sensing methods have been previ-
ously described in a number of publications, including U.
S. Patent No. 6,426, 231 to Bayley et al. and a divisional
application of that patent, U. S. Patent Application Ser.
No. 10/180,792, filed June 25,2002. Protein pores for
use in stochastic sensing and methods of using such
pores have also been described in U. S. Patent Applica-
tion Ser. No. 09/781,697 filed February 12,2001.
[0008] However, these previous manifestations of sto-
chastic sensing have utilized non-covalent interactions
between the analyte and the sensor element. There is
considerable interest in the detection of reactive mole-
cules including chemical warfare agents, pesticides,
chemotherapeutic agents, and so on which willcovalently
bond to a sensor element. The reactivity of such mole-
cules may be utilized to facilitate sensing and distinguish
the reactive molecules from unreactive molecules.
[0009] Hodneland, Christian D et al: "Selective immo-
bilization of proteins to self-assembled monolayers pre-
senting active site-directed capture ligands." Proceed-
ings Of The National Academy Of Sciences Of The Unit-
ed States, vol.99, no. 8, 16 April 2002, pages 5048-5052,
XP002252376 http://www.pnas.org ISSN: 0027-8424
describes a method for the selective and covalentimmo-
bilization of proteins to surfaces with control over the den-
sity and orientation of the protein.

[0010] Bayley, Hagan et al: "Stochastic sensors in-
spired by biology" Nature, vol. 413, no. 6852, 2001, pag-
es 226-230, describes how engineered membrane pores
can be used to make rapid and sensitive biosensors with
potential applications that range from the detection of
biological warfare agents to pharmaceutical screening.
Use of the engineered pores in stochastic sensing re-
veals the identity of an analyte as well as its concentra-
tion.

WO 01/59453 describes modified polypeptides that com-
prise a "pore-forming" or "pore-subunit" polypeptide that
is covalently linked to at least a first exogenous sensing
moiety. The pore-forming and pore-subunit polypeptides
are polypeptides that are capable of forming a pore
and/or those that are capable of assembling into an oli-
gomeric or polymeric pore assembly in the presence of
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a plurality of pore-forming or pore-subunit polypeptides.
In various embodiments, the covalently attached sensing
moiety responds to a change in the type, concentration
and/or amount of a biological or chemical constituent in
the environment of the oligomeric pore assembly. These
modified polypeptides are described for use to detect
and/or measure analytes or physical characteristics with-
in a given sample.

SUMMARY OF THE INVENTION

[0011] The invention provides a system according to
claim 1 or a method according to claim 15.

[0012] The claimed system and method involve the re-
active analyte irreversibly covalently bonding to the pro-
tein pore and include an ionic solution containing a chem-
ical reagent capable of breaking the covalent bond.
Therefore the reaction is normally irreversible, but is re-
versed due to the present of achemical reagent, meaning
that both the concentration and identity of the analytes
may be readily detected.

[0013] Using the methodologies of the present inven-
tion, the concentrations and identities of multiple analytes
may be determined simultaneously. Furthermore, these
determinations may even be observed on a millisecond
time scale. Although these abilities were previously ob-
served using analytes that do not covalently bond with
sensor elements, the present invention allows the sto-
chastic sensing of analytes that do covalently bond with
the sensor element. The claimed invention even allows
detection of concentration of analytes that irreversibly
bond with the sensor element by providing a chemical
reagent that reverses the other otherwise irreversible
bonding.

[0014] Furthermore, because the presentinvention al-
lows covalent bonding of the analyte, it allows distinction
between reactive and unreactive analytes.

[0015] The following abbreviations are used through-
out the specification and claims:

oHL - alpha hemolysin, a heptameric pore protein
BAL - British anti-Lewisite, 2,3-dimercaptopropanol
BME - 2-mercaptoethanol

Cys - Cysteine, an amino acid

DTNB - 5,5'-dithiobis(2-nitrobenzoic acid)

DTT - dithiothreitol

EDTA - ethylenediamine tetra-acetic acid, a metal
chelating agent.

"Irreversible” - As used in the present application,
"irreversible" designates a reaction which, under the
specified conditions, has an extremely low dissoci-
ation rate or forms very stable covalent bond. In spe-
cific embodiments of the invention, an irreversible
bond or reaction forms an association between at
leasttwo molecules that is too long-lived for stochas-
tic sensing using that system or method, absent the
presence of a specific chemical reagent that directly
or indirectly causes dissociation or breaks the cov-
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alent bond.

KCI - Potassium chloride, a salt which dissociates to
form K* and CI- ions in water. These ions may be
moved through an open pore in an electrical poten-
tial.

Pgy - (T117C-D8),(RL2)g, an engineered aHL pore
formed from six wild-type-like monomers and one
mutated monomer in which Thr-117 is replaced with
Cys, providing a sulfhydryl group within the lumen
of the pore.

MOPS - a buffer used to maintain constant pH.
MTSES - (2-sulfonatoethyl)methane thiosulfonate to
maintain constant pH.

MES - a buffer used in various solutions.

Thr - Threonine, an amino acid.

Tris - a buffer used to maintain constant pH

[0016] In certain exemplary embodiments of the
present invention, a system for sensing at least one re-
active analyte in a sample is provided. This system is
defined in claim 1. The system includes a sensor element
and a sample containing at least one reactive analyte.
The reactive analyte covalently bonds to the sensor el-
ement. This covalent bond between the analyte and the
sensor element is a direct covalent bond between the
analyte and the sensor element. Other host molecules
that facilitate covalent bonding of the analyte to the sen-
sor element may also be present.

[0017] The system may be used for stochastic sensing,
where the sensor element produces a detectable signal
when covalently bound to the reactive analyte. The sen-
sor element in the claimed invention is a protein pore
which is an aHL pore and wherein the oHL pore com-
prises at least one monomer having a Cys residue at
amino acid 117. Because of the covalent bonding aspect
of the system, it is capable of detecting reactive analytes
among similar unreactive molecules. More than one sen-
sor element may be used in a sensing system. Examples
of reactive analytes that may be detected with the system
include chemical weapons, environmental toxins, phar-
maceuticals and food contaminants.

[0018] Signals produced upon analyte bonding include
changes in electrical current, changes in force, and
changes in fluorescence. In the claimed invention a de-
tection system is used which is operable to detect a
change in current between the cis and trans chambers.
In many embodiments with protein pore sensors the sig-
nal may be a change in the magnitude of an electrical
current. In some embodiments of the invention, the signal
may simply register a change in the condition. In other
embodiments the nature of the change may be recorded
and used in greater detail.

[0019] In the claimed invention the reactive analyte ir-
reversibly covalently bonds to the sensor element. In
these systems, the sensor may simply detect bonding
alone. It may also detect other properties of the analyte
while it is bound to the sensor. For example, other chem-
icals may be added after initial detection of the analyte
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which produce additional signals to further identify or
characterize the analyte. Additionally, in the claimed in-
vention the system also includes a chemical reagent ca-
pable of breaking the irreversible covalent bond between
the analyte and the sensor element. This may allow de-
tection of, for instance, concentration of the analyte,
which may not be detectable if the irreversible covalent
bond is not broken.

[0020] These systems may also be used to detect mul-
tiple analytes that may bond to the sensor element. In
certain embodiments the sample tested contains at least
a second reactive analyte that forms a covalentbond with
the sensor element. This may be a direct covalent bond
or a covalent bond to an adaptor molecule. Different
adaptor molecules, if present, may be provided for dif-
ferent analytes, or the system may be able to detect some
analytes that require an adaptor and other that do not.
Similarly, multiple analytes need not all bind to the same
binding site of the sensor element.

[0021] Multiple analytes may be distinguished by dif-
ferences in the signal produced when different analytes
bond to the sensor element.

[0022] In the claimed invention, a sensing device is
provided that contains a cis and a trans chamber con-
nected by a protein pore. A detection system is set up
so as to detect current between the chambers. If a po-
tential is applied between the chambers while an ionic
solution such as KClis inthem, the ions will move through
the open protein pore, resulting in a detectable current.
Bonding of areactive analyte to the protein pore produces
a change in the current. This is generally effected by
causing a restriction of the pore. In many examples, the
reactive analyte actually bonds within the lumen of the
pore. Although the analyte may generally be on either
side of the pore, the rate of covalent bond formation may
be influenced by whether it is placed in the cis or trans
chamber because the lumen may be more accessible
from one side or the other. Generally the analyte is pro-
vided in only one chamber, although in certain embodi-
ments of the invention it may be placed in both chambers.
[0023] The protein pore used in the claimed invention
is an oHL pore with at least one monomer having a Cys
residue atamino acid 117. Such an engineered pore may
be used to detect arsenicals.

