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ABSTRACT: A series of negatively charged-helical peptides of the general formula fluorenylmethoxy-
carbonyl (Fmoc)-LA/K, were synthesized, whereandz were 1, 2, or 3 angt was 10, 14, 18, or 22. The
translocation of the peptides through single pores, which were self-assembled into lipid membranes, was
analyzed by measuring the current blockagg. and the duratiotty,ck. The pores were either-hemolysin,

which has a wide vestibule leading into the pore, or aerolysin, which has no vestibule but has a longer
pore of a similar diameter. Many thousands of events were measured for each peptide with each pore,
and they could be assigned to two types: bumping events (type 1) have aigsmedind longtpiock, and
translocation events (type Il) have a larggs.« and shortetpock. For type-ll events, bothyock andtpiock

increase with the length of the peptides on both pores tested. The dipole moment and the net charge of
each peptide has a major effect on the transport characteristics. The ratio of type-ll/type-1 events increases
as the dipole moment increases, and uncharged peptides gave mostly type-I events. The structural differences
between the two nanopores were reflected in the characteristic valiygs.cind in particular, the vestibule

of a-hemolysin helps to orient the peptides for translocation. Overall, the results demonstrate that the
nanopore technology can provide useful structural information but peptide sequencing will require further
improvements in the design of the pores.

Bacterial pores, which have nanometer-scale openings, carpeptide charge and peptide length on the energy barrier for
be used as single-molecule detectdrs ). The principle transport through the pore was measured. Previously, we
involves inserting the pore into a lipid membrane across have studied a series of collagen-like peptides, which existed
which a voltage is applied and the ionic current is monitored. as mixtures of single, double, or collagen-like triple helices.
If a molecule enters the pore, the current is decreased by arOn the basis of the characteristic translocation parameters
amount and for a time, which is characteristic of the charge througho-hemolysin, we could distinguish and identify each
and structure of the molecule. The original work was peptide with the particular level of foldingl6). Thus,
performed with thex-hemolysin pore, which has a diameter structural information, which is difficult to obtain by bulk
of about 1.5 nm and will allow the transport of ssSDNA but spectroscopic technigues, such as circular dichroism {CD)
not dsDNA (7). Of considerable interest is the observation or nuclear magnetic resonance (NMR), may also be available
that polyA and polyU give different signals, leading to the using the nanopores. As for sequencing, peptides in general
possibility that the pore technology could be used for rapid have much lower charge densities, so that transit times are
nucleic acid sequencing{10). To achieve this goal, several 1—2 orders of magnitude longer, giving rise to increased
groups have manufactured solid-state pores, which have theresolution compared to nucleic acids.
advantage of increased stability as well as the possibility of  Here, we report the analysis of sevesahelical peptides
inserting other electronic detectors around the pore itself of the sequence fluorenylmethoxycarbonyl (FmoghiX,
(11—13). Even so, many problems still remain, not the least (see Table 1) through two nanopores. Peptides with this
of which is the high charge density of DNA and RNA, sequence have been previously synthesized, and the CD
resulting in very fast transit times and loss of resolution. spectra have shown the formation of very stadgelical
Recently, it was shown that the addition of glycerol could secondary structured). Initially, we had intended to use
slow the DNA and lead to an order of magnitude improve- the deprotected peptides, which have no net charge, but it
ment in the resolutionl{). soon became apparent that uncharged peptides give few

The pore technology can also be used to analyze peptidedranslocation events. On the other hand, the Fmoc-protected
and proteins. The interactions of cationi¢helical peptides peptides have a net negative charge, which allows them to
with a-hemolysin have been explored5. The effect of be driven through the pore by the applied potential.

Two bacterial pores were used:-hemolysin toxin from
t Funding was provided by NSERC through discovery grants. Staphylococcus aurewad aerolysin, a novel pore from the
* To whom correspondence should be addressed. Telephone: 306-bacteriumAeromonas hydrophil§l8—21). Schematic dia-

966-4660. E-mail: bernie.kraatz@usask.ca (H.-B.K.); Telephone: 306- grams of the two pores are shown in Figure 1. The crystal
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Ficure 1: Schematic representation of thenemolysin and aerolysin
traversing the angstrom-sized channels.

