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ABSTRACT 

 
Taking advantage of a G-4 scaffold, this chapter describes a novel 

approach to control the assembly behaviour of a pore-forming 

peptide. Single-channel measurements demonstrated that the 

introduction of a G-4, tethered to the C-terminus of the peptide, 

favoured specific conductance states, which are characterized by 

longer lifetime than those present in the native peptide. Based on 

these findings, we investigated how the conversion from DNA G-4 

to duplex influences the ion channel behavior of the pore-forming 

peptide. 
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4.1 Introduction 
 
4.1.1. Pore-forming peptides 

Ion channels tightly regulate the influx and efflux of ions through the 

cell membranes. These channels are gated in response to different stimuli, 

such as changes in the membrane potential, binding to a specific ligand or 

mechanical tension within the membrane. By changing the electrolytic 

composition of the cell, ion channels transduce stimuli into signals and can 

modulate cell function.1 

In order to elucidate their functions and the concomitant processes at 

biological membranes, model ion channels have been developed by 

genetic modification of natural pore forming proteins.2–4 For example, 

Bayley and coworkers reported several examples of genetically 

engineered pores using the membrane-interacting protein α-hemolysin (α-
HL).5 Introducing specific binding sites or non-covalent adapters into the 

lumen of the pore has successfully led to the development of nanopores 

for stochastic sensing of ions6 or organic molecules7. Monitoring and 

characterizing fluctuations in the current that flows through the pore in the 

absence and in the presence of an analyte can reveal information about 

the target molecule. Following these pioneering reports, novel sensing 

devices have been developed with different applications, such as DNA 

sequencing.8,9 

A different strategy to create artificial ion channels takes advantage of 

chemically modifying natural-occurring, pore-forming peptides. In this 

respect, alamethicin (Alm) and gramicidin A have been extensively used as 

models for ion channel proteins. Despite their small size (20 and 16 

residues, respectively), these peptides display features that typically are 

observed for natural ion channels, such as ion selectivity, voltage 

dependence and subconductance states.10 The channel behavior of 

gramicidin A is well defined and more predictable when compared to Alm. 

However, the self-assembly of Alm and the resulting channels 

characteristics more closely resemble the properties of natural voltage-

gated ion-channel proteins. 



Chapter 4 

80 

Alm is an antimicrobial peptide produced from the fungus Trichoderma 

viride, consisting of 20 amino acids (Figure 1a). It belongs to the family of 

peptaibols, which are characterized by the presence of an acetylated N-

terminal residue, an aminoalcohol (phenylalaninol, Pheol) at the C-

terminus and rich in composition of 2-aminoisobutyric acid (Aib), a non-

proteinogenic amino acid.11 The crystal structure of Alm was determined in 

1982,12 showing that the peptide adopts a predominantly α-helical 

conformation with a bend in proximity of the Pro14 residue. Along with α-
helical hydrogen-bonding patterns, a certain amount of 310-helical 

character was observed in the C-terminal part of the peptide. 

Alm interacts with lipid bilayers and self-assembles to form channels 

when a voltage is applied to the membrane. A widely accepted 

explanation for the channel forming properties of Alm is the ‘barrel-

stave’or ‘helix-bundle’ model (Figure 1b). In this model, Alm channels are 

formed by parallel bundles of the 3-12 helical monomers surrounding a 

water-filled central pore.13 Based on the crystal structure, Fox and 

Richards12 proposed that Alm monomers can aggregate prior to the 

application of a transmembrane potential by insertion of the peptide N-

terminus and the formation of a non-conducting pore. While in the 

absence of an applied voltage, the C-terminus assumes a partially random 

coil structure, once a membrane potential is applied, the C-terminus 

undergoes a conformational change and adopts a more helical structure. 

This change is thought to allow the monomers to penetrate deeper into 

the membrane and form a conducting pore (Figure 1c). Due to the 

different number of monomers that can associate and form a channel and 

the frequent fluctuations between open and closed states, multiple 

conductance levels can be observed during single-channel recordings. 