[0024] The analyte irreversibly bonds to the protein
pore, and therefore a chemical reagent is used which
can break the irreversible covalent bond. The chemical
reagent is generally provided in one chamber, while the
analyte is in the other chamber. However, other config-
urations in which the reagent and analyte may be togeth-
er in one or both chambers are possible.

[0025] Current detection systems as described above
may be used to detect and identify analytes. Different
analytes tend to remain in the lumen for a different period
of time. Thus the duration of any current change may be
used to identify the analyte. The frequency of any current
change caused by a specific analyte may be used to de-
termine its concentration in the sample. A compilation of
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such current change signatures may be produced and
used to quickly identify specific analytes within a sample
containing multiple analytes.

[0026] The invention also includes methods for sens-
ing at least one analyte which may use systems as de-
scribed above. The method for sensing at least one an-
alyte as claimed is set outin claim 15. In certain methods
the analyte is supplied in a sample to the sensor element,
which remains in contact with the element for a given
time period. In a sensor designed to be used multiple
times, the sample may be removed and replaced with
another sample after testing of the first sample is com-
pleted. Additionally, in some embodiments a constant
sample stream may be provided to the sensor element.
[0027] For a better understanding of the invention and
its advantages, reference may be had to the following
drawings and description of exemplary embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028]

FIGURE 1 illustrates a molecular graphics rendition
ofthe Pg, version of the aHL heptamer pore as used
in certain embodiments of the present invention. In
Psn, one of the seven aHL subunits has been re-
placed with a mutated subunit containing a Cys res-
idue in place of the naturally occurring Thr-117.
FIGURE 2 illustrates the interaction of 4-sulfophe-
nylarsine oxide with the Pg,, pore, according to cer-
tain embodiments of the presentinvention. To obtain
the data presented, single channel current traces
were carried out for 1 second at -50 mV with 2 M
KCI, 80 mM MOPS and 100 .M EDTA at pH 8.4 in
both chambers. FIGURE 2A shows current traces in
the presence of 0, 10 and 50 M 4-sulfophenylarsine
oxide in the trans chamber. Current levels of the un-
occupied and occupied pore are indicated in the fig-
ure. FIGURE 2B is a plot of Py,,q (probability that
the arsenical is attached to the pore) versus concen-
tration of 4-sulfophenylarsine oxide. FIGURE 2C
plots the reciprocal of the mean residence time (1)
and the mean inter-event intervals (t,,) versus 4-
sulfophenylarsine oxide concentration. Values of T
and t,, were obtained by fitting dwell-time histo-
grams to single exponential functions. 1/t is rep-
resented with downward-pointing triangles. 1/t is
represented with upward-pointing triangles.
FIGURE 3 illustrates the interaction of arsenicals
with the Pgy pore under conditions similar to those
used in FIGURE 2, according to embodiments of the
presentinvention. FIGURE 3Aisa 10 second current
trace using 500 pM arsenate. FIGURE 3B is a 10
second current trace using 500 pM arsenite. FIG-
URE 3C is a 10 second current trace using 500 pM
cacodylate. FIGURE 3D is a 10 second current trace
using 10 wM phenylarsine oxide.

FIGURE 4 illustrates the chemical reaction cycle of
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certain embodiments of the present invention in
which DTT is used as a chemical reagent to reverse
an irreversible covalent bond between the Pg pore
and DTNB. Specifically, Cys-117 reacts with DTNB
in a bimolecular reaction, with a rate constant k4_,,¢
to form a mixed disulfide (1) ("Step 1"). Disulfide 1
then reacts with D,L-DTT in a second biomolecular
reaction, with a rate constant k,_g,s, to form an un-
stable disulfide (2) ("Step 2"), which breaks down in
a unimolecular reaction, with a rate constant k5_yps,
in which Pgy is regenerated ("Step 3").

FIGURE 5 illustrates a 0.5 second current trace of
stochastic sensing using a Pgy pore, according to
an embodiment of the present invention. 50 uM DT-
NB was used as the analyte and 50 uM DTT was
present in the cis chamber. The transmembrane po-
tential was -50 mV with 2 M KCI, 50 mM Tris.HCI
and 100 pM EDTA at pH 8.5 in both chambers. The
region of the current trace corresponding to the re-
action of Cys-117 in the Pgy pore with DTNB to form
mixed disulfide 1 is labeled as "Step 1". The region
corresponding to the reaction of the mixed disulfide
(1) with DTT is to form unstable disulfide 2 is labeled
as "Step 2". The region corresponding to the break-
down of unstable disulfide 2 to regenerate unbound
Pgn is labeled as "Step 3."

FIGURE 6A illustrates the dependence of 1/t4 on
[DTNBJirans: Where 14 is the time interval between
Step 3 and Step 1 during the interaction of DTNB
and DTT with a Pg, pore (i.e. the lifetime of free Pgy
before the bonding of DTNB), according to certain
embodiments of the present invention. The data
were obtained using the indicated concentrations of
DTNB on the trans side of the pore. All measure-
ments were for a 10 second interval at -50 mV with
2 M KCI, 30 mM MOPS, 100 uM EDTA at pH 8.5 in
both chambers and 50 wM DTT in the cis chamber.
The current level corresponding to a single, unmodi-
fied pore was -82.2 +/- 2.1 pA. K1-obs was obtained
from the slope of the straight fit line as illustrated.
FIGURE 6B illustrates the effects of various concen-
trations of DTT of the cis side of a Py pore, accord-
ing to certain embodiments of the present invention.
Measurements were made using the system de-
scribed for FIGURE 6A, but with 100 .M DTNB and
varying concentrations of DTT. The effects of DTT
concentration on 1/t are indicated.

FIGURE 7A illustrates the dependence of 1/t, on
[DTTlirans, Where 1, is the time interval between Step
1and Step 2 during the interaction of DTNB and DTT
with a Pgy pore(i.e. the lifetime of the state with DT-
NB covalently bound to Pgy as a mixed disulfide 1
and the reaction of the mixed disulfide 1 with DTT),
according to certain embodiments of the present in-
vention. The data were obtained using the indicated
concentrations of DTT on the trans side of the pore.
All measurements were for a 10 second interval at
-50 mV with 2 M KCI, 30 mM MOPS, 100 uM EDTA

10

15

20

25

30

35

40

45

50

55

at pH 8.5 in both chambers and 50 uM DTNB in the
cis chamber. K2-obs was obtained from the slope of
the straight fit line as illustrated.

FIGURE 7B illustrates the effects of various concen-
trations of DTNB on the cis side of a Pgy pore, ac-
cording to certain embodiments of the present inven-
tion. Measurements were made using the system
described for FIGURE 7A, but with 50 M DTT and
varying concentrations of DTNB. The effects of DT-
NB concentration on 1/t, are indicated.

FIGURE 8A illustrates k5_o,s as a function of [DTT] ;s
in certain embodiments of the present invention. All
measurements were for a 10 second interval at -50
mV with 2 M KCI, 30 mM MOPS, 100 .M EDTA at
pH 8.5 in both chambers and 50 puM DTNB in the
trans chamber. [DTT] is as indicated. FIGURE 8B
illustrates k3_ps @s afunction of [DTNB];,, . in certain
embodiments of the present invention. All measure-
ments were for a 10 second interval at -50 mV with
2 M KCI, 30 mM MOPS, 100 .M EDTA at pH 8.5 in
both chambers and 50 pM DTT in the cis chamber.
[DTNB] is as indicated.

FIGURE 9 illustrates the pH dependence of the rate
of breakdown of the unstable disulfide 2 formed dur-
ing the interaction of DTNB, DTT and the Pgy pore,
according to certain embodiments of the present in-
vention. 50 M DTNB was used as the analyte in
the trans chamber and 50 uM DTT was present in
the cis chamber. The transmembrane potential was
-50 mV with 2 M KCI, 30 mM MOPS and 100 pM
EDTA. pH in both chambers is as indicated. ks_gpg
is shown as a function of pH. The data were fitted to
K3-0bs = (K3Ka) / (Ka*[H]).