Table 1: Sequence, Mass, Length, Dipole Moment, and Net Charge
of the Examined Peptides

length  dipole moment
compound mass (A)? (Debye¥ net charge
Fmoc-DA1oK2, 1437 28.3 260 -1
Fmoc-DAK, 1721 33.7 329 -1
Fmoc-DA1gK, 2006 39.1 400 -1
Fmoc-DAK, 2290 44.5 473 -1
Fmoc-DA1K, 1836 35.2 343 -2
Fmoc-DAK 1478 31.4 49 -1
DoA10K 2 1215 233 130 0

aThe length of the peptide molecules was calculated from molecular-
modeling simulations using Spartan softwadt&he dipole moments
were calculated according to Creightd8).

structure ofo-hemolysin was solved in 1996, revealing a
heptameric protein with a vestibule of 3 nm leading into the
pore itself with a diameter of 1.5 nnR%). The charge

transport characteristics are dominated by the narrowest
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pores inserted into planar lipid bilayers with lindslical peptides

changes or extensive aggregation. Stock peptide solutions
were prepared at 20 mg/mL.

a-Hemolysin was purchased from SigmaAldrich (St.
Louis, MO) and used without purification. KCI, NaPQy,
NaHPQO,, and decane were purchased from Aldrich (St.
Louis, MO) and used as received. Diphytanoyl-phosphatidyl-
choline in CHC} was purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL). Millipore water (18 2 cm) was used
in all solutions. The CHGllipid solution was dried under a
vacuum fo 4 h and then redisolved in decane to a final
concentration of 30 mg/mL of lipid. The electrolyte solution
used throughout all bilayer measurements was 1.0 M KCI
in 10 mM phosphate buffer (pH 8). Tliehemolysin solution
was made up to a final concentration of 1,28mL and
was stored at 4C. The aerolysin solution concentration was
1.5ug/mL and contained 0.ZM trypsin for activation and
was stored at-20 °C. The bilayer cup and chamber were
purchased from Warner Instruments (Hamden, CT). The

constriction, but the vestibule may help to orient molecules Perfusion cup has a volume of 1.5 mL and an aperture of

before they enter the pore. No crystal structure is available
for aerolysin, but a lower resolution electron microscopy
study suggests that the two pores have similar diame28)s (
However, aerolysin lacks the vestibule presenttihemo-
lysin and thus has a greater effective length. For ohmic
behavior, the current through the nanopore is expected to
be inversely proportional to the length, so that the open
current for aerolysin will be smaller than for-hemolysin
under identical conditions2d). As shown below, this
prediction is correct.

EXPERIMENTAL PROCEDURES

150um. Before bilayer formation, the decanipid suspen-
sion was applied on the aperture with a small paintbrush.
The lipid excess was dried under a jet of argon. The two
compartments of the bilayer cell, termed cis and trans, were
encased in a block of solid copper that rested on an active-
air-floating table (Kinetic Systems, Boston, MA) placed
inside a Faraday cage (Warner Instruments). Both compart-
ments were filled with 1.5 mL of electrolyte. Bilayers were
formed by dipping the paintbrush into the lipid solution and
painting across the aperture. Bilayer formation was monitored
using capacitance measurements performed by PClamp 9.0.
The multilayer was thinned to a bilayer with repeated brush
strokes, until capacitance values allowing for pore insertion

The peptides were synthesized by solid-phase synthesigvere obtained. A total of AL of the respective pore solution

on poly(ethylene glycofypolystyrene resins using Fmoc Wwas injected adjacent to the aperture in the cis chamber, and
chemistry 25). The product was cleaved off the resin and pore insertions were detected by a characteristic jump in
purified by using preparative reverse-phase high-performancecurrent values. Once a stable single-pore insertion was
liquid chromatography (HPLC) and characterized by time- detected, 1QuL of the 20 mg/mL stock peptide solutions
of-flight mass spectrometry (Table 1). The measured masswas added to the 1.5 mL cis chamber, proximal to the

was within+1 mass unit of the calculated mass in all cases.
To allow for further modification at the N terminus, the Fmoc
group was initially left on. The deprotected peptides were

aperture, giving a final peptide concentration of 0.13 mg/
mL. The experiments were carried out at 221 °C.