Each conductance level can be assigned to a different number of 

associated Alm molecules.  
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Figure 1. (a) Chemical structure of Alamethicin and of the non-proteinogenic 
aminoacid Aib. (b) Proposed mechanism of Alm pore formation: the ‘barrel-stave’ 
model. Picture adapted with permission from ref. 14. (c) Voltage-gating channel 
model: in absence of transmembrane potential Alm monomers inserts in the 
membrane forming a non-conducting pore. The C-terminus of the peptide lays on the 
external part of the membrane, assuming a random coil structure (left). Upon 
application of potential, the helicity of the monomers increases (middle) and the 
aggregate inserts deeply into the membrane, forming a conducting ion channel (right). 
Picture adapted with permission from ref. 12. 

 

4.1.2 Planar lipid bilayer technique 
The activity of ion-channel forming peptides is typically studied by 

electrophysiology, specifically by following the change in current across a 

model lipid bilayer as a function of applied potential.  
 

 
Figure 2. Schematic representation of the planar lipid bilayer setup.   
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To prepare such a model membrane, the Planar Lipid Bilayer (PLB), or 

Black Lipid Membrane (BLM), technique has proven particularly versatile. 

This technique was first introduced by Montal and Mueller15 and achieves 

membrane formation by painting a mixture of lipids across a small hole 

(generally between 10-100 μm) in a Teflon film, which separates two 

compartments (Figure 2). In order to form the bilayer the area around the 

aperture is generally ‘‘pre-painted’’ using a mixture of hexadecane in 

pentane. After evaporation of the solvent, the two compartments are filled 

with a salt solution (aqueous phase) and a drop of the lipid mixture is 

added to both chambers. A lipid monolayer spontaneously forms at the 

interface between organic and aqueous phase of each droplet and finally 

at the center of the Teflon aperture. Each compartment is connected to an 

Ag/AgCl electrode. The membrane acts as a resistor; as a result, in the 

absence of an open channel no current is observed. When a channel is 

formed across the lipid bilayer and a transmembrane potential is applied, 

ions will flow across the membrane, generating a current, which is 

amplified and recorded. The opening events appear as step-changes in 

the conductance of the membrane and allows for the characterization of 

single ion channels. 

 

4.1.3 Control of Alm self-assembly  
Single-channel recordings of Alm are characterized by different open 

states that reflect the difference in the association number of the peptide. 

In order to gain control over the assembly of Alm monomers and the 

gating of the resulting channels, several strategies have been explored. 

The main approach relies on covalently tethering template molecules to 

Alm monomers (template-assembled synthetic protein or TASP approach), 

thereby reducing the degrees of freedom for the monomers and 

preferentially stabilizying a specific channel and its conductance state.16 

For example, You et al.17 synthesized covalent dimers of Alm by linking 

two monomers at their C-termini through a flexible linker. Single-channel 

recordings revealed that the conductance levels of the channel formed by 

the tethered Alm conjugates are comparable with those observed for Alm 
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monomers. However, the dimer showed higher stabilization of one 

conductance state, which was characterized by longer lifetimes than the 

corresponding state of unmodified Alm. This state displayed a 

conductance of 1 nS in 1M KCl and, based on the characterized 

conductance states of Alm, was assigned to the hexameric (three dimers) 

channel. 

 
Figure 3. Strategies to control Alm self-assembly and ion channel behavior. (a) 
Template assembled synthetic protein approach: cyclodextrin-scaffolded Alm. Picture 

adapted with permission from ref. 19. (b) Supramolecular control of Alm monomers 

association by modification with a leucine-zipper motif led to one predominant current 

level. Picture adapted with permission from ref. 21. 

 

A templated tetramer of Alm was synthesized by conjugating the N-

termini of four Alm monomers to a porphyrin scaffold.18 This construct 

formed channels, which were characterized by long lifetime (5 s). Although 

the reported current levels were noisy, this result was in agreement with 

the expected narrow pore produced by a tetramer assembly.  

