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In Memory of Professor Loic Auvray.

We dedicate this paper to the memory of Professor Loic Auvray,

who was a true gentleman and a renowned scholar. Loic always asked

many questions that probed the heart of the problem of how polymers interact
with protein ion channels, and he led a pioneering, world-class research program
to investigate those issues. Loic was also an indispensable, enthusiastic advocate
for his young colleagues, and an exceptional mentor to generations of students.
He was a friend and colleague of ours at NIST and will be sorely missed.

Abstract. Proteinaceous nanometer-scale pores have been used to detect and physically characterize many
different types of analytes at the single-molecule limit. The method is based on the ability to measure
the transient reduction in the ionic channel conductance caused by molecules that partition into the pore.
The distribution of blockade depth amplitudes and residence times of the analytes in the pore are used
to physically and chemically characterize them. Here we compare the current blockade events caused by
flexible linear polymers of ethylene glycol (PEGs) and structurally well-defined tungsten polyoxymetallate
nanoparticles in the nanopores formed by Staphylococcus aureus a-hemolysin and Aeromonas hydrophila
aerolysin. Surprisingly, the variance in the ionic current blockade depth values for the relatively rigid
metallic nanoparticles is much greater than that for the flexible PEGs, possibly because of multiple charged

states of the polyoxymetallate clusters.

Introduction

Protein ion channels are nanometer-scale pores that en-
able a wide range of cellular and intracellular functions [1-
3]. They recently have been used to detect and character-
ize single molecules [4] including ions [5-7], RNA and DNA
oligonucleotides [8,9], synthetic polymers [10-16], and un-
folded proteins [17]. They are also the basis of two new
DNA sequencing devices [8,14,18-20], provide the ability
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to separate polymers based on their size [14-16], and are
used to estimate the energies (or forces) of intermolecular
interactions [21-24]. This analytical capability was made
possible by modifying the natural behavior of protein ion
channels and taking advantage of how molecules interact
with them (i.e., the channels remain open indefinitely [5,
6,25] and the molecules of interest bind reversibly to the
pore walls) [4,11].

In the method of nanopore-based sensing, a single
molecule that enters the pore causes a transient decrease
in the ionic current, in part due to volume exclusion [14,
15]. However, the binding of mobile ions (e.g., KT) to sin-
gle molecules, such as polymers of ethylene glycol (PEGs),
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Fig. 1. Different ionic current blockade patterns in single aHL ion channels caused by polymers of ethylene glycol (PEG), and
metallic nanoparticles. Ionic current blockade events are due to (A) nonuniform PEGs with mean molecular masses Mw = 1000,
2000, and 3000 g/mol, and a chemically purified uniform PEG29 (Mw = 1294 g/mol, 4M KCI, pH 7.2, and V = +50mV), (B)
the chemically purified PEG29 (4 M KCl, pH 7.2, and V = +50mV), and (C) metallic nanoparticles (polyoxomethalates) (1 M
NaCl, pH 5.5, and V = —120mV). The right panels show that typical current blockades for each of the three types of molecules

are unimodal.

can also reduce the pore conductance, even though the
dissociation constant for that interaction is weak (Ky <
1M) [15,25]. That effect is made possible because the
mean time a mobile Kt ion which binds to a PEG poly-
mer ((17) &= 1/kors = Kq/kon) is comparable to its transit
time through the pore [25].

Recently, we demonstrated that nanometer-scale
metallic particles, i.e., anionic metal oxygen clusters
(polyoxometalates, POMs) [26,27], can be physically char-
acterized by the ion channel formed by Staphylococ-
cus aureus alpha hemolysin («HL) [28]. Specifically, the
nanopore-based sensing method was used to measure the
pH-dependent changes to various POM species and to dis-
criminate between two subtly different POM isomers. In-
terestingly, this work also showed that the variance in the
ionic current blockade values for POMs is much greater
than that for flexible PEG polymers. Here, we try to fur-
ther explore the basis for that finding and discuss its im-
plications for understanding what the method measures.