FIGURE 10 illustrates a 30 second current trace of
stochastic sensing using a Pgy pore, according to
an embodiment of the present invention. 2.5 mM
MTSES was used as the analyte in the trans cham-
ber and DTT was present in the cis chamber. The
transmembrane potential was -50 mV with 2 M KCl,
50 mM Tris.HCland 100 nM EDTA at pH 8.5 in both
chambers.

DETAILED DESCRIPTION

[0029] The present invention relates to systems and
methodologies of stochastic sensing in which the analyte
irreversibly covalently bonds to the sensor element. The
sensor element is a protein pore which is an aHL pore
and wherein the aHL pore comprises at least one mon-
omer having a Cys residue at amino acid 117.The
claimed invention includes a detection system operable
to detect a change in current between the cis and trans
chambers. A variety of signals and bonding detection pro-
cedures may be used. Signals include conductance, flu-
orescence, force and any other effects of analyte binding
to the chosen sensor element. These signals may be
detected using electrical and optical measurements,
force measurements, chemical techniques and any com-
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bination of the above.

[0030] Analytes may be reactive chemicals that irre-
versibly covalently bond to the sensor element under the
stochastic sensing conditions. The analytes may be any
type of chemical, including toxins, environmental indica-
tors, chemical process products or by-products and con-
taminants. Chemical warfare agents, which can be ar-
senicals, organophosphates, mustard gasses, etc.
Chemicals in foodstuffs, such as onion and garlic, pesti-
cides such as organophosphates. Naturally occurring en-
vironmental toxins. Reactive pharmaceuticals. Many
physiological molecules such as nitric oxide, endo and
exo peroxides are extremely reactive messengers. Po-
tential analytes that are not reactive are generally unable
to covalently bond with the sensor element. Therefore,
reactive and unreactive species of a similar chemical may
be distinguished.

[0031] In the claimed invention the covalent bond be-
tween the analyte and the sensor element is a direct cov-
alent bond between the analyte and the sensor element.
However, a second molecule, such as a host or adaptor
molecule, may be present. In thisregard, the second mol-
ecule may simply affect the reaction kinetics of analyte
bonding. If used to affect the reaction kinetics, the second
molecule may be used to slow down or speed up rate of
bonding or duration of the bound state to facilitate detec-
tion of the identity, concentration, or other properties of
the analyte. The second molecule may also exert an ef-
fect on analyte bonding reaction kinetics by interacting
with the analyte while not bound to the sensor element.
[0032] Other chemicals which act upon the bound an-
alyte or are otherwise affected by the analyte/sensor el-
ement combination may also be added to the sensing
system to augment sensing. For instance, an analyte
bound to an aHL pore that causes a change in ion flux,
but is not easily distinguishable from another analyte by
current trace may be distinguished by introduction of a
chemical that cleaves one of the indistinguishable ana-
lytes, but not the other. Additionally, added chemicals
may be used to further explore the chemical identity prop-
erties of the analyte using sensing methods other than
the original sensor element. Such methods are used in
exemplary embodiments with analytes that irreversibly
bond to the sensor element.

[0033] In the claimed stochastic sensing methodolo-
gies in which the analyte irreversibly covalently bonds to
the sensor element, a chemical reagent is added which
can break the covalent bond. The chemical reagent may
exert this breaking effect through direct action on the
bond or through indirect action such as binding to the
analyte, an adapter molecule, or the sensor element.
Such indirect action may result in a physical change of
the analyte, adaptor or sensor element, such as a con-
formational change, or it may destroy the analyte or
adapter. For example, the chemical reagent may actually
be an enzyme that cleaves the analyte when it is bound
to the sensor element.

[0034] The stochastic sensing methodology of the
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present invention may utilize a variety of physical ar-
rangements. The claimed systems use protein pore ar-
rangements and these may have the pore embedded in
a membrane, located between separate cis and trans
chambers. It may be recommended to place the analyte
in either the cis or the trans chamber exclusively, or the
system may be readily functional regardless of the cham-
ber in which the analyte is placed. The same is true for
chamber placement of any adapter or chemical reagent
for breaking of irreversible bonds. In most systems the
chemical reagent will be placed in one chamber and the
analyte in the other chamber. Other systems, such as
those not relying upon electrical detection methods, may
merely be a single chamber in which all elements of the
system are combined.

[0035] Itis also possible to prepare a sensing system
in which portions of the system are introduced in a time-
dependent manner or varied over time. For example, in
the claimed system for sensing an analyte that irrevers-
ibly bonds to the sensor element, the chemical reagent
capable of breaking the bond may be introduced into the
system only after irreversible bonding has occurred. It
may even be removed after breaking the bond, for in-
stance by replacing the solution on one side of a mem-
brane.

[0036] In other embodiments the sample to be tested
for analytes may be discharged and replaced over time.
This may result from periodicintroduction of new samples
or by flowing a continuous stream of sample through the
sensor. Forexample, a sensor system to detect the pres-
ence of areactive chemical in industrial effluent may con-
tain a chamber through which a small diverted stream of
effluent flows. In such examples it may be necessary to
regulate flow so that the sample remains in proximity with
the sensor element for a sufficient amount of time to sta-
tistically allow detection of a particular analyte at or above
a selected concentration.

[0037] The systems and methodologies of the present
invention may be used in sensors for detection of various
reactive molecules. These sensors may be fixed or port-
able and they may be designed for single-use applica-
tions or any number of multiple uses. Remote application
sensors that may be placed or dropped in atarget location
and then transmit sensor information may also be used.
Solutions or other chemicals for use in the sensors may
be supplied with the sensors in a kit, or supplied inde-
pendently for use with the sensors.

[0038] In the claimed invention, the sensing device is
separated into a trans chamber and a cis chamber by a
divider and the a sensor element which is an aHL protein
pore is operably disposed in the divider. In certain em-
bodiments of the present invention, the aHL protein pore
may be embedded in a membrane which separates a cis
chamberfromatrans chamber. Interaction of the analyte,
such as an organoarsenic compound, with the oHL
blocks the flow of ions through the pore. This change in
ion concentration in the cis and trans chambers modu-
lates a current flow through a conductor connecting the
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two chambers. Measurement of this current to produce
a current trace allows determination of when the analyte
bonds with the aHL and when it becomes unbound.
[0039] When using the aHL pore, most analytes may
be added to either the cis or the trans side, although
analytes can more readily reach the pore from the trans
side. The same is true for many adapters or chemical
reagents for reversal of irreversible bonds.

[0040] The following examples are provided only to il-
lustrate certain aspects of the invention and are not in-
tended to embody the total scope of the invention or the
totality of any aspect thereof. Variations of the exemplary
embodiments of the invention below will be apparent to
one skilled in the art and are intended to be included
within the scope of the invention.

EXAMPLES
Example 1: Arsenic Compounds

[0041] Many arsenic compounds are poisonous and
cause an array of serious to fatal disorders ranging from
skin disease to cancer. Both man-made and artificial ar-
senic compounds are also problematic environmental
contaminants. Arsenic compounds have also been made
into chemical weapons. Stockpiles of one chemical
weapon, Lewisite (2-chlorovinyldichloroarsine), are still
in existence. Lewisite hydrolyzes in water resulting in a
toxic arsenous acid that likely exerts its biological effects
through reaction with thiols. 4-sulfophenylarsine oxide,
anorganoarsenic (lll) reagent, reacts with thiols in aman-
ner similar to Lewisite. Other organoarsenic compounds
are also potential chemical weapons or environmental
contaminants, or mimic the biological action of arsenic-
based weapons and contaminants.

