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Abstract

Recently, protein and synthetic nanopores have
been employed extensively as single—molecule
probes to illuminate the functional features of
proteins, including their binding affinity to dif-
ferent ligands, backbone flexibility, enzymatic
activity and folding state. In this chapter, |
present a brief overview in this emerging area
of biosensing. The underlying principle of de-
tection is that the device is based upon a single
nanopore drilled into an insulating membrane,
which is immersedina symmetric chamber con-
taining electrolyte solution. The application ofa
transmembrane potential across the membrane
will enable the recording of a well-defined elec-
tric current due to the flow of ions crossing the
nanopore. The partitioning of single proteins
into the interior of the nanopore is detected by
discrete current fluctuations that depend upon
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the interaction petween the proteins and the
nanopore. The detection mechanisms include
chemical modification and genetic engineering
of protein nanopores, electrophoretic capture
of proteins via movable nucleic acid arms, and
functionalization of the inner surface of syn-
thetic nanopores. This approach holds promise
for the exploration of proteins at high tempor-
al and spatial resolution. Moreover, nanopore
probe techniques can be employed in high-
throughput devices used in biomedical molecu-
lar diagnosis and environmental monitoring.

1.
Introduction

There is an unprecedented need for novel
methodologies to detect a broad range of
substances, from small organic molecules
to macromolecu|es, bacteria and viruses. In
this chapter, we discuss the power, versatility
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and tractability of the nanopore technique
as a single-molecule probe that holds po-
tential to reveal several important features
of polypeptides and proteins. The underly-
ing principle of nanopore probe techniques
is simple: the application of a voltage bias
across an electrically insulated membrane
enables the measurement of a tiny picoamp-
scale transmembrane current through a sin-
gle nanopore. Each molecule, translocating
through the nanopore, produces a distinct-
ive current blockade, the nature of which
depends on its biophysical properties as well
as the molecule-nanopore interaction. Such
an approach proves to be quite powerful,
because single small molecules and biopoly-
mers are examined at very high spatial and
temporal resolutions (Bayley 1999; Bayley et
al. 2000, 2004; Bayley and Martin 2000; Bez-
rukov 2000; Deamer and Akeson 2000; Bay-
ley and Cremer 2001; Deamer and Branton
2002; Meller 2003; Bayley and Jayasinghe
2004; Dekker 2007; Martin and Siwy 2007;
Howorka and Siwy 2008; Howorka and Siwy
2009; Movileanu 2008, 2009). Here, we also
discuss recent studies that provided a mech-
anistic understanding of the forces that
drive protein translocation through a nano-
pore. These measurements facilitate the
detection and exploration of the conforma-
tional fluctuations of single molecules and
the energetic requirements for their transi-
tion from one state to another. We present
recent strategies for engineering new func-
tional nanopores, in organic and silicon-
based materials, and with properties that
are not encountered in nature. From a prac-
tical point of view, this methodology shows
promise for the integration of engineered
nanopores into nanofluidic devices, which
would provide a new generation of research
tools in nanomedicine and high-throughput
instruments for molecular biomedical diag-
nosis and environmental monitoring.
Stochastic biosensors represent a unique
class of single-molecule detectors that is
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based upon the alteration of electrical cur-
rent by distinct molecules that interact ei-
ther transiently or permanently with an en-
gineered recognition group located within a
nanopore (Martin and Siwy 2007; Howorka
and Siwy 2008; Movileanu 2009) (Fig.1A).
Each transient interaction of a single mol-
ecule with the engineered recognition group
produces a well-defined current blockade,
the duration of which depends upon sev-
eral parameters, including the size, charge
and shape of the interacting molecule, the
accessibility of the engineered recognition
group (e.g., the diameter of the inner sur-
face of the nanopore; the position of the
recognition group), and the strength of the
analyte-reactive group interaction (Fig.1B)
(Bayley and Martin 2000; Bayley and Cremer
2001). This current blockade occurs as a re-
sult of the interacting molecule-induced ob-
struction of the ionic flow through the nano-
pore. Therefore, the partitioning of a single
molecule into the interior of the nanopore
is probed by the resistive-pulse technique in
real time (Bezrukov 2000).