Materials and methods

Nonuniform poly(ethylene glycol) (H(OCH2CHs), OH)
(Fluka, Lake Ronkonkoma, NY) and a chemically puri-
fied sample of uniform PEG (Mw = 1.294 g/mol) (Poly-
pure, Oslo, Norway) were used without further processing.
POMs were synthesized by adding phosphotungstic acid
hydrate, HS(P(W3010)4:EH207 CAS number 12501-23—4,
Sigma-Aldrich) to deionized water (Millipore, Billerica,
MA) containing 1M or 3M NaCl buffered with sodium
phosphate monobasic (NaHyPOg) titrated to pH 5.5 [28].

Planar lipid bilayer membranes (1,2-diphytanoyl-sn-
glycero-3-phosphocholine; DPhPC; Avanti Polar Lipids,
Alabaster, AL) were formed either on quartz nanocapillar-
ies (Electronic BioSciences, San Diego, CA, herein referred
to as EBS) [28,29] or ~ 50 ym diameter holes in a MECA-
16 microelectrode cavity array chip (Ionera, Freiburg, Ger-
many). oHL (or aerolysin) added to the cis side of the
chamber spontaneously binds to the membrane and forms
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Fig. 2. Nanopore-based single-molecule “mass spectrometry” with a single aHL ion channel. The ability of a nanopore to
discriminate between molecules based on their physical (size) and chemical (cation binding) properties. (A) Distribution of the
ionic current blockade depth ratio, (i)/(io) for nonuniform PEG with a mean molecular mass Mw = 1500. (B) Plot of the event
lifetime-relative current blockade depths for a mixture of nonuniform PEGs with mean molecular masses Mw = 1000, 2000,
and 3000 g/mol. The solution contains 4 M KCl and the applied potential is V = +50mV.

single nanometer-scale pores. PEGs or POMs are added
to the cis side of the nanopores, and a positive applied
potential drives cations from the cis to the trans side.

Nanopores are formed with either wild-type oHL hep-
tamer [20] or Aeromonas hydrophila aerolysin [30-33]. The
ionic current through the nanopores is converted to volt-
age and digitized with either a single EBS FET patch
clamp amplifier (for the EBS quartz nanocapillary instru-
ment) or up to eight EBS amplifiers in a custom Nanion
Orbit 16 automated parallel bilayer platform [34] (Nanion
Technologies, Munich, Germany).

Results and discussion

lonic current blockades caused by nonelectrolyte linear
polymers and metallic nanoparticles

Figure 1 shows representative ionic current blockades
caused by the reversible partitioning of PEGs or tungsten-
nanoparticle POMs into single «HL ion channels. Nonuni-
form PEG-induced events (fig. 1(A)) vary in block-
ade depth because different size polymers reduce the
pore conductance to different degrees [14,15,35]. In con-
trast, the current blockades caused by uniform PEG
(fig. 1(B)) or two species of POMs ([P2W5023]%7) and
[PW11039]"~ [28] (fig. 1(C)) are more uniform in depth.
The single-event time series on the right panels of
fig. 1(A)—(C) demonstrate that typical blockades caused
by each of these types of molecules are unimodal.

Discrimination of polymers at high resolution

Nanopores have been used to identify polymers of PEG
based on their molecular mass [14,15,36,37], a method

coined as single-molecule “mass spectrometry”. Specifi-
cally, this technique discriminates between the polymers
based on their hydrodynamic radii (i.e., volume exclusion)
and the interactions between polymers and mobile ions in
the electrolyte solution. With the latter effect, PEGs act
as an immobile cation buffer, thereby reducing the effec-
tive diffusion coefficient of KT and thus the pore conduc-
tance (see [15,25,38]). With this technique, PEGs are sep-
arated to better than the monomer limit of 44 g/mol (the
resolution is ~ 4 g/mol at ~ 1,500 g/mol, see fig. 2(A)).
Moreover, the mean residence times of PEGs in an aHL
nanopore correlate with the blockade depth ratio (i) /(ig)
(where (i)/(ip) = 0 and 1 correspond to a fully blocked
and fully open pore, respectively). Control experiments
with uniform PEGs confirmed that larger polymers both
reduce the pore conductance more, and spend more time
on average in the pore, than do smaller ones [14,15].

We developed a physical and chemical theory to de-
scribe and ultimately predict at high accuracy this behav-
ior for flexible polymers [15] to advance the application
of the nanopore-based analytical method. The question
remained whether that theory is generally applicable to
other nanopore-particle systems, which we address in part
here.