The bilayer experiments were run under voltage-clamp

prepared by treatment with piperidine and further purified
by HPLC. CD measurements for FmoeA oK, and Fmoc-
D,A2K, in 1 M KCI (see Figure S1 in the Supporting

conditions using an Axopatch 200B amplifier (Axon Instru-
ments, Union City, CA) connected to a CV 203BU head-
stage. A transmembrane negative potential of 100 mV was
Information) confirmed thex-helical secondary structure applied through Ag/AgCl electrodes. The signals were
previously reported by Perutz et al. foe K, (17). Thus, lowpass-filtered at 10 kHz with an eight-pole Bessel filter,
the presence of the Fmoc group does not cause structuratigitized at 100 kHz by DigiData 1322A (Axon Instruments)
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Table 2: Peptide Translocation Parameters through Aerdlysin

Iy I2 T T
compound (pA) (pA) (ms) (ms) A A AJA; Wi W,

Fmoc-DA10K> —17.0 —31.5 0.92 0.14 5863 4787 1.224 40 6.0
Fmoc-DA14K> —17.5 —32.5 0.94 0.23 5342 7139 0.748 4.2 4.9
Fmoc-DA1gK, —18.1 —33.0 0.91 0.39 3029 6778 0.447 4.3 4.5
Fmoc-DA2K, —26.3 —38.1 0.61 0.48 1710 10738 0.159 3.5 3.0
Fmoc-DsA14K> —23.8 —42.6 0.68 0.25 2389 5957 0.401 4.3 6.1
Fmoc-DA/K —17.6 —35.0 0.88 0.16 2329 728 3.20 6.4 10.1

2|, andl; andT; and T represent the intensities and durations of
the current blockade for the events belonging to the first and second
populations presented in Figure/&,. andA; are the number of events
of each populationwW,; andW; are the peak widths at half-height. The
results are the averages of at least three independent measurements,
and the standard deviations were less than 1% #ord less than 5%
for T.

FicURe 2: Two types of current blockade events on the aerolysin agsigned to peptides that are transported through the pore.

pore are shown by the open circles. Idealized blockade behavior is : : ~ )
represented by the black lingy.ck is the difference between the As described below, the ratio of type-/type-Il events was

open nanopore current and the average amplitude of the blockade2SO dependent upon the sequence of the peptide. About
current. Also, the blockade duratiotc, Was determined from 1-2% of events could not be assigned to either type | or Il,
the idealized current trace. but the majority of these appeared to be a small blockade
followed by a larger blockade. The simplest interpretation
would be a peptide that bumps into the pore and is then
transported before it can diffuse away. However, such
complex events were excluded from the analysis. For
o-hemolysin, the open-pore current is larger, resulting in a
better signal-to-noise ratio, and, except for peptide Fmoc-
DA1K, type-1l events predominated.

Aerolysin Because the vast majority of events fall into
two distinct types, we have chosen a simple analysis in which
the number of events is counted for each 1 pA increment in
iblock- The results for all six peptides are shown in Figure 3,
and the averaged parameters from at least three independent
experiments are listed in Table 2. In all cases, there is a single
Gaussian distribution for both translocation and bumping
events. Therefore, it would appear that only monomers are
RESULTS present in the peptide samples because dimers or other