In the past decade, research in the area of
nanopores has been stimulated by the keen
interest of this technique in single-molecule
sequencing of nucleic acids (Kasianowicz et
al. 1996; Akeson et al. 1999; Henrickson et
al. 2000; Meller et al. 2000; Howorka et al.
2001a,b; Howorka and Bayley 2002; Kasia-
nowicz 2004; Meller et al. 2005; Bayley 2006;
Kim et al. 2006; Butler et al. 2007; Rhee and
Burns 2007; Branton et al. 2008; Butler et al.
2008; Howorka and Siwy 2008; McNally et al.
2008; Wanunu et al. 2008 Comer et al. 2009;
Dorvel et al. 2009). Despite numerous ob-
vious challenges in using nanopores for nu-
cleic acid sequencing (Branton et al. 2008),
recent studies have demonstrated that na-
nopores represent versatile single-molecule
probes for a broad range of molecules and
their assemblies (Dekker 2007; Griffiths
2008; Hayden 2008). An extensive research
on biosensing has been carried out with the
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Fig.1 Principle of stochastic sensing with a permanently op

en protein nanopore. An open protein
nanopore represents the permeation pat

hway for transmembrane transport of small ions. A When
a transmembrane potential is applied, a single-channel electrical current is readily recorded. B The
nanopore interior is either genetically engineered or chemically modified by covalent attachment of
a functional reactive group. Analytes are added to one of the chambers and transiently interact with
the functional reactive group located within the pore interior. This transient interaction resultsina
well-defined single-channel current blockade, the nature of which depends on the strength of the
interaction between the analyte molecule and the functional reactive group
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staphylococcal a-hemolysin (aHL) protein.
aHL forms a mushroom-shaped heptameric
transmembrane pore in planar lipid bilayers
(Fig.2A) (Song et al. 1996). This protein is a
highly tractable 3-barrel-type pore because
ofthe following unique combination of attrib-
utes: (i) the availability of its high-resolution
crystal structure (Song et al. 1996), (ii) the
ease of its genetic engineering (Bayley and
Cremer 2001; Movileanu et al. 2001), (iii) its
large single-channel conductance (Bezrukov
et al. 1996; Kasianowicz et al. 1996), which
facilitates high time-resolution single-chan-
nel electrical recordings, (iv) its high thermal
stability (Kang et al. 2005), (v) the pore re-
mains open indefinitely under a wide range
of experimental conditions, such as pH (Bez-
rukov and Kasianowicz 1993; Kasianowicz
and Bezrukov 1995), ionic strength (Kra-
silnikov et al. 2006; Rodrigues et al. 2008),
temperature (Kang et al. 2005; Jung et al.
2006), transmembrane potential (Movileanu
et al. 2005) and osmolytes (Bezrukov et al.
1996; Krasilnikov and Bezrukov 2004). These
attributes made the aHL protein a suitable
nanopore platform for single-molecule sto-
chastic sensing of small molecules and large
biomolecules (Bayley and Martin 2000; Bay-
ley and Cremer 2001; Howorka et al. 2001b;
Bayley 2006; Rhee and Burns 2007; Branton
et al. 2008; Griffiths 2008; Hayden 2008;
Howorka and Siwy 2008, 2009; Movileanu
2008).

Watching polypeptide translocation

In the last decade, several groups have ex-
tensively examined the translocation of
polypeptides through protein pores using
single-channel electrical recordings. These
studies, which employed cyclic petides

Liviu Movileanu

(Sanchez-Quesada et al. 2000), and a-helical
(Movileanu et al. 2005; Sutherland et al.
2005; Stefureac et al. 2006) and B-hairpin
(Goodrich et al. 2007) polypeptides, revealed
specific kinetic signatures of polypeptide-
pore interactions. These kinetic signatures
depended upon biophysical features of the
translocating polypeptides, such as their
charge, length, folding and stability. In gen-
eral, the single-channel electrical recordings
showed very short-lived current blockades
assigned to bumpings of the polypeptide
into the pore entrance and long-lived cur-
rent blockades assigned to major partition-
ings of the polypeptide into the interior of
the pore. One simple model of the inter-
action between a polypeptide and a protein
pore can be illustrated by a two-barrier, sin-
gle-well free-energy lansdcape (Movileanu
et al. 2005; Wolfe et al. 2007, Movileanu
2008). This kinetic scheme was observed
with a-helical peptides (Movileanu et al.
2005; Wolfe et al. 2007). In contrast, other
studies showed different kinetic schemes.
For example, in a recent study, we com-
bined single-molecule electrical recordings
and Langevin dynamics simulations to ex-
plore the partitioning of B-hairpin peptides
into the aHL protein pore (Fig.2) (Goodrich
et al. 2007). The dwell time derived from
event histograms showed a single exponen-
tial decay-dependence on the applied trans-
membrane potential (Fig.3). This finding
suggested that the B-hairpin-pore interac-
tion undergoes a single-barrier free energy
lanscape. Moreover, we showed that highly
unfolded B-hairpin polypeptides entered the
pore in an extended conformation, produc-
ing fast single-file translocation events. This
result contrasted with that of the transloca-
tion of structured B-hairpin polypeptides,
which occurred more slowly, producing
long-lived current blockades (Goodrich et al.
2007). In Fig. 3, we illustrate that more stru-
tured B-hairpins, K41 and G41, translocate
more slowly than the unstructured polypep-




anu

cal
al.
2in

25. Single-molecule detection of proteins using nanopores

o

|10 ms

Current (pA)

w
L=
L L

IS
o

367

XL
. T8
{

A 0.0/0.00.
hibtitda bttt titebidatysy t debitetatitehiditetutiteb el
5 P 0o0000 0 )
Q

