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ABSTRACT: The assembly of functional junction between nerve cells
and electronic sensing pads is a critical problem in the construction of
eﬀective neuroelectronic hybrid systems. Here, we demonstrate for the
ﬁrst time that the ringlike Stable Protein 1 (Sp1) and its derivatives can be
used to generate hydrophilic nanochannels in the plasma membrane of
living cells. Since SP1-derivatives can be linked to both the plasma
membrane, gold or silicon surfaces, they may serve to ohmically link
between cells interior and electronic sensing devices.
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T

he ringlike Stable Protein 1 (SP1) is a water-soluble homododecamer with an outer diameter of 11 nm and an inner
pore of 3 nm. (Figure 1a). SP1 was recently proposed as a new
self-assembled molecular scaﬀold for nanobiotechnology and
biomaterials applications. Recombinant SP1 protein is resistant
to high temperature, extreme pH, presence of detergent, organic
solvent and proteases.14 The wild type SP1 (wtSP1) assembles
into a protein chain structures forming nanotubes and nanoarrays.5 Various SP1 derivatives can serve as a scaﬀold to display
various protein domains attributing a cooperative eﬀect to the
resultant protein, forming enzymatic nanotubes.6,7 Here we
report for the ﬁrst time that when dissolved in physiological
solution, SP1 or its six histidine derivative(6His-SP1) partition
into the plasma membrane of living cells leading to the generation of nanochannels which increase the membrane conductance. Application of 1.8 nm gold nanoparticles to the 6HisSP1
treated cells functionally plugs the inner pore leading to the
recovery of the membrane conductance and potential. Since SP1
can be covalently linked to various surfaces and to the plasma
membrane of living cells it might be used to electrically couple
cells and sensing pads and thereby facilitate the assembly of
neuroelectronic hybrid systems.
We began the study by examining whether wtSP1 dispersed in
a physiological solution spontaneously partition into the bilipid
membrane of living neurons and form nanochannels. For the
experiments, we replaced the culture medium that contains
Aplysia hemolymph by artiﬁcial seawater (ASW), an ionic solution. A cultured neuron was then impaled by a sharp glass microelectrode that served for both current injections and voltage
recordings.8 The input resistance (Rin) of the neuron was calculated from the trans-membrane voltage drop generated by
small intracellular hyperpolarizing rectangular 0.3 nA current
pulses lasting 2 s (Figure 2).
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The relations between the transmembrane potential and the
neuron’s input resistance were determined in control experiments
by intracellular injection of the hyperpolarizing rectangular current pulses while shifting the membrane potential with a DC
current source from 70 to 30 mV. These experiments revealed
that the Rin of cultured LUQ neurons is nonlinearly related to
the membrane potential. Rin reaches a maximum value at about
50 mV and then declines as the membrane is further depolarized
(Figure 2a,b). Depolarizing the membrane potential to approximately 30 mV leads to increased membrane conductance and
often leading to the generation of an action potential (Figure 2a).
With this background information at hand, we next conducted a
series of experiments to determine the lowest wtSP1 concentration that leads to detectable alterations in the membrane properties within an incubation period of 515 min. On the basis of the
results, we selected to conduct the fundamental experiments
described in this study using 2 μM wtSP1 or 6His-SP1. We began
by studying the eﬀects of 2 μM wtSP1 application on the
transmembrane potential and input resistance. Bath application
of wtSP1 induced membrane depolarization associated with a
transient increase and then decrease in Rin (Figure 2c,d). Within
variable time of 325 min of wtSP1 application, the membrane
potential (which was set initially to 60 mV by DC current
injection) depolarized, reaching a value of 20 ( 3.8 mV (n = 5),
within approximately 20 min (Figure 2c). The averaged depolarization rate was 5.03 ( 1.03 mV/min (n = 5). In parallel to the
depolarization, the input resistance initially increased and then
rapidly decreased (Figure 2c, low panel). The initial increase in
Rin reﬂects depolarization-induced inactivation of ion channels,
as revealed in the control experiments (Figure 2a and b). Yet, in
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Figure 1. A schematic drawing of (a) the wt SP1 ring structure and (b)
the 6HisSP1-GNP conjugate. Red schematically depicts the histidine
residues. Not drawn to scale.

