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Nanopore analysis of tethered peptides

Howard Meng, Dielle Detillieux, Christian Baran, Besnik Krasniqi,
Christopher Christensen, Claudia Madampage, Radu I. Stefureac
and Jeremy S. Lee*

Peptides of 12 amino acids were tethered via a terminal cysteine to mono-, di-, tri-, and tetrabromomethyl-substituted benzene
to produce bundles of one to four peptide strands (CY12-T1 to CY12-T4, respectively). The interaction of the bundles with the
a-hemolysin pore was assessed by measuring the blockade currents (/) and times (T) at an applied potential of —50, —100,
and —150 mV. Three types of events could be distinguished: bumping events, with small I and short T where the molecule
transiently interacts with the pore before diffusing away; translocation events, where the molecule threads through the pore
with large I and the value of T decreases with increasing voltage; and intercalation events, where the molecule transiently
enters the pore but does not translocate with large I and the value of T increases with increasing voltage. CY12-T1 and CY12-T2
gave only bumping and translocation events; CY12-T3 and CY12-T4 also gave intercalation events, some of which were of very
long duration. The results suggest that three uncoiled peptide strands cannot simultaneously thread through the «-hemolysin
pore and that proteins must completely unfold in order to translocate. Copyright (© 2010 European Peptide Society and John
Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article

Keywords: a-hemolysin; nanopore; tethered peptides; translocation; intercalation

Introduction may only apply to peptides which are electrophoretically driven
through the pore (i.e. a negatively charged peptide with the
positive electrode on the trans side [20]); and (iii) a change in T
when amino acid residues at either the cis entrance or trans exit of
the pore are modified due to the interaction of the peptide with the
inside of the pore [24]. The latter is perhaps the most compelling.

Translocation of proteins is more challenging to understand
because they must unfold in order to thread through the pore
[16-18,27,28].In our laboratory, most proteins also give two peaks
in the event histogram of current blockades (to be published
elsewhere); so it is tempting to assign the peak with the smaller
value of / to the interaction of the protein with the outside of the
porei.e.bumping events (Figure 1A), and the peak with the highest
current blockade would be due to translocation events (Figure 1C).
However, it is also possible that the protein (or a loop or a domain)
may become transiently stuck in the vestibule of the pore before
diffusing away (Figure 1B). We propose to call this an intercalation
event by analogy with the intercalation of drugs into DNA [29].
Such an event would have a large value of / and would be very
difficult to distinguish from a putative translocation. It might be
argued that the value of T would increase with increasing applied

Nanopores such as a-hemolysin are bacterial toxins that self-
assemble into lipid membranes and allow the facile translocation
of small molecules [1,2]. In nanopore analysis, a voltage is applied
across the pore which produces a current in the pA range due to
ionic conductance [3-6]. If a molecule enters the pore, a blockade
current, I, will be observed for a blockade time, T, the values of /
and T being dependent on the structure and charge of individual
molecules (Figure 1). Originally, this technique was applied to the
study of nucleic acids and recently significant progress has been
made toward achieving rapid DNA sequencing [7-15]. Peptides
and small proteins can also be studied, although sequencing will
be more challenging because of the problem of distinguishing 20
amino acids rather than just 4 nucleic acid bases. On the other
hand, the opening in the «-hemolysin pore is only 1.5 nm, so
that even small proteins such as a Zn-finger must unfold in order
to translocate [16-18]. Thus, nanopore analysis is a promising
technique for studying the folding of individual protein molecules.
For most small peptides, translocation appears to be eminently
reasonable especially given the similarities to the events observed
for DNA and RNA [19-26]. Thus, for many peptides, a histogram of
current blockades shows two Gaussian distributions; one centered
at 20-30% of the open pore current which is assigned to bum ping —
events, and the second at 50-100% which represents putative * Correspondence to: Jeremy S. Lee, Department of Biochemistry, 107 Wiggins
translocations. Indirect evidence for translocation includes (i) an Road, University of Saskatchewan, SK, Canada 57N 5E5.
. . . . . E-mail: jeremy.lee@usask.ca
increase in T with the length of peptide, but there are exceptions