040 0 ; ¢ 0
l’l'j HRHIOO OIS Y RO AR AR
IS OENE \ L e RO

WS}& RS

|:]<
< Toff
B 105 | s
€ _110ms
© 204 ——
5 ]
Q 30

401

Fig.2 The interaction of B-hairpin peptides with an aHL pore produces transient current blockades:
A aHL forms a pore that remains open for long periods. B The translocation of a B-hairpin peptide
through an aHL pore produces a transient current blockade. Reproduced, with permission, from

Goodrich et al. (2007)
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Fig.3 The dependence of the dwell time of the
current blockades produced by the B-hairpin
peptides on the electric force. The electric force
was derived as F = gV/I, where the effective
charge g is half of the peptide charge, Vis the
transmembrane potential, and / = 50A is the
length of the B-barrel lumen. Reproduced, with
permission, from Goodrich et al. (2007)

tide Ac-G40. This finding is presented by an
increased translocation time measured for
more structured peptides regardless of the
applied total force on peptide (Fig.3).

Extensive research on polypeptide sens-
ing with nanopores has been pursued by the
group of Jeremy Lee (Sutherland et al. 2005;
Stefureac et al. 2006, 2008; Stefureac and
Lee 2008). They showed that the aHL protein
pore can be employed to discriminate sev-
eral polypeptides based upon their size and
conformation (Sutherland et al. 2005; Ste-
fureac et al. 2006). In addition, these studies
revealed that the electrical recordings hold
potential for discovering the presence of
intermediate conformations of the polypep-
tides, which were not apparent from the cir-
cular dichroism (CD) spectra (Stefureac et al.
2008; Stefureac and Lee 2008).

One way to alter the kinetics of the
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Fig.4 The aHL protein pore
is equipped with electrostatic
traps engineered at the entry

and exit of the channel. A single Exit trap
electrostatic trap consists

of an iris of seven negatively

charged aspartic acid residues.

Reproduced, with permission, Entry trap

from Mohammad et al. (2008)

Protein analyte

polypeptide-pore interactions is to engin-
eer attractive or repulsive groups within
the pore interior. These engineered groups
might impact the free energy lansdcape
of the polypeptide-pore interactions. Re-
cently, we were able to engineer attractive
groups, simply called traps, within the inte-
rior of the aHL protein pore. Two irises of
negatively charged traps have been engin-
eered at the entry and exit of the B-barrel
part of the aHL protein pore (Fig.4) (Wolfe
et al. 2007). The engineered traps consisted
of aspartic acid residues. In a first study, we
examined the translocation of short posi-
tively charged polypeptides (~25 residues in
length) through aHL protein pores equipped
with engineered traps (Wolfe et al. 2007).
The label-free single-channel recordings
enabled the simultaneous determination of
the rate constants of association (k,,) and
dissociation (k,¢) (Mohammad et al. 2008;
Mohammad and Movileanu 2008). k,, is de-
fined as 1/(ct,,), where 1., is the inter-event
interval, and c is the concentration of the
substrate in the bilayer chamber. k. is de-
fined as 1/7,4, where 7,4 is the mean block-
ed time of the transient substrate-induced
current blockades (Fig. 1B). The dissociation
constant is given by Ky = k/k,,, and the
association constant is given by K, = 1/Kj,
allowing for the calculation of the standard
free energy AG° = —RT InK,. The electrostatic
trap engineered at the entry of the pore had
a major impact on the rate constant of asso-

Liviu Movileanu

Lipid bilayer

ciation (Wolfe et al. 2007). By contrast, the
rate constant of dissociation was only mar-
ginally altered. Surprisingly, when the entry
and exit traps were concurrently engineered
within the interior of the nanopore, signifi-
cant increase in the rate constants of asso-
ciation and dissociation were observed. By
analogy with ion-conducting protein chan-
nels, these negatively charged traps acted
as binding sites for the positively charged
polypeptide analyte. The results of this
study indicated that the two traps together
catalyze the net flow of polypeptides from
one side of the membrane to the other, as
compared with either the wild type-aHL
pore or a single trap-containing aHL protein
pore.