complexes would give rise to multiple types of events as

Blockade Eents.Upon formation of a stable lipid bilayer, ~was seen previously with collagen peptidés)( Alterna-
there is a complete current blockade. Successful insertiontively, if complexes are forming, then they must be very weak
of a singlea-hemolysin or aerolysin pore resulted in open- and do not effect the translocation events. As discussed
pore currents of 100 or 50 pA, respectively. Initially, the previously, the distribution of translocation times is not
deprotected peptides were studied; however, the rate of datg3aussian and the value tfiock is best derived from an
acquisition was slow, and most of the events had small exponential fit 6). For Fmoc-DA1K,, the averageyiock
blockade currents (see Figure S3 in the Supporting Informa- values for type-1k;) and type-Il () events were-17.0 and
tion). These peptides have no net charge, so that the—31.5 pA, respectively, with corresponditg.x values Ty
interaction with the pore is diffusion-controlled. The Fmoc andT;) of 0.92 and 0.14 ms. In other words, a translocation
peptides, on the other hand, have a net negative charge an@vent gives a blockade current that is about twice as large
thus will be driven through the pores. Indeed, upon addition and a blockade duration that is about 6 times shorter
of Fmoc peptides to the cis side of the chamber, blockade compared to a bumping event. There are also more type-|
events were witnessed immediately and, in general, many(Ad) than type-Il eventsAp) in the ratio of about 1.2:1.
thousands of events could be recorded withinm 2 b before The peptide Fmoc-fA14K, contains an extra turn of the
the bilayer broke down. For aerolysin, the blockade events a helix, and the histogram of blockade currents appears very
were almost exclusively of two types as shown in Figure 2. similar to that for Fmoc-RA10K,. However, there are a
Each event can be characterized by two parameters, thenumber of differences (Figure 3 and Table 2). First, there
current blockadeipiock, and the blockade timeyock, Which are small but significant increases in bétlandl,. Because
were dependent upon the sequence of the peptide. In generathis peptide is larger, an increase linmight be expected
type-l events have a smallocx and a longtyeck, Whereas but the diameter is unchanged and, therefore, an increase in
type-1l events have a largepok and a smalletyock. AS I, for transportation is not intuitively obvious (see the
discussed previously, type-l events with a smglk are Discussion). Second, the changeTinis small, wheread,
assigned to peptides that bump into the pore and then slowlyincreases significantly because a longer peptide takes longer
diffuse away 8, 16). Type-ll events with a largéifock are to translocate. Third, the ratio &,/A, decreases to 0.75.

and recorded by a PC running PClamp 9.0 (Axon Instru-
ments). The applied negative potential of 100 mV drove
anions from the cis to the trans chamber. Analysis of all
data was performed by ClampFit 9.0 (Axon Instruments) and
Origin 7.0 (OriginLab Corporation, Northampton, MA). The
blockade current populations were obtained by fitting the
blockade current distribution with the Gaussian function. The
lifetime data were obtained by fitting each blockade duration
distribution with a single-exponential function (26). Typical
results for Fmoc-RA 1K, are shown in Figure S2 in the
Supporting Information. The bin increments were set at 1
pA and 0.05 ms for the blockade current and duration,
respectively.
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FiGure 3: Histograms of thé,eax values collected for the six peptides tested on aerolysin pores.
and both, andl, are increased. The value

for I, was—42.6 pA, which is larger than that for the longest
RAK, (—38.1 pA). A decrease in the ratio

of Ai/A; is again consistent with an increase in the dipole
A more direct test of the effect of the dipole moment is

Surprisingly, the translocation timg is similar to that of
moment.

Blockade current (pA)

The peptide, Fmoc-fA14K,, has one additional negative
charge, and thus, translocation is favored by the voltage provided by Fmoc-DAK, which has only one net negative

Thus, for a longer peptide, more events result in translocation. gradient across the pore. One effect of this was immediately
As discussed below, a simple explanation is that the longerapparent; there was a large increase in the number of events

peptide has an increased dipole moment (Table 1). Fourth,per unit time compared to Fmoc:R:4K, presumably
W,, the peak width at half-height for type-1l events, is because of increased transport to the vicinity of the pore.

decreased. In other words, there is less variatidpd, an
D.A2K,, the same four trends are apparent. Specifically, peptide Fmoc-

there are increases ip |,, andT,, a decrease in the ratio of

effect that again can be ascribed to an increase in the dipolethe —1 peptide
Al/A;, and a decrease in the peak wid.

moment. For the longer peptides, FmogAIxK, and Fmoc-
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FIGURE 4: Histograms of the,eax values collected for the six peptides testedoshemolysin pores.