[0042] Sodium 4-sulfophenylarsonic acid used in
these Examples was prepared by dissolving 7.62g of Sul-
fanilic acid in 40 mL of water to create a 44 mmol solution
also containing 2.8g of sodium carbonate. Diazotization
was performed by adding, simultaneously, 10 mL con-
centrated HCI and 40 mL of 46.6 mmol sodium nitrite
solution(formed from 3.2g sodium nitrite in 40 mL water)
with two dropping funnels. The resulting solution, which
contained some precipitate, was dropped into an ice-
chilled 100mL of solution of 100 mmol arsenic trioxide,
200 mmol sodium hydroxide, and 0.75 mmol copper sul-
fate (formed from adding 9.82g arsenic trioxide, 8.08g
sodium hydroxide, and 120 mg copper sulfate to 100 mL
water). The color of the solution changed from blue to
dark green and large amounts of N, gas were released.
After three days at room temperature, the volume was
reduced to approximately 25 mL with a rotary evaporator.
A precipitate was removed by filtration. The filtrate was
boiled briefly, the acidified with concentrated HCI result-
ing in animmediate precipitate. After 4 days atroom tem-
perature, the solid was collected by filtration and washed
in turn with saturated KCI, 80% ethanol, then acetone.
After drying under a vacuum, a 5.21g of a light brown
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solid was recovered. NMR analysis showed the following
results: TH NMR 300 MHz (D,0) : 8.03(d, 2H, J=8.4 Hz),
7.97(d,2H,J=8.7 Hz).

[0043] Sodium 4-sulfophenyldiiodoarsine used in
these Examples was formed by adding 3 mL of 57% hy-
droiodic acid in water to 10 mL of a 55-60 °C solution of
3.39 mmol sodium 4-sulfophenylarsonic acid (formed by
solubilizing 1.03 g in 10 mL water). After 5 minutes, the
dark solution was cooled onice and the precipitated solid
was collected and washed with acetic acid, followed by
acetone. The bright yellow solid was dried under vacuum.
It weighted 1.05 g (61% yield). This crude product was
recrystallized from 80% acetic acid, yielding yellow nee-
dles. The ™H NMR spectrum in D,O showed that sodium
p-sulfophenyldiiodoarsine is hydrolyzed to sodium 4-sul-
fophenylarsine oxide. "H NMR 300 MHz (D,0) : 7.88(d,
2H,J=8.7 Hz), 7.84(d,2H,J=8.4 Hz). HRMS (of hydroly-
sis) calculated for CgH,O4SAs (M-) 246.9046 found
246.9041. Microanalysis (Atlantic Microlab, Inc.) calcu-
lated for C4H4O3l,SAsNa; C:14.19, H:0.79, 0:9.45,
1:49.97, S:6.31, found C:15.33, H:1.13, 0:10.90, 1:49.54,
S:5.79. A microanalysis after additional recrystallization
also suggested that the crystals retained solvent or that
slight hydrolysis of the diiodide occurred.

[0044] 4-aminophenylarsine oxide used in these Ex-
amples was formed by adding 10.9 g of p-Arsanilic acid
to a solution 30mL methanol, 24 mL concentrated hydro-
chloric acid, and 100 mg potassium iodide. Sulfur dioxide
was bubbled into the solution for 25 minutes at room tem-
perature. The color of the solution changed from bright
brown to white, followed by precipitation of 4-aminophe-
nyldichloroarsine as the HCl salt. The mixture was cooled
in an ice bath and the precipitate was collected and
washed with dry ethyl ether. 500 mg of the precipitate
was dissolved in 65 mL of 10% ammonium hydroxide. 4-
aminophenylarsine oxide slowly precipitated overnight
atroom temperature. The product was collected, washed
with diethyl ether and dried in a vacuum. A white solid
(325 mg) was recovered. Microanalysis (Atlantic Micro-
lab, Inc.) calculated for CgHgNOAs; C:39.37, H:3.30,
N:7.65, O:8.74 found C:39.44, H:3.21, N:7.73, 0:8.83.
[0045] Arsenite solutions usedinthese Examples were
formed by dissolving 100 mM sodium metaarsenite in
water.

[0046] Arsenate solutions used in these Examples
were formed by dissolving 100 mM arsenic acid in water.
[0047] Dimethylarsinate solutions usedinthese Exam-
ples were formed by dissolving 100 mM cacodylic acid,
sodium salt in water.

[0048] Phenylarsine oxide solutions used in these Ex-
amples were formed by dissolving phenylarsine oxide at
1 mM in DMSO. This solution was diluted with water for
make a 100 pM stock.

[0049] 4-sulfophenylarsine oxide solutions used in
these Examples were formed by dissolving 100 mM 4-
sulfophenylarsine in water with adjustment to pH 7 using
1 M sodium hydroxide.

[0050] 4-aminophenylarsine oxide solutions used in
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these Examples were formed by dissolving 4-aminophe-
nylarsine in 50 mM MES at pH 5.5 (titrated with HCI) to
make a 1 mM solution.

[0051] DTT solutions used in these Examples were
formed from preweighed samples of sold D,L-DTT stored
at-20 °C. At the time of the experiment, buffer was added
to the sample in a tube to generate a stock of 1M DTT,
which was keptonice. Fresh stock solutions of DTT were
prepared every 2 hours.

[0052] DTNB solutions used in these Examples were
formed from 100 mM DTNB dissolved in 200 mM Na
phosphate, pH 8.5. This stock solution was diluted as
necessary. Because DTNB decomposes in basic solu-
tion, fresh DTNB stocks were made daily.

Example 2: Preparation of the PSH oHL Pore Protein

[0053] The Pg variant ofthe aHL pore contains a Cys-
117 mutation, in which Cys replaces the usual Thr. This
places the thiol side chain of Cys projecting into the lumen
of the aHL pore. To prepare Pgy pores, first [3°S]Met
labeled monomeric polypeptides were prepared by in vit-
ro transcription and translation (IVTT). These monomeric
IVTT products were used to make the aHL heptamers.
[0054] 50 pL of a 50 pg/mL solution of wild-type-like
oHL (RL2) were mixed with 20 L of a 50 pg/mL mutated
oHL (T117C-D8) solution 30 pL of a suspension of rabbit
red blood cell membranes (at 3mg membrane pro-
tein/mL) was diluted with 500 pL MBSA (10 mM MOPS,
150 mM NaCl, pH 7.4, titrated with HCI). The membranes
were centrifuged for 5 minutes at 21,000 X g and the
supernatant was removed. The washed membranes
were then resuspended with the protein mixture. After 70
minutes at 37 °C, the membranes were pelleted by cen-
trifugation for 5 minutes at 21,000 X g and resuspended
in 100 pL of MBSA containing 2 mM DTT. The mem-
branes were then recovered again by centrifugation.
[0055] The washed membrane pellet containing the
assembled heptamers was solubilized in 50 pL of sample
buffer and loaded into one lane of a 5% SDS polyacry-
lamide gel, which was run at 30V overnight. The D8
(Aspg) tail allowed the separation of heptamers with dif-
ferent combinations of mutated oHL subunits. The gel
was dried at 50 °C for 4 hours and then exposed to X-
ray film for 2 hours. The band corresponding to Pg (a
heptamer with 6 wild-type-like monomers and one mutant
monomer) was excised.

[0056] The excised gel portion was then hydrated in
400 pL of 10 mM Tris.HCI, pH 7.5 containing 2 mM DTT
and the paper was removed. The gel was then crushed
using a plastic pestle and the resulting suspension was
rotated at 4 °C overnight. The material was then filtered
through a 0.2 pM cellulose acetate filter. The filtrate,
which contained Pgy, was stored at -80 °C.

[0057] Although the example above is intended for
small-scale preparations of aHL sensor elements and
includes radioactivity, which may be unwanted in indus-
trial applications, the large-scale production and assem-
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bly of complex proteins without the use of radioactivity
or other hazardous materials is well known in the art.
Accordingly, one skilled in the art should be able to pro-
duce commercial scale batches of the aHL pore with little
difficulty.

[0058] Forexample, wild-type-like and mutated portion
of the pore may be grown separately in bioreactors and
purified then combined in proportions similar to those de-
scribed above to produce self-assembled pores.

Example 3: Electrophysiology Apparatus

[0059] Experiments using aHL pores in these Exam-
ples were carried out using folded bilayer membranes.
To prepare such membranes, a 25 pm thick Teflon sep-
tum was clamped between two Teflon chambers each of
1 mLvolume. Abilayer was formed on a 100 wm diameter
aperture in the septum. The septum was pretreated with
10% (v/v) hexadecane in highly purified n-pentane. Both
chambers contained an electrolyte solution containing
2M KCl, 100 .M EDTA and a selected amount of MOPS,
Tris or another buffer.