if the peptide folds up or sequence effects may predominate Department of Biochemistry, 107 Wiggins Road, University of Saskatchewan,
[21-23]; (i) a decrease in T with an increase in voltage, but this SK, Canada S7N 5E5
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Figure 1. Types of events (top) and the corresponding event profiles (bottom). This figure is available in colour online at wileyonlineli-

brary.com/journal/jpepsci.

voltage for an intercalation event but decrease for a translocation
event. To test this hypothesis, a series of peptides have been
prepared with increasing structural complexity.

The core 11-mer peptide has the sequence AcSRSDWDLP-
GEYNH, with a net charge of —2 at pH 7.8. Addition of cysteine to
the N-terminus or C-terminus gives CY12 and SC12, respectively,
and addition to both termini yields CC13 (Figure 2). Two repeats
of the sequence with a cysteine in the middle gives the linear
peptide SY23. Peptides containing cysteine can be readily
and specifically attached to a benzene tether by the displace-
ment of bromide from bromotoluene (T1), m-dibromoxylene
(T2), m-tris(oromomethyl)mesitylene (T3), and 1,2,4,5-tetrakis-
(bromomethyl)benzene (T4) [30] to form molecules of increasing
complexity such as CY12-T1, CY12-T2, CY12-T3, and CY12-T4
(Figure 2). It was anticipated that the more complex molecules
would be unable to translocate or might ‘plug the pore’. A circular
molecule was also prepared, CC13-T2, by reacting CC13 with T2.

The results demonstrate that even simple peptides such as
CY12-T1and CY12-T2 can give quite complex blockade currentand
blockade time histograms. But since the blockade times decrease
with increasing voltage, the majority of these events can be
assigned to translocations. For CY12-T3 and CY12-T4, many events
with a large blockade can be assigned to intercalation because the
blockade time increases with increasing voltage. However, some
apparent translocations are still observed. Surprisingly, the circular
peptide, CC13-T2, does not translocate. In general, it is clear that it
is difficult to distinguish between intercalation and translocation
without detailed analysis.

Materials and Methods

Peptide synthesis

The peptides were purchased from American Peptide Company
Inc. (Sunnyvale, CA). The tethered peptides were prepared as
outlined in Figure 2 and described in detail by Timmeman et al.
[30]. The tethers (T1), m-dibromoxylene (T2), m-tris(bromomethyl)-
mesitylene (T3), and 1,2,4,5-tetrakis(boromomethyl)benzene (T4)

were purchased from Sigma Aldrich (St. Louis, MO). They were
purified by HPLC (Walters, Delta-Pak C18) and then analyzed by
MALDI/TOF at the Plant Biotechnology Institute, Saskatoon. In all
cases, the MH™ was within 0.1% of the calculated value.

Peptide modeling

Molecular models were generated using Spartan ‘08 version 1.2.0
(Wavefunction, Inc., Irvine, CA.). After construction of the charged
molecule, the equilibrium conformer for each was found using the
molecular mechanics function. This option allowed calculations to
be done in an aqueous solution, and determined intramolecular
interactions based on both atomic force fields and designated
charges. The molecular mechanics program was permitted to
either compute for a period of 30 hours on a dedicated processor
(Pentium 4,3.00 GHz, 1 GBRAM), or to examine 1000 lowest energy
moleculararrangements, whichever occurred first. The most stable
form of each structure is shown. Distances along X, Y, and Z-axes
are measured using the measure distance tool within Spartan 08.