Comparison of PEG- and POM-induced ionic current
blockades

Tungsten POMs form multiple species in aqueous solution,
and the relative abundance of each depends on the aque-
ous solution conditions (see [28] and references within).
A histogram of ionic current blockades caused by POMs
(fig. 3, orange) demonstrate that there are two principal
species present at pH 5.5, as was expected based on 3!'P
NMR experiments [28,39,40]. Metallic nanoparticles are
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Fig. 3. Histograms of ionic current blockade depth ratios
caused by POMs (orange) and purified uniform PEG29 (Mw =
1294 g/mol, blue) in single aHL ion channels. There are two
POM species present (in 1 M NaCl, pH 5.5; V = —120mV) due
to the [P2W5023]67 and [PW11039}77 (which we attribute to
the peaks at (i)/(i0) =~ 0.03 and 0.16, respectively). The mi-
nor peaks in the PEG data (4M KCI, pH 7.2, V = +40mV)
are caused by trace amounts of smaller PEGs that were not
removed in the manufacturer’s purification process.

0.30 0.40

well-defined and presumably rigid structures. Therefore,
the variance in the ionic current blockade values for a given
species are expected to be relatively small [41], compared
to values resulting from flexible polymers such as PEG29
(fig. 3, blue). However, the full-width at half maximum
of the current blockade histogram for the POM species’
major peak due to [PW11039]"~ (i.e., at (i)/(ig) ~ 0.16)
is 5-fold greater than that of PEG29 polymer (fig. 3) and
12-fold greater than that of PEGs terminated with other
moieties [42].

It is conceivable that there are multiple sub-species of
different POMs that contribute to that peak width [28].
A plot of the residence time and blockade depth ratio for
each event caused by POMs and PEG29 (fig. 4) provides
some evidence for that hypothesis. Specifically, as the ap-
plied potential decreases (V = —120mV, —100mV, and
—80mV, figs. 4(A), (B), and (C), respectively), the ma-
jor POM-induced peak splits into at least two narrower
peaks. For comparison, an event-plot analysis of the uni-
form PEG29 sample (V = +40mV, the opposite polar-
ity used for POMs, because nonelectrolyte PEGs weakly
coordinate with mobile cations in solution) is shown in
fig. 4(D), it is narrow and discrete, as expected for a pre-
dominately uniform species.

It is again tempting to speculate that the multiple
peaks in the rightmost part of the POM residence time-
blockade event histogram (fig. 4(C)) are due to different
sub-species of [PW11039]7~, perhaps those with different
amounts of Na™ ions associated with them [28]. The two
apparent peaks for the putative [PW11039]7~ form of the
POMs differ by ~ 0.02, and the POM residence time dis-
tributions for the two (or more) slightly separated peaks
are not significantly different based on the similarities be-
tween their peak heights and widths.
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Fig. 4. Comparison of event plots of ionic current block-
ade depths in single aHL ion channels caused by metallic
nanoparticles and flexible polymers of uniform PEG29 (M, =
1294 g/mol). Plots of the resident time and relative current
blockade depths for POMs at V = (A)—120mV, (B) —100mV,
and (C) —80mV (1M NaCl, pH 5.5) and for (D) PEG29 (4 M
KCI, pH 7.2; V = +40mV). The data was acquired with an
EBS nanocapillary apparatus and EBS field effect transistor
amplifier.
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Fig. 5. POMs partitioning into two different nanopores. POMs added to the cis side of aHL (A) and aerolysin (B) nanopores

cause transient blockades in the ionic current. (C) Residence

time distributions for POMs in the aHL (blue triangles) and

aerolysin (red circles) nanopores in a log-linear plot. The membranes are formed on ~ 50 um diameter MECA-16 chips in a

custom Nanion Orbit 16 system outfitted with 8 EBS FET amp

lifier headstages. The concentration of POMs in the cis chamber

is 20 uM, the applied potential is V = —40mV and the solutions contain 3 M NaCl buffered at pH 5.5.