[0060] Initially the chambers were filled with electrolyte
to a level slightly below the aperture. A bilayer material
1% (w/v) 1,2-diphytanoyl-sn-glycerophosphocholine in 6
L pentane was spread on the surface of each chamber.
After about 3 minutes, during which time the pentane
solvent in the bilayer material evaporated, the electrolyte
level in each chamber was raised above the aperture.
The formation of a bilayer was monitored by observing
the increase in membrane capacitance to a value of ap-
proximately 130 pF.

[0061] A single aHL pore was inserted into the bilayer
by adding a solution of the pore to the cis chamber to
produce a final concentration of about 0.5 ng/mL. The
cis chamber, which was kept at ground, was stirred until
electrical recordings indicated that a single protein chan-
nel appeared in the bilayer.

[0062] The test arsenical or arsenicals were added to
the trans chamber. Electrical current disruption from
blocking of the aHL pore upon arsenical binding was de-
tected through two Ag/AgCl electrodes and amplified with
a patch-clamp amplifier (Axopatch 200B; Axon Instru-
ments, Union City, CA), filtered with a low-pass Bessel
filter (80 dB/decade) with a corner frequency of 1 kHz,
and then digitized with a DigiData 1200 A/D/ converter
(Axon Instruments) at a sampling frequency of 5 kHz.
Data samples were stored electronically and then current
traces were filtered digitally at 100 Hz for further analysis
and display. Event data files used to generate dwell-time
(durations of various states of the pore) histograms were
constructed using the Fetchan program (Axon Instru-
ments). Processed data were plotted using Origin 6.1
(OriginLab Corp., Northampton, MA). Individual values
were presented as the mean +/- standard deviation.
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Example 4: Interaction of 4-sulfophenylarsine oxide with
Psh

[0063] The interaction of Pg with 4-sulfophenylarsine
oxide was examined by single-channel electrical record-
ing. In the absence of 4-sulfophenylarsine oxide Pg pro-
duced a quiet single channel current of 1.54 +/- 0.03 nS
(n=7) (See FIGURE 2A.) In the presence of both 10 uM
and 50 uM 4-sulfophenylarsine oxide, steps were ob-
served in which the current was reduced to 1.49 +/- 0.04
nS (n=7). (See FIGURE 2A.) The steps had a mean du-
ration of 702 +/- 38 msec (n=6) and represent individual
couplings of 4-sulfophenylarsine oxide to the Cys residue
in the Pg pore. As FIGURE 2A shows, an increase in
4-sulfophenylarsine oxide concentration also resulted in
an increase in the frequency of such couplings.

[0064] These events were not observed when 4-sul-
fophenylarsine oxide was added to a bilayer containing
a completely wild type aHL pore, which contains no lu-
men Cysresidues. Additionally, the coupling events were
eliminated by either replacing the arsenical solution with
buffer or by the addition of 1.5 mM BAL to 10 uM arseni-
cal. BAL is a dithiol which is know to react with As!!' com-
pounds and therefore was expected at sufficient concen-
tration to react with all available arsenical and prevent its
bonding to the Pgy pore.

[0065] FIGURE 2B was constructed using data ob-
tained as described above for various concentrations of
4-sulfophenylarsine oxide. Py,,q is the probability that
a molecule of the arsenical is attached to the pore. The
increase of Py,,,,q With arsenical concentration indicates
that the reaction frequency does increase with increasing
arsenical concentration.

[0066] FIGURE 2C was also constructed using data
obtained as described above for various concentrations
of 4-sulfophenylarsine oxide. t; represents the mean
residence time of the arsenical in the pore. 14, is the
mean inter-event (arsenical-pore coupling) interval. The
association constant (k) for the analyte/pore coupling
is 1/74[A] where [A] is the concentration of analyte, in
this case 4-sulfophenylarsine oxide. Accordingly, the
constant relationship of 1/t with [A], as shown in FIG-
URE 2C by the line with upward pointing triangles, indi-
cates that the rate of pore coupling correlates in a linear
fashion with the concentration of analyte. This is consist-
ent with a simple bimolecular interaction where concen-
tration of one molecule (the pore) is held constant. In
such an instance, the rate at which the interaction occurs
should increase linearly with the concentration of the oth-
er molecule (the analyte). k,, is the slope of the line. For
the interaction of 4-sulfophenylarsine oxide with Pgy, kg,
was calculated to be 20 +/- 3 X 103 M-1s-1,

[0067] The dissociation constant (k) for the ana-
lyte/pore coupling is 1/14. Ky is shown by the line with
downward pointing triangles in FIGURE 2C. Because k
in a unimolecular interaction is not influenced by concen-
trations of the molecules, but rather by the nature of the
interaction, one would expect it to remain essentially con-
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stant despite changing analyte concentration. FIGURE
2C shows just this effect. For the interaction of 4-sul-
fophenylarsine oxide with Pgy, k¢ was calculated to be
1.4 +/-0.1 s,

[0068] Thedissociation constantforthe interaction, K,
which indicates the overall strength of the interaction and
how easily the bimolecular complex can be separated,
is 75 +/- 15 X 106 M at 24 °C (n=4). K4 = dissociation
rate (ko) /association rate (k,,). Accordingly, lower K
values indicate stronger binding.

Example 5: Interaction of Various Arsenicals with Pgy

[0069] Theinteraction of Pgy with various other arseni-
cals was examined by single-channel electrical record-
ing. In the absence of arsenicals Pgy produced a quiet
single channel current (See FIGURE 3.) In the presence
of 500 wM arsenate, arsenite, or cacodylate or 10 pM
phenylarsine oxide steps were observed in which the cur-
rent was reduced. (See FIGURES 3A-D, respectively.)
The amplitudes of current reduction and mean dwell
times varied depending upon the arsenical. This indi-
cates that different arsenicals result in detectably differ-
ent signals when bound to the Pg pore. Therefore, it is
possible to sort signals from the binding of different ar-
senicals with a P pore to determine individual arsenical
identity and concentration even if the arsenicals are
mixed in a solution.

Example 6: Reaction Mechanism for Reversal of an Ir-
reversible Covalent Interaction

[0070] The Pgy aHL pore may also be used to inves-
tigate the interaction of non-arsenical compound with
Cys-117. For example, DTNB forms a disulfide bond with
Cys-117. DTNB is a non-arsenical model reactive ana-
lyte. This bond between DTNB and the pore is irrevers-
ible, but may be cleaved by DTT to regenerate the Cys
residue and open the pore. In the overall reaction, (dia-
grammed in FIGURE 4) Cys-117 in the lumen of the pore
reacts with DTNB in a bimolecular reaction ("Step 1")
with rate constant k;_,, to form a mixed disulfide 1. In
mixed disulfide 1 the sulfur atom proximal to the protein
wall is activated for reaction with free thiolates because
the aromatic thiolate is a good leaving group. Therefore,
mixed disulfide 1 reacts with DTT in a bimolecular reac-
tion ("Step 2") with a rate constant k,_,;,c to form an un-
stable disulfide 2. Unstable disulfide 2 breaks down in a
unimolecular reaction with rate constant k5_y,¢ in which
Py is regenerated. As a result, Pgy is able to undergo
multiple cycles of reaction.

[0071] The steps of the above reaction are clearly vis-
ible in a current trace of a single pore system. To produce
the current trace of FIGURE 5, a Pgy pore in a bilayer
membrane was prepared as described in the previous
examples. DTNB was added to the trans chamber and
DTT was added to the cis chamber. In the single channel
recording shown, three separate current levels repre-
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senting unbound Pgy,, mixed disulfide 1 and unstable di-
sulfide 2 were observed. The current trace at Step 3 is
consistent with the existence and unimolecular break-
down of unstable disulfide 2.