Lipid membrane preparation

The lipid solution, 1,2-diphytanoyl-sn-glycero-3-phosphocholine
in CHCl3, was purchased from Avanti Polar Lipids, Inc (Alabaster,
AL) and dried under a vacuum for 4 h prior to experimentation.
Each aliquot was stored at —20 °C until needed and redissolved
in decane (Sigma Aldrich, St. Louis, MO) to a final concentration
of 30 mg/ml. A basal layer of lipid was applied on the aperture of
the bilayer cup (Warner Instruments, Hamden, CT) by paintbrush
and excess lipid was dried under a stream of nitrogen. The bilayer
cup and chamber assembly rested on an active air-floating table
(Kinetic Systems, Boston, MA) inside a Faraday cage (Warner
Instruments, Hamden, CT). The cis and trans compartments of
the bilayer cell were filled with 1.0ml of 1T m KCl in 10 mm
potassium phosphate buffer solution (pH 7.8). The formation of
the bilayer was achieved by painting the lipid solution across the
aperture a second time, and was monitored by pClamp 10.1 (Axon
Instruments, Union City, CA) using capacitance measurements
through a pair of Ag/AgCl electrodes. Repeated brush strokes
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Figure 2. Sequence and structure of the peptides attached to the tethers. Each node represents an amino acid.

were needed to thin the multilayer to a thickness suitable for pore
insertion, as indicated by capacitance values of ~74 pF.

Nanopore insertion

The a-hemolysin was purchased from Sigma Aldrich (St. Louis,
MO). Injection of 5ul of a 1.6 ug/ml a-hemolysin solution into
the cis chamber adjacent to the aperture allowed for pore self-
insertion and was detected by a characteristic jump in the current
values. Additional e-hemolysin, in increments of 5 pl, was used if
a stable pore was not achieved within 2 min of the first injection.
A stable pore insertion was detected by a current jump from 0 to
100 pA per pore. Experiments were performed with up to three
pores per membrane since each pore gives an identical open
pore current and the event parameters for one, two, or three
pores were found to be indistinguishable. Then, 5-10 ul of the
2 mg/ml sample peptide solutions were added to the cis chamber
proximal to the aperture, giving a final peptide concentration of
0.01-0.02 mg/ml. The experiments were carried out at 22 + 2 °C,
as it was observed that the results are temperature sensitive [10].

Data collection

The bilayer experiments were run under voltage-clamp conditions
using a BC-535 amplifier (Warner Instruments, Hamden, CT)

connected to its corresponding Warner Instruments head stage.
The transmembrane potentials that drove anions from the cis
to the trans chamber were applied through a pair of Ag/AgCl
electrodes. The current blockade signals were low pass-filtered at
10 kHz by an LPF-8 eight-pole Bessel filter (Warner Instruments,
Hamden, CT), sampled at 100 kHz and digitized by a DigiData
1440 A digitizer (Axon Instruments, Union City, CA). The digitized
data was finally recorded by a personal computer running pClamp
10.1 (Axon Instruments, Union City, CA). The programs ClampFit
10.1 (Axon Instruments, Union City, CA) and Origin 7.0 (OriginLab
Corporation, Northampton, MA) were used to process all data
collected [16,17,21]. Each peptide was analyzed at least twice
on different membrane assemblies. In general, the measured
parameters agreed to within £1 pA and +10% for the time, T. The
data presented is the sum of these experiments and, therefore,
represents an average.

Results

Initially, the linear peptides CY12 and SC12 and their T1
derivatives were studied. A typical current profile is shown in
Figure 3, in which each spike represents an event. The blockade
currents were measured for each event and assembled into
histograms as described previously [21] (Figure 4). For SC12
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Figure 3. Event profile for CY12 covering 4 s. The open pore current is 100 pA and each spike records the change in current when a peptide interacts
with the pore. This figure is available in colour online at wileyonlinelibrary.com/journal/jpepsci.
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Figure 4. Blockade event histograms for the linear peptides and their T1 derivatives at —100 mV.