contrast to the control experiments, after the initial increase in
Rin, the input resistance of the neurons sharply dropped to values
lower than the control, that is, prior to application of wtSP1. In
four out of ﬁve experiments, the initial increase in Rin was
followed by the decrease of Rin to 28 ( 11% of the value prior to
wtSP1 application (from 16.6 ( 3.2 to 4.51 ( 1.91 MΩ,
respectively). In one experiment, we did not measure an initial
phase of increase in Rin, and Rin decreased immediately in parallel to the onset of membrane depolarization.
The documented membrane depolarization and reduction in
Rin within a delay of 3 min represents the partitioning of wtSP1
to the plasma membrane and suggests that the ringlike protein
serves as an open nanochannel when in contact with the plasma
membrane.
wtSP1 can be removed from the plasma membrane by washing
with ASW (4/6 experiments, Figure 2e). In four out of the six
experiments, the washout of wtSP1 was associated with recovery
of the membrane potential and Rin within 312 min (Figure 2e).
In two out of the six experiments, removing wtSP1 did not lead to
recovery of the membrane potential and Rin. These neurons
eventually degenerated. This variability most likely reﬂects diﬀerences in the level of wtSP1-induced increase in the free intracellular
calcium concentration ([Ca2þ]i). To image the [Ca2þ]i we intracellularly injected individual neurons with ﬂuo-4 (pentapotassium
salt). Confocal microscope imaging of the ﬂuo-4 ﬂuorescence
([Ca2þ]i) revealed that bath application of wtSP1 leads to gradual
elevation of the [Ca2þ]i. The elevation of the [Ca2þ]i could be due
to permeability of the SP1 nanochannels to calcium, the activation of
voltage-gated calcium channels and ampliﬁed by calcium induced
calcium release mechanisms.14
Membrane depolarization and decreased Rin by wtSP1 could
be generated by two mechanisms: (a) the wtSP1 allows ion ﬂow
through its 3 nm inner pore or alternatively (b), the incorporation of wtSP1 into the membrane distorts the organization of the
bilipid membrane leading to ion leakage. Both mechanisms could
lead to membrane depolarization and increased conductance.
To evaluate whether the wtSP1-induced reduction in Rin is
mediated by the inner nanopore or in a nonspeciﬁc manner, we
tested the response of the neurons to the application of a
modiﬁed derivative of the wtSP1, the 6His-SP1.5 Modeling of
the three-dimensional structure of 6His-SP1 indicates that addition of six histidines to the N-termini of the wtSP1 protein results
in reduction of the inner diameter of the 6His-SP1 pore relative
to the wild type (2.5 nm in 6His-SP1 and 3 nm in wtSP1). It was
also demonstrated that the inner pore of 6His-SP1 can bind a
1.8 nm gold nanoparticle (6His-SP1-GNP).5

Figure 2. wtSP1 induces membrane depolarization and decreased input
resistance. (a) Control neuron; the relationships between the input
resistance and transmembrane potential was established by measuring
the voltage drop in response to a constant rectangular current pulse
injected into the neuron, while shifting the transmembrane voltage to
various values by DC current. The value to which the membrane
potential was set is indicated on the left-hand side. Note that the peak
Rin occurs at trans membrane potential of 50 mV and that Rin at 70
and 32 mV are almost identical. (b) The relations between Rin and the
transmembrane potential in four control neurons. Rin was calculated
from the voltage drop generated by a 2 s long, 0.3 nA hyperpolarizing
square pulse current injection. To evaluate directly the eﬀects of wtSP1
on the transmembrane potential and Rin, wtSP1 (2 μM) was applied to
the bathing solution while the membrane potential and input resistance
were measured (arrow, c). Note that approximately 10 min after SP1
application the membrane depolarized and the input resistance was
transiently elevated. Also note that the steady state Rin value after SP1
application is lower than prior to its application. (Inset in c) Representative traces of the recorded voltage drop in response to a constant
rectangular current injection pulse before and 15 min after wtSP1
application. (d) Variability in the rate of SP1-induced membrane
depolarization (n = 5) SP1 application is indicated by an arrow. Note
that the shortest time interval between SP1 appication and depolarization
is ∼3 min. (e) The eﬀects of wtSP1 on membrane potential are reversible
upon wash (dashed line) in four out of six experiments. The onset of the
wash is indicated by the dashed line. SP1 application is not indicated.

We began by examination of the eﬀects of 6His-SP1 application
on the resting potential and input resistance using the approach
described above. Similarly to wtSP1, 2 μM 6His-SP1 induce
membrane depolarization to a mean value of 19.4 ( 5.7 mV
within 5 to 20 min following the application (n = 5, Figure 3a,b).