Example 7: Kinetics of the Interaction of DTNB, DTT and
Psh

[0072] The rate of reaction of DTNB with Cys-117 of
Psy was measured with DTNB in the trans chamber and
50 wM DTT in the cis chamber at an applied potential of
-50 mV with a solution of 2 M KCI, 30 mM MOPS and
100 wM EDTA, pH 8.5 in both chambers. Because the
reaction of DTNB with Pg, is a bimolecular reaction and
the concentration of Pgy is constant, the reaction rate,
K1.obs IS constant and may be calculated as 1/t4[DTNB],
where 1, is the mean amount of time Pg remains un-
bound in the presence of DTNB. As FIGURE 6A illus-
trates, there is a linear relationship between [DTNB] and
1/t4, consistent with the assumption that the reaction is
bimolecular. Using the data of FIGURE 6A, k4_gps Was
calculated to be 4.9 +/- 0.5 X 103 M-1s-1 (n=5).

[0073] Inthe system described above, it was uncertain
whether DTT might leak from the cis side of the chamber
to the trans side and react there with DTNB, thereby re-
ducing the concentration of DTNB available to interact
with Pg and producing inaccurate DTNB concentration
measurements using the system. FIGURE 6B illustrates
that at concentrations of DTT below approximately
60M, the rate constant for the interaction of DTNB with
Psy is not significantly affected. At DTT concentrations
below approximately 40 wM the effect is nearly unnotice-
able.

[0074] Similarly, it was plausible that the reaction rate
of DTT with mixed disulfide 1 to form unstable disulfide
2 and ultimately free the Pgy pore might be influenced
by the rate of diffusion of DTT from the cis chamber
through the pore. This rate might be decreased by the
movement of DTNB from the trans chamber to the cis
chamber, where it would interact with DTT and thereby
deplete DTT levels. To investigate the possibility of this
event, areverse arrangement from that described above
was used with 50 wM DTNB on the cis side of the mem-
brane and DTT on the trans side. Because of the shape
of the aHL pore, from the trans side chemicals have free
access to the lumen, but are considerably more restricted
from the cis side. Because the interaction of DTT with
the DTNB/Pgy complex is a biomolecular interaction with
a constant concentration of DTNB/Pgy, the rate constant,
Ko.obs: IS €qual to 1/, [DTT], where 1, is the length of
time between binding of DTNB to Pgy and the beginning
of Step 2. As FIGURE 7A illustrates, there is a linear
relationship between [DTT] and 1/t,, consistent with the
assumption that the reaction is bimolecular. Using the
data of FIGURE 7A, k,_,,s Was calculated to be 1.1 +/-
0.1 X104 M-1s-1. Additionally, FIGURE 7Biillustrates that,
in fact, at low concentrations of[DTNB]in the cis chamber
the lifetime of mixed disulfide 1 is not affected. In partic-
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ular, at concentrations below 60 puM little effect is ob-
served and below 40 M almost no detectable effect can
be seen. This confirms that movement of DTNB from the
cis chamber to the trans chamber is minimal at low con-
centrations.

[0075] The breakdown of unstable mixed disulfide 2 is
a unimolecular reaction. Therefore, ks o, = 1/13, Wwhere
13 is the time between formation of the mixed disulfide 2
at the end of Step 2 and its breakdown at the end of Step
3. To illustrate the unimolecular nature of Step 3 and
determine k3_,,,, DTNB was added to the trans chamber
of a single pore system while DTT was added to the cis
chamber. A solution of 2 M KCI, 30 mM MOPS and 100
wM EDTA at pH 8.5 was used in both chambers and the
applied potential was -50 mV. In the tests depicted in
FIGURE 8A, the concentration of DTNB was held con-
stant at 50 wM while concentration of DTT was varied as
shown. The linear relationship of ky_o,s with [DTT] is ap-
parent in the figure. Similarly, in FIGURE 8B, test were
performed with the concentration of DTT fixed at 50 wM
while the concentration of DTNB was varied as shown.
The linear relationship of ks_g,s with [DTNB] is apparent
in the figure. In both tests, k5_,,s Was calculated to be 23
+-1s1.

[0076] To verify thatthe intermediate unstable disulfide
2 was formed from DTT, several control experiments
were performed. In addition, the intermediate structures
of unstable disulfide 2 were investigated at various pH
values. A plot of ky_,,s as a function of pH is shown in
FIGURE 9. The data related to the plot could be fitted to
the equation kj_gps = (k3Ky) / (K, + [H*]). This suggests
that the reactive form of 2 is a thiolate. The data indicate
that the pK, of 2 is 9.5 +/- 0.2 and K3 is 250 +/- 80 s-! in
the deprotonated form. In comparison, the first pK, of
DTT is 9.2 and the pK, of mercaptoethanol is 9.5.

Example 8: Interaction of MTSES, DTT and Pgy

[0077] A single pore system as described above was
prepared and supplied with a solution of 2 M KCI, 50 mM
Tris.HCl and 100 .M EDTA at pH 8.5 in both chambers.
50 wM DTT was supplied to the cis chamber. 2.5 mM
MTSES was provided in the trans chamber. A transmem-
brane potential of -50 mV was applied. As shown in FIG-
URE 10, MTSES bound to the Pgy pore, thereby blocking
it. Interaction of DTT with MTSES broke the irreversible
disulfide bond and opened the Pg pore.

Example 9: Other Engineered Pores and Alternative Sys-
tems

[0078] The above examples indicate that the condi-
tions inside the Pgy pore at least approximate the con-
ditions in solution. In order to mimic solution conditions
even more closely, additional mutations may be made to
the wild-type aHL monomer. For example, hydrophobic
side chains in the channel may be may be replaced with
hydrophilic side chains such as Ser, Thr, Asn and GIn.
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Surface charge effects in the pore can also be minimized
by using high salt concentrations, as in these examples.
[0079] The aHL system described above may also be
used to study the effects of protein environment on chem-
istry. Residues that bind substrates or take part in the
chemistry may be introduced onto on the wall of the chan-
nel by mutagenesis, targeted chemical modification of
non-natural amino acid substitution. For example, histi-
dine residues may be used for catalysis. Through select-
ed substitutions, it may be possible to improve turnover
rates or couple catalysis transmembrane transport.

[0080] All of the systems and/or methods disclosed
and claimed herein can be made and executed without
undue experimentation in light of the present disclosure.

Claims

1. A system for sensing at least one reactive analyte in
a solution, the system comprising:

asensing device separated into a trans chamber
and a cis chamber by a divider;

a sensor element which is a protein pore oper-
ably disposed in the divider, wherein the protein
pore is an aHL pore and wherein the aHL pore
comprises at least one monomer having a Cys
residue at amino acid 117;

a detection system operable to detect a change
in current between the cis and trans chambers;
and

an ionic solution containing at least one reactive
analyte capable of covalently bonding to the pro-
tein pore;

wherein bonding of the reactive analyte to the
protein pore produces a change in current be-
tween the cis and trans chambers over a time
interval detectable by the current detection sys-
tem;

wherein the reactive analyte irreversibly cova-
lently bonds to the protein pore, and wherein the
system further comprises ionic solution contain-
ing a chemical reagent capable of breaking the
covalent bond; and

wherein the covalent bond between the analyte
and the sensor element is a direct covalent bond
between the analyte and the sensor element.

2. The system of claim 1, wherein the ionic solution is
a pH buffered KCL solution.

3. The system of claim 1, wherein the reactive analyte
is an environmental toxin.

4. The system of claim 1, wherein the reactive analyte
is a chemical weapon.

5. The system of claim 1, wherein the reactive analyte
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is a pharmaceutical.

The system of claim 1, wherein the reactive analyte
comprises an arsenical.

The system of claim 1, wherein the reactive analyte
covalently bonds to the protein pore within the lumen
of the pore.

The system of claim 1, wherein an analyte bound to
the pore causes a change inion flux, but said analyte
is not easily distinguishable from another analyte by
current trace, and wherein said analyte is distin-
guished by introduction of a chemical that cleaves
one of the indistinguishable analytes, but not the oth-
er.

The system of claim 1, wherein the reactive analyte
and chemical reagent are substantially disposed in
separate chambers.

The system of claim 1, wherein the ionic solution
contains a plurality of species of chemically distinct
reactive analytes capable of covalently bonding with
the protein pore.

The system of claim 10, wherein bonding of at least
one species of the reactive analytes to the protein
pore produces a first change in current between the
cis and trans chambers and the bonding of at least
a second species of the reactive analytes to the pro-
tein pore produces a second change in current be-
tween the cis and trans chambers, wherein the first
and second changes in current are distinctly detect-
able by the detection system.