(Figure 4a), the blockade current histogram was analyzed as
two Gaussian distributions for which the corresponding blockade
time histograms are shown in Figure4b and c. For CY12, the
blockade current histogram is more complex and was fit to three
Gaussian distributions (Figure 4d), for which the corresponding
blockade time histograms are shown in Figure 4e-g. Similar
analysis was performed for the corresponding T1 derivatives and

all the blockade parameters are summarized in Table 1. [For SC12-
T1 (Figure 4h), only one Gaussian distribution was used for the
blockade currents because there were too few events at higher
and lower currents for a meaningful analysis.] It is clear that
each peptide gives a distinctive profile and that attachment of a
toluene moiety causes fewer events at low current blockades and
narrower distributions. In accord with previous practice, events
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Table 1. Event parameters, /, current blockade and, T, blockade time
for the peptides of Figure 4

h(PA)  L({PA) K({PA) Ti(ms) Tp(ms) T3(ms)
CY12 —-27° —63 —89 0.05P 0.09 0.27
SC12 —31 —86 - 0.15 013 -
CY12-T1 —25 —69 —-91 0.05 0.12 0.19
SC12-T1 - —68 - - 0.12

2 The error is estimated to be 1 pA.
b The error is estimated to be +10%.

with a current blockade below about —40 pA would be assigned
to bumping and those above —40 pA would be translocations.

In order to provide further evidence for these assignments,
the series CY12-T1, -T2, -T3, and -T4 were studied at —50, —100,
and —150 mV. Typical current traces at —100 mV are shown for
all four in Figure 5. For CY12-T1 and CY12-T2, simple inspection
suggests that there are two broad categories, i.e. events with small
current blockades between —20 and —40 pA and those above
about —60 pA. The corresponding blockade current histograms
are shown in Figure 6 and the parameters /and T are summarized
in Table 2. In all cases, /1 and T; refer to the blockade peak
with the lowest blockade current, etc. (For ease of comparison, the
percentage blockade currentsarealsolisted in Table 2.) At —50 mV,
CY12-T1 shows two broad Gaussian distributions (Figure 6a) but
at higher voltages a third minor peak appears with a larger current
blockade. The values of T; increase with increasing voltage and,
therefore, are assigned to bumping events, whereas T, decreases
with increasing voltage which is consistent with translocations
since the peptide is negatively charged and is being driven
‘downstream’ by the electric potential. For both types of events, the
current blockade and the proportion of bumping events increase

(a) CY12-T

linearly with voltage. Peak three events are difficult to assign
because their frequency is low and T3 changes little between
—100and —150 mV.

CY12-T2 has two peptide arms attached to the tether and,
therefore, blockade currents and blockade times should be larger
than for CY12-T1. As shown in Figure6 and Table 2, these
expectations are correct. At all voltages, the events at high
blockade currents can be fit with two peaks and the values of
T, and T3 decrease with increasing voltage and, therefore, are
assigned to translocations. As discussed below, T3 is larger than
T, and may be due to the translocation of folded and unfolded
molecules, respectively [20]. In contrast to CY12-T1, the proportion
of bumping events decreases with increasing voltage and there
are two apparent bumping peaks at —150 mV.

CY12-T3 and CY12-T4 were much more difficult to analyze
because, as shown in the current traces of Figure 5c and d, there
were many very long blockades over 40 ms which became more
frequent as the voltage was increased. Some of the blockades did
not end spontaneously and had to be resolved by reversing the
potential. Such events were not included in the analysis. For CY12-
T3, the second peak is the largest at all voltages but the value of
T, increases significantly with increasing voltage suggesting that
these represent intercalation events rather than translocations.
There is also a third small peak which is reasonably resolved at
—100and —150 mV. The value of T3 isa maximum at —100 mV and
so it is difficult to assign to either intercalation or translocation.
For CY12-T4 at —150 mV, permanent blockades were so frequent
that a detailed analysis could not be performed. However, even
at —50 and —100 mV, bumping events predominate so that
translocations, if they occur, must be rare.