charge but a very small dipole because of the inherent dipoleaerolysin pore is that there are very few type-l events with

of o helices (Table 1). As expected, there is a large increasesmallipiock (DeCause the numbers were so small, no statistical

in both theA,/A; ratio and the peak widtkV,, but the value analysis was possible), except in the case of Fmog,RA

of T, decreases significantly. We were unable to test a peptideDi- and multimers of the peptide would be too large to fit

such as A, which has no formal charge because of solubility through the pore. Thus, the lack of type-I events and a single

problems. Gaussian distribution again suggests that monomer peptides
o-Hemolysin A similar analysis was performed with all ~ are being interrogated. In contrast to aerolysin,dHgemo-

six peptides using the-hemolysin pore (Figure 4 and Table lysin pore has a vestibule with a much larger diameter (Figure

3). As mentioned above, the open-pore currenofdremo- 1), which may help to guide any peptides in the vicinity into

lysin is 100 pA. One striking difference compared to the the narrow constriction of the pore itself.
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Table 3: Peptide Translocation Parameters througtemolysir?

compound I2 (pA) T2 (ms) As W,
Fmoc-DA1K, —62.0 0.19 11 329 111
Fmoc-DA1.K, —65.1 0.34 9501 8.3
Fmoc-DA1gK, —69.3 0.54 11721 6.5
Fmoc-DA K, —78.1 0.65 7835 5.9
Fmoc-DA1.K, —68.0 0.21 10 502 8.8
Fmoc-DAK I,=-316 T,=027 A;=963 W;=124

l,=—-745 T,=0.25 A,=1851 W,=21.2

2|, andl, and T; and T, represent the intensities and durations of
the current blockade for the events belonging to the first and second
populations presented in Figure/. andA; are the number of events
of each populationW, andW, are the peak widths at half-height. Of
the six peptide molecules tested, only Fmocsi¥ashowed two well-

defined event population distributions. The results are the averages of
at least three independent measurements, and the standard deviations

were less than 1% fdrand less than 5% fof.

For the four peptides of increasing length, from Fmoc-
D.A 10K, to Fmoc-DA 2K, thel; increases from-62.0 to
78.1 pA and thél; increases from 0.19 to 0.65 ms. As was

Biochemistry, Vol. 45, No. 30, 2000177
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Ficure 5: Translocation velocities of Fmoc,B;0K,;, Fmoc-
D,A14K2, Fmoc-DA 16K, and Fmoc-DA, K, peptides through
a-hemolysin and aerolysin pores plotted as a function of their

observed for aerolysin, the peak width also decreaseslengths. The velocities through aerolysin are faster than through

significantly as the length increases. Th2 charged peptide,
Fmoc-D:A14K,, has an increaseth, compared to Fmoc-
D,A14K5, but in contrast to the result with aerolysin, the

a-hemolysin for all lengths, suggesting stronger interactions
between the peptides and trehemolysin pore. The error bars show
the standard deviation.

decreases from 0.34 to 0.21 ms. Thus, changes to the charge .
of the peptide have effects that are dependent upon the(23). Therefore, we can calculate titatmolysidGaerolysiniS about

structure of the pore. Finally, Fmoc-RA, which has a
small dipole, gives a significant number of type-1 events
with a ratio of Ay/A; of about 0.5. The value di; is also
very large. As was the case with aerolysin for Fmoc:kxA
the translocation tim@&; is decreased and the blockadés
increased compared to FmoeMA Ko.

Translocation VelocityThetyock can be considered as the

1.1, so that aerolysin has a diameter of about 1.4 nm, a value
that is consistent with the available structural information.
Consequently, even though the open-pore current is very
different, the percentage block for a translocation event is
similar for both pores. For example, the shortest peptide has
a percentage block of 62% witir-hemolysin and 63% with
aerolysin, whereas the values for the longest peptide are 78

time it takes the peptide to pass the exit of the pore becauseand 76%, respectively.

until it reaches the exit, the ions are still moving out of the
pore. Thus, the velocity is simply the length of the polymer/
thiock- It has been shown previously that for polymers that

Interaction of the Peptides with the Pord$e percentage
block can be interpreted as an average measure of the fraction
of the volume of the pore from which ions are excluded as

are shorter th:_:m the length of the pore the velocity decrgas_eshe peptides are translocates] ). Therefore |, increases
as the length increases. For longer polymers, the velocity isas the peptides get longer. However, interactions between

constant with length24). For the four peptides of increasing
length, from Fmoc-RA 1K, to Fmoc-DAK, the velocities
are plotted in Figure 5. For all lengths, the velocities through
aerolysin are faster than througithemolysin, suggesting
that ionic and/or hydrophobic interactions between the
peptide and pore are greater fothemolysin. For-hemo-
lysin and aerolysin, the limiting velocity would appear to
be about 7 and 9 nm/ms, respectively.