Based on a comparison of the 1P NMR and nanopore
data [28], the leftmost minor peak distribution in
figs. 4(A)—(C) (i.e., (i)/{(ig) < 0.06), is likely due to the
[PoW5043]%~ species. If that is true, perhaps the blockade
depth distributions of each POMs species could be as nar-
row as those resulting from the PEGs interacting with the
pore. Interestingly, this species appears to reduce the ionic
current blockade more than does the [PW11039]7~ species.

We speculate that there could be up to seven differ-
ently charged subspecies of [PW1;039]"~ with different
amounts of Na* ions ionically bound to them and that the
energy barriers for the entry of each into the o HL pore are
different. For example, at V' = —120mV, it is clear there
is only one wide peak in the event-plot at a relative block-
ade depth ratio (i)/(ip) ~ 0.16 (fig. 4(A)), perhaps repre-
senting all of the putative [PW1;039]”~ subspecies in the
pore. However, at V = —100mV and —80mV (figs. 4(B)
and (C), respectively), this major peak shifts to a deeper
relative current blockade levels and is split. The latter sug-
gests that fewer of those subspecies partition into the pore.
Note that these narrower peaks are still wider than those
obtained with the PEG29 control (fig. 4(D)). Under these
conditions, decreasing the magnitude of the applied po-
tential further does not yield a further split, because the
POM-induced current blockades are persistent and not re-
moved until the applied potential is reversed (data not
shown). Interestingly, increasing the electrolyte concentra-
tion to 3M NaCl reduced the tendency of POMs to per-
sistently block the pore at lower potentials (see fig. 5(A)),
but further separation within the major peak is still not
achieved even with potentials as low as V = —40mV.
However, the full width at half maximum of the blockade
depth histograms decreases by a factor of two when the
magnitude of the applied potential decreases from —80 mV
to —40mV (data not shown). This is consistent with

the notion that a greater concentration of NaCl would
shift the equilibrium to fewer subspecies of [PW1;039]"~
present and thus the number of them available to be driven
into the pore, which would result in a narrower major peak
in the nanopore current blockade histogram.

We reasoned that if the residence time of POMs in
a nanopore were longer-lived, it might be easier to iden-
tify the possibly different species within the major peak
in figs. 4(A)—(C). It is known that the residence times of
peptides [43-45], sugars [46,47], unfolded proteins [48-51],
PEGs [52], and oligonucleotides [53] are up to several or-
ders of magnitude longer in the aerolysin nanopore than
they are in the aHL channel. The question was whether
this would also be the case for POMs.

POMs added to the 3M NaCl electrolyte solution on
the cis side of either the oHL (fig. 5(A)) or aerolysin
channel (fig. 5(B)) caused ionic current blockades. At
40mV applied potential and the same POM concentra-
tion, the capture rate of POMs by the aerolysin channel
is several-fold less than that obtained with the «HL chan-
nel, presumably because aerolysin’s pore diameter is less
than that of oHL. Figure 5(C) shows that the mean res-
idence time of POMs in the aerolysin channel (red cir-
cles) is similar to that obtained with the oHL nanopore
(blue triangles), i.e., 310 us vs. 400 us, respectively. Thus,
aerolysin provides no significant advantage to further sep-
arate the putatively different species of [PW11039]7* de-
scribed above for fig. 4(C).

Conclusions
The ability to optimally detect, characterize, and iden-

tify individual molecules with nanopores depends criti-
cally on understanding the physical and chemical nature
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of the ionic current blockade signals they cause. To ad-
dress this metrology issue, and advance the use of single-
molecule nanopore-based sensing as an analytical tool,
we developed a theory that fully accounts for the inter-
actions between flexible PEG polymers, cations, and the
oHL nanopore over a wide range of polymer size [15]. That
theory, which accurately and precisely identifies differently
sized PEG polymers based on their conductance blockade
depths and residence times in the «HL nanopore [15,36]
qualitatively accounts for single-molecule-induced current
blockades in other protein and in solid-state nanopores.
However, while detection and separation of rigid metallo-
nanoparticles is possible by this method, it is clear that the
partitioning behavior of this class of compounds requires
further experimental and theoretical work to develop the
methods and models further to achieve full separation
and identification of different subspecies. It is likely that
studying other metallonanoparticles of different composi-
tion and with known amounts of fixed charges will shed
light on this issue.
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