Finally, blockade histograms for SY23-T1and CC13-T2are shown
in Figure 7 with the corresponding / and T values in Table 2.
Compared to CY12-T2, SY23-T1 gives only two peaks although
the peaks are broader and the proportion of bumping events is

(b) CY12-T2

Current (pA)

]

:

ey

CY12-T3

[T
200ms

(d) CY12-T4

(c)
2o
By

&

s

40

Current (pA)

20

04
[

100 .

Time (ms)

Time (ms)

Figure 5. Current traces at —100 mV covering 4s for (a) CY12-T1,(b) CY12-T2, (c) CY12-T3, and (d) CY12-T4. This figure is available in colour online at

wileyonlinelibrary.com/journal/jpepsci.
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Figure 6. Blockade current histograms for CY12-T1, —2, —3, —4 at —50, —100 and —150 mV.

larger. But the value of T, decreases with increasing voltage again
consistent with translocation. The current blockade histograms
for CC13-T2 are unremarkable except that it is the only molecule
for which the number of Gaussian peaks decreases from three
to two as the voltage increases. On the other hand, the value
of T, increases with increasing voltage suggesting that these are
intercalation events rather than translocations.

Discussion

These experiments were initiated in an attempt to gain insights
into putative protein translocation but they also provide some
important details about peptide translocation. As described
previously, small changes in sequence can result in large changes
to the event parameters [20-25]. For example, CY12 and SC12

are identical except for the position of the cysteine at either the
N- or C-terminus; yet CY12 has three peaks in the histogram of
blockade current, whereas SC12 has only two and the proportion
of bumping events is significantly greater for CY12. Thus, the
interaction between peptide and pore is sequence dependent
and partially determines the event parameters. Similarly, both
CY12-T1 and SC12-T1 are distinctly different from their untethered
analogs with a decrease in the proportion of bumping events in
both cases. Thus, the addition of a single benzyl group which
increases the hydrophobicity decreases the interaction with the
outside of the pore and favors translocation. A similar effect has
been observed previously upon the addition of a hydrophobic
group to a-helical peptides [21]

At first sight, it might be expected that SY23-T1 and CY12-T2
would give similar results since the benzene ring is in the middle
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Table 2. Event parameters for the peptides of Figures 6 and 7
Voltage (mV) 11 (pA) I (pA) I5 (pA) Tq (ms) T, (ms) T3 (ms)
CY12-T1 —50 —12 (24%)° —35(70%) - 0.01° 0.19 -
- —100 —25(24%) —69 (69%) —91(91%) 0.05 0.12 0.19
- —-150 —35(23%) —102 (68%) —138(92%) 0.08 0.09 0.21
CY12-T2 —50 —14 (28%) —43 (86%) —48 (96%) 0.07 0.84 2.34
- —100 —33(33%) —86 (86%) —98 (98%) 0.10 0.60 1.10
- —150 —31/55 —120 (80%) —142 (95%) 0.05/0.19 0.37 0.59
CY12-T3 —50 —15(30%) —41 (82%) —47 0.20 0.86 0.76
- —100 —30 (30%) —85 (85%) —96 (96%) 0.06 2.28 1.36
- —150 —39(26%) —121 (81%) —148 (99%) 0.17 15.1 1.19
CY12-T4 —50 —14 (28%) —38(76%) —47 (94%) 0.1 0.49 5.28
- —100 —31(31%) —81 (81%) —92 (92%) 0.19 1.56 2.88
SY23-T1 —50 —14 (28%) —46 (92%) - 0.06 1.05 -
- —100 —35(35%) —90 (90%) - 0.16 0.77 -
- —-150 —64 (43%) —133(89%) - 0.44 0.45 -
CC13-T12 —50 —12(24%) —38 (76%) —45 (90%) 0.03 0.09 0.18
- —100 —22(25%) —75 (75%) - 0.06 0.17 -
- —150 —32(21%) —119 (79%) - 0.09 0.50
The numbers in brackets are the percentage blockade of the open pore current.
2 The error is estimated to be -1 pA.
b The error is estimated to be +10%.
(b) 100mV (c) 150mV
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Figure 7. Blockade current histograms for SY23-T1 and CC13-T2 at —50, —100 and —150 mV.
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Blockade current (pA)