The system of claim 1, wherein sensing comprises
stochastic sensing.

The system of claim 1, wherein the detection system
is operable to detect a change inforce, and a change
in fluorescence.

The system of claim 1, further comprising a plurality
of pores.

A method for sensing at least one analyte in a solu-
tion comprising:

providing a sensing device separated into a
trans chamber and a cis chamber by a divider,
whereinasensor elementwhichis a protein pore
is operably disposed in the divider, wherein the
protein pore is an aHL pore and wherein the
aHL pore comprises at least one monomer hav-
ing a Cys residue at amino acid 117;

providing a detection system operable to detect
a change in current between the cis and trans
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chambers;

providing an ionic solution containing at least
one reactive analyte capable of covalently bond-
ing to the protein pore to the cis or trans cham-
ber; and

detecting the change in the current between the
cis and trans chambers over a time interval;
wherein the reactive analyte irreversibly cova-
lently bonds to the protein pore, and wherein the
method further comprises providing to the cis or
trans chamber an ionic solution containing a
chemical reagent capable of breaking the cov-
alent bond; and

wherein the covalent bond between the analyte
and the sensor element is a direct covalent bond
between the analyte and the sensor.

The method of claim 15, wherein the reactive analyte
and chemical reagent are provided to separate
chambers.

The method of claim 15, wherein the ionic solution
comprises a plurality of species of chemically distinct
reactive analytes capable of covalently bonding with
the protein pore to produce distinct current changes.

The method of claim 15, further comprising analyzing
the detected conductance between the cis and trans
chambers for the distinct current changes.

The method of claim 15, further comprising deter-
mining the identity and concentration of at least one
reactive analyte based upon the change in current
between the cis and trans chambers.

The method of claim 15, wherein an analyte bound
to the pore causes a change in ion flux, but said
analyte is not easily distinguishable from another an-
alyte by current trace, and wherein said analyte is
distinguished by introduction of a chemical that
cleaves one of the indistinguishable analytes, but
not the other.

The method of claim 15, further comprising:

determining the frequency of detection of the
change in current; and
calculating the concentration of the reactive an-
alyte based upon the frequency of detection of
the change in current.

The method of claim 15, wherein the reactive analyte
comprises an arsenical.

The method of claim 15, wherein the reactive analyte
covalently bonds to the protein pore within the lumen
of the pore.
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24. The method of claim 15, wherein sensing comprises

stochastic sensing.

25. The method of claim 15, further providing a plurality

of pores.

Patentanspriiche

System zur Wahrnehmung wenigstens eines reak-
tiven Analyten in einer L6sung, wobei das System
Folgendes umfasst:

eine Wahrnehmungsvorrichtung, die durch ei-
nen Teiler in eine trans-Kammer und eine cis-
Kammer getrennt ist;

ein Sensorelement, bei dem es sich um eine im
Teiler funktionsfahig angeordnete Proteinpore
handelt, wobei es sich bei der Proteinpore um
eine aHL-Pore handelt und wobei die aHL-Pore
wenigstens ein Monomer mit einem Cys-Rest
an Aminoséaure 117 umfasst;

ein Nachweissystem, das so betrieben werden
kann, dass eine Anderung des Stroms zwischen
der cis- und der trans-Kammer nachgewiesen
wird; und

eine lonenldsung, die wenigstens einen zur ko-
valenten Bindung an die Proteinpore fahigen re-
aktiven Analyten enthalt;

wobei eine Bindung des reaktiven Analyten an
die Proteinpore eine mit dem Stromnachweis-
system nachweisbare Anderung des Stroms
zwischen der cis- und der trans-Kammer uber
ein Zeitintervall bewirkt;

wobei der reaktive Analyt irreversibel kovalent
an die Proteinpore bindet und wobei das System
ferner eine lonenlésung umfasst, die ein zum
Lésen der kovalenten Bindung fahiges chemi-
sches Reagens enthalt; und

wobei es sich bei der kovalenten Bindung zwi-
schen dem Analyten und dem Sensorelement
um eine direkte kovalente Bindung zwischen
dem Analyten und dem Sensorelement handelt.

System nach Anspruch 1, wobei es sich bei der lo-
nenlésung um eine pH-gepufferte KCI-Lésung han-
delt.

System nach Anspruch 1, wobei es sich bei dem
reaktiven Analyten um einen Umweltgiftstoff han-
delt.

System nach Anspruch 1, wobei es sich bei dem
reaktiven Analyten um eine Chemiewaffe handelt.

System nach Anspruch 1, wobei es sich bei dem
reaktiven Analyten um ein Arzneimittel handelt.
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System nach Anspruch 1, wobei es sich bei dem
reaktiven Analyten um einen arsenhaltigen Stoff
handelt.

System nach Anspruch 1, wobei der reaktive Analyt
an die Proteinpore im Lumen der Pore kovalent bin-
det.

System nach Anspruch 1, wobei ein an die Pore ge-
bundener Analyt eine Anderung des lonenflusses
verursacht, der Analyt jedoch nicht leicht von einem
anderen Analyten anhand des Stromverlaufs unter-
scheidbar ist, und wobei der Analyt durch Einfiihrung
einer Chemikalie, die einen der ununterscheidbaren
Analyten spaltet, aber nicht den anderen, unter-
schieden wird.

System nach Anspruch 1, wobei der reaktive Analyt
und das chemische Reagens weitgehend in getrenn-
ten Kammern angeordnet sind.

System nach Anspruch 1, wobei die lonenlésung
mehrere Spezies chemisch unterschiedlicher reak-
tiver Analyten enthalt, die mit der Proteinpore eine
kovalente Bindung eingehen kdnnen.

System nach Anspruch 10, wobei eine Bindung we-
nigstens einer Spezies der reaktiven Analyten an die
Proteinpore eine erste Anderung des Stroms zwi-
schen der cis- und der trans-Kammer bewirkt und
die Bindung wenigstens einer zweiten Spezies der
reaktiven Analyten an die Proteinpore eine zweite
Anderung des Stroms zwischen der cis- und der
trans-Kammer bewirkt, wobei die erste und die zwei-
te Anderung des Stroms mit dem Nachweissystem
unterschiedlich nachweisbar sind.

System nach Anspruch 1, wobei Wahrnehmung sto-
chastische Wahrnehmung umfasst.

System nach Anspruch 1, wobei das Nachweissys-
tem so betrieben werden kann, dass eine Kraftan-
derung und eine Fluoreszenzénderung nachgewie-
sen wird.

System nach Anspruch 1, ferner umfassend mehre-
re Poren.

Verfahren zur Wahrnehmung wenigstens eines Ana-
lyten in einer L6sung, umfassend:

Bereitstellen einer Wahrnehmungsvorrichtung,
die durch einen Teilerin eine trans-Kammer und
eine cis-Kammer getrennt ist, wobei ein Senso-
relement, bei dem es sich um eine Proteinpore
handelt, im Teiler funktionsfahig angeordnet ist,
wobei es sich bei der Proteinpore um eine aHL-
Pore handelt und wobei die aHL-Pore wenigs-
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tens ein Monomer mit einem Cys-Rest an Ami-
nosaure 117 umfasst;

Bereitstellen eines Nachweissystems, das so
betrieben werden kann, dass eine Anderung
des Stroms zwischen der cis- und der trans-
Kammer nachgewiesen wird;

Bereitstellen einer lonenlésung, die wenigstens
einen zur kovalenten Bindung an die Proteinpo-
re fahigen reaktiven Analyten enthalt, an die cis-
oder trans-Kammer; und

Nachweisen der Anderung des Stroms zwi-
schen der cis- und der trans-Kammer Uber ein
Zeitintervall;

wobei der reaktive Analyt irreversibel kovalent
an die Proteinpore bindet und wobei das Ver-
fahren ferner Bereitstellen einer lonenlésung,
die ein zum L&sen der kovalenten Bindung fa-
higes chemisches Reagens enthalt, an die cis-
oder trans-Kammer umfasst; und

wobei es sich bei der kovalenten Bindung zwi-
schen dem Analyten und dem Sensorelement
um eine direkte kovalente Bindung zwischen
dem Analyten und dem Sensor handelt.

Verfahren nach Anspruch 15, wobei der reaktive
Analyt und das chemische Reagens an getrennte
Kammern bereitgestellt werden.