In a subsequent study, a similar experi-
mental design was used for examining the
polypeptide—pore interactions, but with a
much larger interacting protein. In this case,
the analyte was a fusion protein (pb,-Ba)
that consisted of a positively charged prese-
quence polypeptide of cytochrome b, (pb,)
fused to the folded ribonuclease barnase
(Fig.4) (Mohammad et al. 2008). The results
were significantly different from those obtai-
ned with short polypeptides. For example,
the addition of nanomolar concentrations of
pb,-Ba protein to the chamber produced in-
frequent and short-lived current blockades
with the WT-aHL protein pore (Fig.5A). This
finding was interpreted in terms of a large
energetic penalty of the folded protein to
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60 WT-oHL (No trap)

40 sec

Fig.5 The effect of the barnase protein on the
single-channel electrical recordings performed
with the wild-type (WT) and electrostatic trap-
containing aHL pores. Representative single-
channel electrical recordings with the WT-aHL (A),
K131D, (B), K147D; (C) and K131D,/K147D, (D)
pores in the presence of 200 nM pb,(95)-Ba added
to the chamber. The white and black arrows
indicate the open and closed states, respectively.
Reproduced, with permission, from Mohammad
et al. (2008)

partition into the interior of the trap-free
aHL protein pore. In contrast, single-channel
recordings with an aHL protein pore, which
contained a single trap engineered at the
entry of the pore, revealed a dramatically in-
creased frequency of the current blockades
(Fig.5B). The event frequency increased by
almost two orders of magnitude, as compar-
ed with the WT-aHL pore. This finding was
consistent with an effective recruitment of
the small folded proteins by the engineered

electrostatic trap, which was exposed to the
aqueous phase. Interestingly, when the elec-
trostatic trap was engineered at the exit of
the B-barrel (Fig.4), away from the aqueous
phase, the transient current blockades be-
came long lived, with duration in the range
of tens of seconds to minutes (Fig.5C). The
different results from experiments in which
the trap was engineered either at the entry
or at the exit of the pore illuminated a signi-
ficantly altered kinetics of the folded pro-
tein-pore interactions. Remarkably, the ob-
served transient current blockades became
permanent when the pb,-Ba protein interac-
ted with double trap-containing aHL protein
pore (Fig.5D). These results demonstrate
that protein design is instrumental in obtain-
ing major alterations in the single-channel
electrical signature as a result of minute
changes within the interior of the pore.

Using a similar approach, Guan and col-
leagues have designed aHL protein pores
with hydrophobic traps engineered within
the interior of the pore (Zhao et al. 2009b).
They studied the translocation of polypep-
tides containing hydrophobic aminoacids
through such hydrophobic traps-containing
aHL protein pores. As expected, they found
increased interactions between hydrophob-
ic residues-containing peptides and a trap-
containing aHL protein pore. Increasing
lengths of the translocating peptide pro-
duced decreased rate constants of associa-
tion and dissociation. On the other hand, ad-
ditional engineering of the aHL protein pore,
in the form of many aromatic binding sites,
resulted in a stronger binding affinity be-
tween the translocating peptide and the hy-
drophobic trap-containing aHL protein pore.
This study is also important, because Guan
and colleagues were able to discriminate
among polypeptides that differed by a single
residue. Therefore, it was suggested that the
stochastic biosensing with engineered pro-
tein pores holds great promise for peptide
and protein sequencing.
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Probing protein-ligand interactions

Probably, the most important limitation
of polypeptide translocation through na-
nopores is the inability to capture all ki-
netic information of the polypeptides in the
aqueous phase. This limitation has been
overcome by attaching a flexible linker, a
poly(ethylene glycol) (PEG) chain, to the in-
terior of the nanopore, within the large ves-
tibule of the aHL protein pore (Howorka et
al. 2000; Movileanu et al. 2000). A biotinyl
ligand was permanently attached to the un-
tethered end of the PEG linker. The biotinyl
group was able to move across the inte-
rior of the nanopore from one side of the
membrane to the other, a distance of ~100
A. If a low-affinity streptavidin mutant was
added to the chamber, a distinctive altera-
tion in the single-channel current occurred
(Movileanu et al. 2000). This experimental
design demonstrated that the single-mol-
ecule stochastic sensing of proteins can be
fundamentally expanded into the aqueous
phase. Inspired by this experimental design,
Kong and Muthukumar (2005) performed
Langevin molecular dynamics simulations
and Poisson-Nernst-Planck calculations to
obtain the current fluctuations produced
by a single PEG covalently anchored within
the large vestibule of the aHL protein pore
(Kong and Muthukumar 2005). This compu-
tational work revealed the dynamics of the
single-molecule captures of the binding pro-
tein in the aqueous phase.