This is associated with decreased Rin to an average value of
21 ( 12% of the value before the application (from a mean of
27.34 ( 5.12 to 6.3 ( 2.51 MΩ, n = 6, Figure 3a low panel,
representative alteration). The onset and rate of 6His-SP1induced membrane depolarization is somewhat slower than that
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Figure 3. Reversible conductance blockade of the 6His-SP1 inner pore
by gold nanoparticles. (a) A 2 μM 6His-SP1 application resulted in
membrane depolarization initially associated with a transient increase in
the input resistance followed by a drop of the input resistance to below
the control level. (b) The dynamics of 6His-SP1-induced membrane
depolarization is similar to that of wtSP1. When the inner pore of the
6His-SP1 was blocked by GNPs prior to its bath application, the
membrane potential and Rin were not altered. (c) Measurements of
the membrane potential and input resistance of a single neuron before
and after the application of 2 μM 6His-SP1-GNP complex. (d) The
resting potential (3 cells) is not altered by the application of 2 μM 6HisSP1-GNP complex. Application of GNPs (4 μM) to the bathing solution after the onset of 6His-SP1-induced depolarization resulted in
partial recovery of the input resistance and the transmembrane voltage,
(e,f). The eﬀects of GNPs on the resting potential and input resistances
are expressed only when 6His-SP1 is incorporated into the plasma
membrane. Thus, when wtSP1 is applied to the bathing solution and
exerts its eﬀects, application of 4 μM GNPs is ineﬀective in terms of
reversing the eﬀects of SP1 on membrane potential and the input
resistance (g,h).
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of the wtSP1 (onset time of 11.78 ( 2.63 and 7.34 ( 1.73 min,
respectively, and depolarization rate of 2.15 ( 0.15 and 5.03 (
1.03 mV/min, respectively, n = 5). We can thus conclude that
6His-SP1 partition into the plasma membrane as the wtSP1.
Bath application of 6His-SP1, to which a GNPs (6His-SP1GNP) were attached prior to its application, did not aﬀect the
transmembrane potential or the Rin (Figure 3c,d, n = 3). This
result suggests that the inner pore of the SP1 complex underlies
the increased membrane conductance. Hypothetically, it is
conceivable that binding of GNP to 6His-SP1 prior to its bath
application interferes with the partitioning of the 6His-SP1-GNP
into the membrane thus preventing its eﬀects.
To diﬀerentiate between these possibilities, we applied 2 μM
6His-SP1 and, shortly after the onset of membrane depolarization, applied 4 μM GNPs to the bathing solution (Figure 3e,f, n =
6). In all experiments, we found that the addition of GNPs
reversed the initial eﬀects of 6His-SP1 on the membrane potential and Rin. The eﬀectiveness of GNPs application revealed large
variability ranging from mild improvement to complete recovery.
On the average, following the application of the gold nanoparticles the membrane potential was repolarized by 17.33 ( 3.19
mV (n = 6) within 10 min of GNPs application, whereas Rin
recovered by GNPs application to 91 ( 14% of the initial value.
These results are consistent with the hypothesis that the GNP
binds to 6His-SP1 that was incorporated into the plasma
membrane and reduces the 6His-SP1 pore conductance.
To address potential nonspeciﬁc eﬀects of the GNPs on the
membrane ion conductance, GNPs were applied to neurons
preincubated with wtSP1 (Figure 3g,h). Under these conditions
GNPs application lead to 4 ( 1.08 mV membrane repolarization
(n = 4), a signiﬁcantly smaller hyperpolaryzation than
that produced by application of GNPs to 6His-SP1 treated
neurons (p < 0.05, independent samples t-test). Rin did not
recover following GNPs application to a wtSP1 treated neuron
(remained at 33 ( 10% relative to the initial values, n = 4).
These results indicate that the recovery of the membrane
potential and Rin by the GNPs following 6His-SP1 application is
the outcome of speciﬁc clogging of the 6His-SP1 inner pore by
the applied GNPs.