Verfahren nach Anspruch 15, wobei die lonenlésung
mehrere Spezies chemisch unterschiedlicher reak-
tiver Analyten umfasst, die mit der Proteinpore eine
kovalente Bindung eingehen kdnnen, so dass unter-
schiedliche Stromanderungen bewirkt werden.

Verfahren nach Anspruch 15, ferner umfassend
Analysieren des nachgewiesenen Leitwerts zwi-
schen der cis- und der trans-Kammer fiir die unter-
schiedlichen Stroménderungen.

Verfahren nach Anspruch 15, ferner umfassend Be-
stimmen der Identitdt und Konzentration wenigstens
eines reaktiven Analyten bezogen auf die Anderung
des Stroms zwischen der cis- und der trans-Kam-
mer.

Verfahren nach Anspruch 15, wobei ein an die Pore
gebundener Analyt eine Anderung des lonenflusses
verursacht, der Analyt jedoch nicht leicht von einem
anderen Analyten anhand des Stromverlaufs unter-
scheidbar ist, und wobeider Analyt durch Einflihrung
einer Chemikalie, die einen der ununterscheidbaren
Analyten spaltet, aber nicht den anderen, unter-
schieden wird.

Verfahren nach Anspruch 15, ferner umfassend:

Bestimmen der Nachweishaufigkeit der Stro-
manderung; und
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Berechnen der Konzentration des reaktiven
Analyten bezogen auf die Nachweishaufigkeit
der Stromanderung.

Verfahren nach Anspruch 15, wobei der reaktive
Analyt einen arsenhaltigen Stoff umfasst.

Verfahren nach Anspruch 15, wobei der reaktive
Analyt an die Proteinpore im Lumen der Pore kova-
lent bindet.

Verfahren nach Anspruch 15, wobei Wahrnehmung
stochastische Wahrnehmung umfasst.

Verfahren nach Anspruch 15, wobei ferner mehrere
Poren bereitgestellt werden.

Revendications

1.

Systeme de captation d’au moins un analyte réactif
dans une solution, le systéme comprenant :

un dispositif de captation séparé en une cham-
bre trans et une chambre cis par une cloison de
séparation ;

un élément de capteur qui est un pore protéini-
que disposé de fagon fonctionnelle dans la cloi-
son de séparation, ou le pore protéinique est un
pore aHL, et ou le pore aHL comprend au moins
un monomere comportant un résidu Cys au ni-
veau de I'acide aminé 117 ;

un systéme de détection pouvant étre utilisé
pour détecter une variation de courant entre les
chambres cis et trans ; et

une solutionionique contenantau moins un ana-
lyte réactif pouvant se lier de fagon covalente
au pore protéinique ;

ou la liaison de I'analyte réactif au pore protéi-
nique produit une variation de courant entre les
chambres cis et trans sur un intervalle de temps
détectable par le systéeme de détection de
courant ;

ou l'analyte réactif se lie de fagon covalente et
irréversible au pore protéinique, etou le systéeme
comporte en outre une solution ionique conte-
nant un réactif chimique pouvant briser la liaison
covalente ; et

ou la liaison covalente entre I'analyte et I'élé-
ment de capteur et une liaison covalente directe
entre I'analyte et I'élément de capteur.

Systeme selon la revendication 1, ou la solution io-
nique est une solution de KCI tamponnée en pH.

Systeme selon la revendication 1, ou I'analyte réactif
est une toxine environnementale.
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Systéme selon larevendication 1, ou I'analyte réactif
est une arme chimique.

Systéme selon larevendication 1, ou I'analyte réactif
est un produit pharmaceutique.

Systéme selon larevendication 1, ou I'analyte réactif
est une substance arsenicale.

Systéme selon larevendication 1, ou I'analyte réactif
se lie de fagon covalente au pore protéinique a l'in-
térieur de la lumiére du pore.

Systéme selon la revendication 1, ou un analyte lié
au pore provoque une variation dans le flux ionique,
ou ledit analyte n’est pas facilement distinguable
d’un autre analyte par la trace de courant, et ou ledit
analyte est distingué par l'introduction d’'une subs-
tance chimique qui clive 'un des analytes distingua-
bles, mais pas l'autre.

Systéme selon larevendication 1, ou I'analyte réactif
et le réactif chimique sont substantiellement dispo-
sés dans des chambres distinctes.

Systéme selon la revendication 1, ou la solution io-
nique contient une multitude d’espéces d’analytes
réactifs chimiquement distincts pouvant se lier de
fagon covalente avec le pore protéinique.

Systéme selon la revendication 10, ou la liaison d’au
moins une espece des analytes réactifs au pore pro-
téinique produit une premiére variation de courant
entre les chambres cis et trans et la liaison d’au
moins une deuxiéme espéce des analytes réactifs
au pore protéinique produit une deuxiéme variation
de courant entre les chambres cis et trans, ou la
premiére variation et la deuxiéme variation de cou-
rant sont détectables de fagon distincte par le sys-
téme de détection.

Systéme selon la revendication 1, ou la captation
comprend une captation stochastique.

Systéme selon la revendication 1, ou le systeme de
détection est utilisable pour détecter une variation
de force, et une variation de fluorescence.

Systéme selon la revendication 1, comprenant en
outre une multitude de pores.

Procédé de captation d’au moins un analyte dans
une solution comprenant :

le fait de se munir d’'un dispositif de captation
séparé en une chambre trans et une chambre
cis par une cloison de séparation, ol un élément
de capteur qui est un pore protéinique est dis-
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posé de fagon fonctionnelle dans la cloison de
séparation, ou le pore protéinique est un pore
oHL et ou le pore aHL comprend au moins un
monomeére comprenant un résidu Cys au niveau
de l'acide aminé 117 ;

le fait de se munir d’'un systéme de détection
pouvant étre utilisé pour détecter une variation
de courant entre les chambres cis et trans ;

le fait de se munir d’une solution ionique com-
prenant au moins un analyte réactif capable de
se lier de fagon covalente au pore protéinique a
la chambre cis ou trans ; et

la détection de la variation de courant entre les
chambres cis et trans sur un intervalle de
temps ;

ou l'analyte réactif se lie de fagon covalente et
irréversible au pore protéinique, et ou le procédé
comprend en outre le fait de se munir au niveau
delachambre cis ou trans d’une solution ionique
contenant un réactif chimique pouvant briser la
liaison covalente ; et

ou la liaison covalente entre I'analyte et I'élé-
ment de capteur et une liaison covalente directe
entre 'analyte et le capteur.

Procédé selon larevendication 15, ou I'analyte réac-
tif et le réactif chimique sont disposés dans des
chambres distinctes.

Procédé selon la revendication 15, ou la solution io-
nique comprend une multitude d’espéces d’analytes
réactifs chimiquement distincts pouvant se lier de
fagon covalente avec le pore protéinique pour pro-
duire des variations de courant distinctes.

Procédé selon la revendication 15, comprenant en
outre 'analyse de la conductance détectée entre les
chambres cis et trans pour des variations de courant
distinctes.

Procédé selon la revendication 15, comprenant en
outre la détermination de l'identité et de la concen-
tration d’au moins un analyte réactif en fonction de
la variation de courant entre les chambres cis et
trans.

Procédeé selon la revendication 15, ou un analyte lié
au pore provoque une variation dans le flux ionique,
ou ledit analyte n’est pas facilement distinguable
d’un autre analyte par la trace de courant, et ou ledit
analyte est distingué par l'introduction d’'une subs-
tance chimique qui clive I'un des analytes distingua-
bles, mais pas l'autre.

Procédé selon la revendication 15, comprenant en
outre :

la détermination de la fréquence de détection
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de la variation de courant ; et

le calcul de la concentration de I'analyte réactif
en fonction de la fréquence de détection de la
variation de courant.

Procédé selon la revendication 15, ou I'analyte réac-
tif est une substance arsénicale.

Procédé selon la revendication 15, ou I'analyte réac-
tif se lie de fagon covalente au pore protéinique a
I'intérieur de la lumiére du pore.

Procédé selon la revendication 15, ou la captation
comprend une captation stochastique.

Procédé selon la revendication 15, mettant en outre
a disposition une multitude de pores.
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