A similar approach was employed to ex-
amine the binding kinetics of a lectin protein
to one or more ligands (Howorka et al. 2004).
These experiments showed the ability to de-
tect monovalent and divalent binding events
directly. Moreover, a genetically encoded
stochastic sensor element has been used for
sensing proteins at the single-molecule level
(Cheley et al. 2006). In this investigation, an
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ezymatic peptide inhibitor was engineered
in one subunit of the aHL protein nanopore
near the pore entrance. Individual binding
events of the peptide inhibitor to the cata-
lytic subunit of the cAMP-dependent pro-
tein kinase (PKA) were detected through
the modulation of the single-channel elec-
trical current. This methodology provided
detailed kinetic and thermodynamic infor-
mation of the peptide—enzyme interac-
tions. This aproach holds potential for rapid
screening of kinase inhibitors.

Guan and colleagues have employed an
engineered aHL protein pore that contained
an iris of seven phenylalanine residues to
study the protease activity at the single-
molecule level. The hydrophobic trap within
the interior of the nanopore functioned as
a binding site for hydrophobic residue-
containing amyloid-B peptide (Zhao et al.
2009a). Therefore, long-lived current block-
ades were recorded when this peptide was
added to the chamber. Remarkably, the fre-
quency of amyloid-B peptide-induced cur-
rent blockade was significantly reduced in
the presence of trypsin, a serine protease
that cleaves peptide bonds after arginine
and lysine. Moreover, the frequency of
events was also dependent on time, sug-
gesting that this experimental design might
be used to obtain a quantitative chemical ki-
netic information on the enzymatic process.
Again, these experiments have proven that
the engineered aHL protein pore might be
used to examine the enzyme-protein inter-
actions.

4,
Detection of proteins with synthetic
nanopores

Single-molecule detection of proteins with
protein nanopores proves to have a number
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of disadvantages and limitations, such as
the inability to tune the diameter of the na-
nopore and limited stability of the protein
nanopore-lipid bilayer system under harsh
experimental conditions of salt concentra-
tion, pH, applied transmembrane potential
and other osmotic stress. This daunting chal-
lenges might be overcome by the fabrica-
tion of solid-state nanopores, which exhibit
obvious advantages, such as the accurate
control over the inner diameter and the
length of the nanopore, as well as a signifi-
cantly enhanced stability for long periods (Li
et al. 2001; Storm et al. 2003; Dekker 2007).
Therefore, a recent natural expansion of the
single-molecule studies of polypeptides with
protein nanopores was the initiation of ex-
periments with synthetic nanopores (Siwy et
al. 2005; Han et al. 2006, 2008; Fologea et al.
2007: Sexton et al. 2007; Talaga and Li 2009).
In 2005, the first protein biosensor, based
on a synthetic nanopore, was designed by
Charles Martin’s group (Siwy et al. 2005).
In this case, the nanopore was a conically
shaped gold nanotube reconstituted into a
12-pm-thick poly-ethylene terephthalate
membrane. The strategy was to functional-
ize the small diameter of the conical nano-
pore with a reactive group. The polymeric
membrane was coated with a single layer
of Au that functioned as a chemically reac-
tive group for the permanent attachment of
a molecular-recognition agent (MRA). Re-
markably, such a detector was versatile to a
broad range of MRA applications, including
protein—ligand (e. g. streptavidin—biotin) and
antibody-binding protein (e.g. immunoglob-
ulin 1gG—protein-G) complexes. A perma-
nent current blockade was recorded upon
the binding of each analyte with the cor-
responding MRA. The same research team
expanded their ability to probe selectively
protein analytes with synthetic nanopores
(Sexton et al. 2007). In this case, the nano-
pore element was a PEG-functionalized gold
conical nanotube. Bovine serum albumin
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(BSA) and a Fab fragment from a BSA-poly-
clonal antibody were detected from the dis-
tinctive signature of the current blockades
made by the free BSA and the BSA—Fab com-
plex. The Fab fragment was used as an anti-
BSA interacting molecule with high binding
affinity for the BSA protein. The sensing ele-
ment was also tested for proteins that do
not bind to Fab. It would be interesting to
design an experimental protocol that em-
ploys proteins with varying binding affinity,
so they produce distinctive transient current
blockades.

Several research teams pursued single-
molecule detection of proteins with single
nanopores based on silicon nitride mem-
branes (Han et al. 2006, 2008; Fologea et
al. 2007; Talaga and Li 2009). The use of
synthetic nanopores has an array of ad-
vantageous features, including a greater
robustness of the solid-state membranes,
the ability to tune the diameter of the nano-
pore, and the potential for either integration
into a lab-on-a-chip platform or paralleliza-
tion for high-throughput devices. Therefore,
it is conceivable that the single-molecule
studies performed with protein nanopores
might be expanded to incorporate a much
wider spectrum of applications and harsh
conditions of experimentation. For example,
temperature-dependence experiments with
synthetic nanopores would enable the mea-
surement of kinetic and thermodynamic
enthalpies and entropies of the complex
formation between a protein and a ligand,
revealing information about which process
(e.g. enthalpic or entropic) in the ligand-
binding protein interactions is dominant.
On the other hand, the use of solid-state
nanopores has limitations (Griffiths 2008).
One obvious challenge is to attach a single
functional reactive group within a strategic
position of the interior of the synthetic
nanopore. This approach would allow tran-
sient bindings of a protein analyte to a ligand
engineered within a synthetic nanopore.
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5
Exploring protein folding
and stability