In summary, the present study demonstrates for the ﬁrst time
that the ringlike protein complex-SP1 can function as nanopore
when in contact with the plasma membrane of living cells. The fact
that the conductance induced by the modiﬁed form of wtSP1, the
6His-SP1, is reduced by GNPs targeted to its inner pore before or
after its partitioning into the neurons plasma membrane, but has
no eﬀects on the plasma membrane to which the wtSP1 was added,
suggests that the SP1 ion conductance is generated by the central
pore within the SP1 ring rather than by nonspeciﬁc alterations to
the plasma membrane. Since the hydrated radius of the main ions
in living cell (Naþ, Kþ, Cl, Ca2þ and Mg2þ) is in the range of
0.1780.3 nm,9 it is conceivable that these ions and other molecules can cross the SP1 inner pore.
Our results suggest that the 6His-SP1 or other genetically
modiﬁed forms of wtSP1 could be used to generate controlled
ohmic coupling between sensing pads of electronic devices (such
as multielectrode-arrays (MEA)) and excitable cells. Thus, on the
one hand the 6His-SP1 covalently links to gold surface of microelectrodes, while on the other hand it partitions into the plasma
membrane. A number of studies recently demonstrated that the
electrical coupling between neurons and sensing pads of MEA is
greatly improved by the generation of ohomic coupling between
neurons and the sensing pads (for example, see 10 and 11). On
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the basis of the results described above, we propose that controlled and localized functionalization of sensing pads by SP1variants in combination with the formation of high seal resistance
between the cells and the sensing pads may generate ohmic
coupling between the interior of the neurons and sensing pads of
electronic devices. In view of our ﬁndings, it is of great interest to
experimentally determine whether the proposed molecular conﬁguration (of binding to the lipid membrane on the one hand and
to the surface of a sensing pad on the other) will resist leakage of
ions from the surroundings into the cytosole. The blockade of
SP1 pore conductance by gold NP suggests that the SP1-lipid
interface is not permiable. It remains to be examined if the SP1
sensing pads surfaces also form a high resistance link.
Materials and Methods. Neurons Culture. Left upper quadrant neurons (LUQ) from the abdominal ganglion of juvenile
Aplysia (25 g), were cultured as previously described.12,13
Briefly, animals were anesthetized by injection of isotonic MgCl2
solution. The ganglia were isolated and incubated for 1.53 h in
1% protease (type IX, Sigma) at 34 °C. The ganglia were then
desheathed, and the cell bodies of their neurons with their long
axons were pulled out with sharp micropipets and placed on polyL-lysine-coated (Sigma) glass bottom culture dishes. The culture
medium consisted of 10% filtered hemolymph from Aplysia
faciata collected along the Mediterranean coast, and L-15
(Gibco-BRL) supplemented for marine species. Twenty-four
hours after plating dishes were transferred to an 18 Co incubator.
Experiments were performed 35 days after plating.
Electrophysiology. All the experiments were performed at
room temperature in artificial seawater (ASW) composed of
NaCl 460 mM, KCL 10 mM, CaCl2 10 mM, MgCl2 55 mM,
and HEPES [N-(2-hydroxyethyl)piperazine-N0 -2-ethanesulfonic
acid, Sigma] 11 mM, adjusted to pH 7.6. Recording and stimulation of LUQ neurons were conducted in currentclamp mode
using sharp 510 MΩ glass microelectrodes filled with 2 M KCl.
The microelectrode served for both current injection and voltage
recording (Axoclamp-2A; Axon Instruments). Signals were digitally recorded by means of a Digidata 1322A interface (Axon
Instruments, Union City, CA) and analyzed with Clampfit software (Axon Instruments).
SP1 and 6His-SP1. Expression and purification of all SP1
mutants were performed as described previously, wtSP12,3 and
6His-SP1.5 Binding of gold nanoparticles to 6His-SP1 was performed as described previously.5 SP1 6His-SP1 were applied to the
bathing solution in ASW to generate a final concentration of 2 μM.
Calcium Imaging. The system used for confocal calcium
imaging consisted of an Olympus microscope IX70 and a BioRad (Hercules, CA) Radiance 2000/AGR-3 confocal imaging
system. The objective used was an Olympus planApo 60 1.4
NA oil objective. The images were collected and processed using
LaserSharp and LaserPix BioRad software, respectively. For the
experiments, fluo-4 10 mM (pentapotassium salt, Invitrogen) in
0.5 M KCl was pressure microinjected into the neurons. Imaging
was performed after the dye had equilibrated throughout the
main axon and the small neurites (approximately 30 min after the
injection). Fluo-4 was excited with 488 nm (Argon laser), and the
emission was collected at 500560 nm.14
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