DISCUSSION

Comparison of the Two PoreBor a-hemolysin, the open
current is 100 pA, whereas it is only 50 pA for aerolysin.
However, this does not imply that the aerolysin pore is much
smaller tharo-hemolysin. The crystal structure afhemo-
lysin is known @2), and the pore diameter is about 1.5 nm;
however, only low-resolution structures are available for
aerolysin 23). If it is assumed that both pores show ohmic
conductance, then the open-pore currkpt, can be written
as lopen = K(d?)/L, whereK is a constant dependent upon
the voltage and electrolyte resistandeis the diameter of
the pore, andL is the length of the pore2{). The
o-hemolysin pore is about 5 nm in length, but the aerolysin
pore lacks the vestibule and thus is about 8 nm in length

the peptide and pore must also be important because changes
in the charge or charge density can influehcé&or example,
Fmoc-D:A14K, and Fmoc-DAK for both types of pores
show an increase ifp compared to Fmoc-fA14K,. Such

an increase is particularly unexpected for Fmoczi¥A
which is shorter than Fmoc4B.14K,. The translocation times

are also effected by changes in charge and charge density.
With o-hemolysin, Fmoc-BA14K, has a decreased
compared to Fmoc-fA14K,, which is consistent with it being
drawn through the pore down a voltage gradient. However,
with aerolysin, T, increases, suggesting that the additional
negative charge of FmocsB14K, causes a favorable interac-
tion with the pore. For Fmoc-DAK with both poresT; is
shorter than for Fmoc-fA14K,, consistent with a reduced
interaction with the pore for the peptide with fewer charges.

Dipole Moment.An important finding of this work has
been that the dipole moment can have a major effect on the
transport characteristics of the polymer. From this perspec-
tive, it is much easier to alter the charge distribution on
peptides than on DNA, which has previously been the subject
of most research. Our initial experiments performed on
peptides with the sequence MKy, without the Fmoc
attached, yielded poor-quality data with a very small number
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FiGure 6: Effect of the dipole moment and length on the orientation and translocation of peptide molecules tuioeigiolysin and
aerolysin pores. (a) Short peptide has a small dipole moment and is therefore unlikely to be oriented correctly for the translocation through
the aerolysin pore. (b) Long peptide has a larger dipole moment, which will help the molecule orient itself for translocation. (c) Presence
of the vestibule of the:-hemolysin pore allows for a much larger capture radius than aerolysin, thus minimizing the number of bumping
events for short peptide molecules.

of events (between 500 and 1000 events per experiment) (seseems unlikely that it will be sufficient for peptide sequenc-

the Supporting Information). Obviously, this was due to the ing without further improvements in the design of the pores.

lack of a net charge on the molecules making their interaction

with the pore more diffusion-controlled than voltage-driven. ACKNOWLEDGMENT
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events/translocation events decreases as the dipole moment

increases. Foa-hemolysin, bumping events are only seen gyppPORTING INFORMATION AVAILABLE

for Fmoc-DA4K, which has the smallest dipole moment.

Without an electric field, the peptide will rotate rapidly. In Figure S1, CD spectra of Fmoc:®0K, and Fmoc-

the presence of an electric field, the rotation will be restricted D2A2:K»; Figure S2,tyock €xponentials for BA;K, with

and the peptide is more likely to be oriented in the direction aerolysin; Figure S3, transport 0&8 K througha-hemo-

of the pore (see Figure 6). As the dipole moment increases,lysin and aerolysin pores. This material is available free of

it becomes less probable for a peptide to bump into the charge via the Internet at http://pubs.acs.org.
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