Protein pores and solid-state nanopores
were also used as sensor elements for fold-
ing and stability features of single proteins.
We engineered an exogenous peptide loop
within the large vestibule of the aHL protein
pore, a cavity with a volume of ~39500 A3
(Jung et al. 2006). The exogenous peptide
was an elastine-like-polypeptide (ELP) that
undergoes an inverse temperature transi-
tion, and with the amino acid sequence
(VPGGG)s. It is known that ELPs dehydrate
and hydrophobically collapse at greater
temperatures, above the inverse transition
temperature, and unfold at temperatures
below the inverse transition temperature
(Urry 1997; Manno et al. 2001; Meyer and
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Chilkoti 2002, 2004; Urry et al. 2002; Hyun
et al. 2004; Zhang et al. 2006). A comprehen-
sive model that shows the conformational
fluctuations of the engineered ELP within
the large vestibule of the aHL protein pore is
depicted in Fig.6. We probed the hydropho-
bic collapse of the engineered ELP loop via
significant alterations in the temperature-
dependent amplitude of the ELP-induced
current blockades. For example, at tempera-
tures below its transition temperature, the
ELP loop was fully expanded, so it blocked
the pore completely, but reversibly (Fig.7A)
(Jung et al. 2006). In contrast, at tempera-
tures above the transition temperature, the
ELP excursions into the narrowest region of
the interior of the nanopore did not produce
a full blockade (Fig.7B, C). In this case, a
substantial flow of ions occurred, because of
the hydrophobic collapse of the ELP. These
charateristics of the transient ELP-induced
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Fig.7 Single-channel A w00
electrical recordings with a
single ELP-containing aHL
protein pore recorded at
different temperatures.
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current blockades were also dependent on
the ELP sequence. A test peptide loop with
the same length (~50 residues), which was
rich in glycine and serine residues, produced
a different single-channel electrical signa-
ture comprised of highly frequent and very
short-lived current spikes. We interpreted
that the current spikes were consistent with
a substantially increased peptide flexibility
because of the glycine residues that have less
bulky side chains. These experiments dem-
onstrate our ability to probe conformational
fluctuations and flexibilities of the polypep-
tides engineered within the large vestibule of
the nanopore interior. This approach might
be expanded to other applications. For ex-
ample, other engineered aHL pores with re-
sponsive polypeptides might be developed.
Protein pores with stimulus-activated (e.g.,
photo-responsive peptides) gating mecha-
nisms might be useful both for basic science
studies and the design of new engineered
nanopore-based biosensor platforms.

Loic Auvray and colleagues used the aHL
protein pore to explore the folding proper-
ties of proteins (Oukhaled et al. 2007). These

200 300 400
Current (pA)

8
o
8

50 75
Time (ms)

studies were pursued under naturing and
denaturing conditions. The protein unfold-
ing was induced by elevated concentrations
of guanidinium hydrochloride (Gdm-HCl),
a chemical denaturant. The protein under
investigation was the 370-residue maltose
binding protein of Escherichia coli(MBP). The
single-channel electrical recordings were
performed at different concentrations of
Gdm-HCl. In the absence of the denaturing
agent, no current blockades were recorded,
indicating a large energetic penalty of the
protein to interact with the aHL pore. In-
terestingly, they found protein-induced cur-
rent blockades in the presence of increased
concentrations of Gdm-HCl, suggesting that
the MBP protein unfolds at elevated con-
centrations of chemical denaturant in the
chamber. Moreover, the frequency and dur-
ation of the protein-induced current block-
ades was dependent on the concentration
of Gdm-HCl in the chamber. This finding was
consistent with a clear correlation between
the partioning of the MBP protein into the
nanopore interior and the folding state of
the MBP protein in the aqueous phase.
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The thermodynamic stability of a single
protein might be altered by a chemical de-
naturant, temperature or pH. Alternatively,
thermodynamic unfolding induced by a
chemical denaturant or temperature might
be replaced by spontaneous unfolding via
single-site mutagenesis within a critical site
of the protein. Jeremy Lee and colleagues
used the aHL protein pore to demonstrate
that the translocation of a protein ana-
lyte, a histidine-containing protein (HPr), is
strongly dependent upon single-site muta-
tions that modify its folding state (Stefureac
et al. 2008). HPr exhibits a low activation
free-energy of unfolding HPr (~5kcal/mol)
and this is consistent with the fragile folding
state of HPr, as illuminated by single-channel
electrical recordings (Stefureac et al. 2008).