of both peptides, but clearly this is not the case. However, for a
linear conformation, the sequence of the two molecules is only
identical for the N-terminal half so that interactions with the
pore will again be different. Alternatively, folding of the molecule
into a ‘U- or J'-shaped conformation may be favored for one but
not the other. For CY12-T2, in particular, there are two apparent
translocation peaks based on the fact that T, and T3 both decrease
with decreasing voltage and that the percentage blockade current
is roughly constant. In general, it has been observed that folded
molecules give larger values of T [20]; thus the third peak for
CY12-T2 is identified with folded molecules and T, for both

CY12-T2 and SC23-T1 would be due to linear conformations. The
ability of CY12-T2 to translocate in a folded or partially folded
conformation is not unexpected in light of previous results with
B-hairpin and collagen-like peptides [20,23]. On the other hand, for
CY12-T3, there is little evidence for translocation and the majority
of events appear to be intercalations. Presumably, translocation of
CY12-T3 would be possible if two of the arms could fold together.
However, inspection of molecular models for CY12-T3 (Supporting
Information Figure S4) shows that there is considerable steric
hindrance around the benzene ring and that the molecule
prefers to adopt an open and extended conformation. Similarly,

|
J. Pept. Sci. 2010; 16: 701-708  Copyright (© 2010 European Peptide Society and John Wiley & Sons, Ltd.  wileyonlinelibrary.com/journal/psc




Journal of

Peptide

MENG ETAL.

molecular models for CY12-T4 (Supporting Information Figure
S5) also show that the preferred conformation is star-shaped
which would prevent translocation. The blockade times for CC13-
T1, therefore, were most unexpected since it is a much smaller
molecule, yet T, increases with increasing voltage. The molecular
model of CY13-T2 (Supporting Information Figure S1) is globular
and highly constrained with a diameter of about 2 nm which is
larger than the pore (about 1.5 nm). Thus, since it cannot unfold,
it cannot translocate. CY12-T1 has similar dimensions (Supporting
Information Figure S2) and CY12-T2 is even larger (Supporting
Information Figure S3) but they are not constrained and can
unfold, allowing translocation.

From the above, it appears probable that large proteins would
be unable to translocate unless completely unfolded before they
entered the pore. For example, even if a partially folded protein
enters the pore from one terminus, translocation would require the
simultaneous threading of three strands. Unless the three strands
were tightly coiled in a collagen-like helix, their diameter would be
toolargeto pass through the small aperture of the pore [23]. Recent
workwith solid-state pores suggests that small proteins translocate
in an unfolded conformation even though the dimensions of the
pore were larger than the protein [31]. The unfolding mechanism
involves the electric field at the entrance to the pore which
is sufficient to pull apart amino acids of opposite charge. A
similar mechanism may occur in the vestibule of the a-hemolysin
pore. But, of course, CY12-T3 and CY12-T4 cannot completely
unfold because they are tethered. Thus, even if one strand
enters the pore, the remainder of the molecule cannot follow
resulting in the observed intercalation events and permanent
blockages. Another important difference between proteins and
the CY peptides is the net charge density. The net charge density
on the CY series of peptides is —0.17 per residue, whereas many
globular proteins have net charge densities less than +0.05 per
residue because of the presence of a central hydrophobic core.
For example, maltose binding protein which translocates readily
in the presence of denaturants has a net charge density of —0.02
[18]. Thus, proteins are considerably more hydrophobic and, as
shown earlier, by comparison of CY12/SC12 with CY12-T1/SC12-
T1, hydrophobicity favors translocation. Future experiments will
be directed to studying peptides with lower charge densities.
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