Very recently, Talaga and Li (2009) em-
ployed silicon nitride-based nanopores to
discriminate among folded, partially unfold-
ed and unfolded single proteins (Talaga and
Li 2009). The proteins under investigation
were B-lactoglobulin and histidine-contain-
ing phosphocarrier protein. Interestingly,
their findings demonstrated that the pro-
teins translocated through silicon nitride-
based nanopores under linear or looped
conformation and the applied electrical
force can contribute to the protein unfold-
ing during transit.

6.
Probing protein-nucleic acid
complexes with nanopores

In the previous sections of this chapter, we
showed that nanopore research has been
employed in the examination of recogni-
tion templates, such as small ligand—pro-
tein (Movileanu et al. 2000; Howorka et al.
2004; Mayer et al. 2008), peptide—protein
(Xie et al. 2005; Cheley et al. 2006) and anti-
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body—protein (Siwy et al. 2005; Sexton et al.
2007; Han et al. 2008) complexes. However,
several groups have started to investigate
the subtle interactions of the binding pro-
teins with their nucleic acid targets (Astier
et al. 2007; Benner et al. 2007; Hornblower
et al. 2007; Zhao et al. 2007; Smeets et al.
2009). Nucleic acid-protein interaction is
fundamental and ubiquitous in modern
biology and medical biotechnology. There-
fore, with more adaptation of the nanopore
probe techniques, parallel nanopore-based
arrays might be used in the future for high-
throughput devices in protein sensing and
proteomics. Li-Qun Gu’s group used nano-
pores to investigate aptamers and aptamer-
binding protein complexes (Shim and Gu
2008; Shim et al. 2009). Aptamers are short
nucleic acid sequences that bind with en-
hanced binding affinity to small organic mol-
ecules, polypeptides, and proteins. Li-Qun
Gu and colleagues examined the single-mol-
ecule detection of thrombin-binding aptam-
er (TBA), a G-quadruplex nucleic acid, in the
presence of divalent cations (Shim and Gu
2008). In this case, the large vestibule of the
pore was used to trap single thrombin mol-
ecules through the electrophoretic inser-
tion of a single G-quadruplex oligonucleo-
tide. This study demonstrates a remarkable
power of the nanopore detector for sensing
the DNA/RNA aptamers. There are numer-
ous advantages of the DNA/RNA aptamers
as molecular recognition elements in bio-
sensing when compared with traditional de-
tection methodologies using enzymes and
antibodies (Song et al. 2008). These include
the following: i) enhanced specificity, selec-
tivity, and affinity from small molecules to
folded protein domains, enabling the design
of high-performance aptamer-based bio-
sensors; ii) extraordinary chemical stability,
thereby offering exceptional flexibility and
convenience in their design; iii) conforma-
tional changes upon target binding, con-
ferring a great flexibility in designing novel
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Fig.8 Translocation of double-stranded
DNA (dsDNA) through a single cork-free
FhuA-based nanopore placed in a planar
lipid bilayer. dsDNA is electrically driven

by the transmembrane potential (Ay).The
frequency of occurrence (~1/t,,) of the
events reveals the concentration of dsDNA
in the bulk aqueous phase, whereas the
current signature (the mean duration T
and amplitude of the transient current
blockades) reveals its identity (length and
structure, respectively). Stochastic sensing
of dsDNA provides useful kinetic data that
are difficult to obtain with other traditional

hni . ol libri _
techniques. In a simple equl ibrium, T, =1/ closed

k.s, where ko is the dissociation rate
constant, and T, = 1/kon[Conal, Where ko,
is the association rate constant and [Conal
is the DNA concentration in the aqueous
phase

biosensors with unprecedented detection
sensitivity.

Other groups used protein and solid-state
nanopores for quantitative explorations of
the biophysical and biochemical characteris-
tics of the complexes between proteins and
nucleic acids, such as the voltage threshold
for complex dissociation (Zhao et al. 2007),
the sequence-specific sensitivity detection
of individual DNA polymerase (Benner et
al. 2007), the underlying equilibrium kinet-

Fig.9 Clamping a single pb,-Ba
protein with electrostatic traps.
The two electrostatic traps

(in red), made from aspartic
acids, are shown on the entry
and exit of the cork-free FhuA-
based nanopore. Partitioning
of a single pb,-Ba protein into Entry trap
the nanopore lumen should be +

observed by a transient current

blockade. Both proteins are vV

represented at the same scale

Lipid bilayer

Exit trap

open
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FhuA bilayer /DNA
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ics and thermodynamics of protein—nucleic
acid interactions (Hornblower et al. 2007),
the motor activity of RNA-processing en-
zymes (Astier et al. 2007), the transit time
of the protein—nucleic acid complex within
the nanopore (Smeets et al. 2009), and DNA
polymerase activity (Cockroft et al. 2008). In
general, these complexes are much bulkier
than single-stranded DNA (ssDNA) or un-
folded polypeptides. Therefore, nanopores
designed for these applications should have

Folded barnase domain (Ba)

Leading presequence (pb,)

Engineered FhuA Nanopore
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a larger internal diameter, in the range of
several nanometers. For example, ferric
hydroxamate uptake component A (FhuA)
(Ferguson et al. 1998; Locher et al. 1998), a
monomeric B-barrel protein might be used
for stochastic sensing of double-stranded
DNA (dsDNA) (Fig.8) and proteins (Fig.9).
FhuA is a member of the superfamily of bac-
terial outer membrane proteins. The prin-
ciples underlying the functionality of this
sensor element are inspired by natural pro-
cesses: translocation of phage DNA (Letellier
et al. 1999; Gurnev et al. 2006) and folded
proteins (Hill et al. 1998; Hinnah et al. 2002;
Muro et al. 2003; Becker et al. 2005) through
a B-barrel protein channel.

Concluding remarks

In this chapter, we discussed a number of ways
by which short polypeptides and small folded
proteins might be examined using single-mole-
cule nanopore probe techniques and stochastic
sensing. The underlying detection principle can
be applied to both natural and synthetic nano-
pores. The protein pores have the advantageous
feature of site-directed functionalization and
chemical modification within strategic positions
of the nanopore interior. In analogy to their bio-
logical counterparts, synthetic nanopores are
used as stochastic sensors to probe single pro-
teins and their complexes with interacting li-
gands (Han et al. 2006, 2008; Talaga and Li 2009).
The detection mechanisms of polypeptides and
folded proteins include genetic engineering and
chemical modification of protein nanopores,
functionalization of the inner surface of solid-
state nanopores and electrophoretic capture
through movable nucleic acid arms. Critically
important, nanopore probe techniques enable
exploration of specific features of proteins such
as their enzymatic activity (Xie et al. 2005; Che-
ley et al. 2006) and binding affinity (Movileanu
et al. 2000; Howorka et al. 2004) at the single-
molecule level. It is worth mentioning that this
methodology enables the determination of
these features without resorting to labeling of
the interacting molecules (Movileanu 2009),
avoiding several disadvantages of the detection
using fluorescent dyes.
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On the other hand, coupling a nanopore probe
technique to an optical or fluorescence plat-
form is expected to enhance our knowledge
about the underlying mechanisms of protein
translocation. The translocation of proteins
through a single protein nanopore represents
a critical process in protein unfolding through
proteosome channel and protein traffic across
mitochondrial cell membranes (Matouschek
and Glick 2001; Huang et al. 2002; Matouschek
2003; Prakash and Matouschek 2004; Shariff et
al. 2004; Wilcox et al. 2005; Mohammad et al.
2008; Inobe et al. 2008; Prakash et al. 2009).
However, in these processes the translocation
and unfolding of the protein are two intimate-
ly related mechanisms. We anticipate that a
biophysical instrument that consists of a solid-
state nanopore and an optical trap (Keyser et al.
2006; Dekker 2007) has the potential to illumin-
ate the balance of driving and unfolding forces
that act on a protein during its translocation in
a linear manner through a nanopore. Such ef-
forts will certainly lead to a better understand-
ing of how proteins undergo conformational
transitions when they traverse a nanopore. The
experimental studies devoted to protein trans-
locations will inspire new theoretical and com-
putational biophysics studies on protein trans-
location through nanopores (Li and Makarov
2003, 2004a,b; Kirmizialtin et al. 2004, 2005,
2006; Huang et al. 2005; Tian and Andricioaei
2005; Goodrich et al. 2007; Huang and Makarov
2008a,b; Li et al. 2006; Makarov 2007, 2008).

Moreover, nanopore probe techniques are suc-
cessfully used to examine the folding state and
the flexibility of single proteins (Goodrich et
al. 2007; Oukhaled et al. 2007). Despite these
recent advances in using nanopores for the ex-
ploration of single proteins, more experimenta-
tion is needed to better understand the subtle
interactions of single proteins with the interior
of the nanopores. For example, it is not clearly
understood how the flexibility and stability of
the protein is altered upon its partitioning into
the nanopore interior. How do the proteins in-
teract with the slightly hydrophobic surface of
the silicon nitride-based nanopores? What is
the magnitude of the electrostatic force be-
tween polypeptides and the surface of the
protein nanopores? Do the proteins traverse
a nanopore in unfolded or partly unstructured
conformation? What is the time scale of the
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protein unfolding in the interior of the nano-
pore? It is likely that more experimental work
and future advances of nanopore technology
will be employed to tackle numerous questions
that are pertinent to protein translocation.
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