Hjørringgaard and coworkers19 reported several cyclodextrin-scaffolded 

Alm analogues, synthesized via Cu(I)-catalyzed Azide Alkyne Cycloaddition 

(CuAAC or click-reaction).20 Cyclodextrins were attached to either the C- 

or N-terminus of alkyne-functionalized Alm monomers. These conjugates 

inserted into membranes more readily than unmodified Alm and formed 
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long-lived channels (0.5 s for the N-terminal modified Alm), which 

predominantly displayed one conductance state (Figure 3a). 

A different approach than TASP was proposed by Futaki and 

coworkers;21 in this case the control of Alm assembly was achieved by 

appending an extramembrane segment to the Alm monomers, specifically 

an alpha-helical leucine-zipper motif (LeuZ). In the presence of a bilayer, 

the Alm-LeuZ hybrid self-assembled, yielding channels with a single 

predominant open state with conductance of 0.12 nS, attributed to the 

tetramer pore (Figure 3b).  

 

4.2 Aim of the project  
 

In this study, we aimed to develop a novel approach to control the 

oligomerization of Alm by employing a DNA G-quadruplex (G-4) motif. 

Previous studies, discussed in Chapter 2, demonstrated that the presence 

of a G-4 motif attached to a lipid tail influences the aggregation behaviour 

of the formed surfactant. The proposed design was successfully employed 

for sensing a complementary oligonucleotide sequence or in combination 

with a DNA aptamer for detection of ATP. Based on these findings, we 

reasoned that a similar strategy could be applied to modulate Alm 

assembly. Previous reports, from Hamilton and coworkers showed that the 

DNA G-4 scaffold can be used to control the self-assembly of a protein 

into a four helix-bundle.22 The incorporation of a G-4 motif as 

extramembrane segment of Alm is expected to decrease the variable self-

assembly behaviour of the peptide, due the high stability and well-defined 

structure of G-4s. To address a more challenging purpose, this design was 

used as a scaffold in the development of a novel Alm-based nanopore, by 

taking advantage of DNA molecular-recognition properties. 

In the proposed design the C-termini of Alm monomers are conjugated 

to a 5’-amino-modified DNA strand (5’-GGGTT-3’), which in presence of K+ 

ions will be able to assemble into a parallel G-4 (Figure 4). The assembly 

of the G-4 is expected to stabilize the Alm oligomeric pore in a 
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preferential conductance state and to increase the life times of opened 

channels.  

Figure 4. Schematic representation of G-4 Alm conjugates assembly in presence of a 

lipid bilayer. At high K+ concentrations, the G-rich sequence adopts a tetramolecular 

parallel G-4 conformation. The formation of the G-4 is expected to modulate Alm 

channels behaviour by favouring the formation of tetrameric channels and by 

increasing their stability.  

 

4.3 Design 
 

Due to the presence of sterically hindered aminoisobutyric acid (Aib) in 

the Alm sequence, its chemical synthesis is laborious. To avoid a low-

yielding synthetic approach, we decided to study a previously reported 

Alm analogue (des-Aib-Leu-des-Pheol-Phe-Alm)23 instead. In this synthetic 

peptide all Aib residues and the C-terminal Pheol are replaced with 

leucine (Leu) and an amidated Phe, respectively. These substitutions 

confer a higher α-helical content to the peptide, while removing the partial 

310 character of Alm. Nevertheless, this analogue peptide displays similar 

channel behavior as the native peptide, albeit with reduced life times of 

the channels. In order to enable the conjugation of the peptide with 

maleimide-functionalized oligonucleotides, we appended a cysteine 

residue on the peptide C-terminus (the modified peptide is denoted as 

Alm*, Figure 5). A bifunctional linker containing both a N-

hydroxysuccinimide and a maleimide moiety (1) was used to allow for the 

conjugation of amino-modified oligonucleotides and the peptide. 
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 Figure 5. Amino acid sequence of Alm and the analogue peptide used in this study 
(from N-terminus to C-terminus). Both peptides are amidated on the C-terminus. The 
underlined residues correspond to the mutated amino acid compared to the native 
peptide.  

 

Initially, we synthesized a DNA-peptide conjugate using a short 

oligonucleotide sequence able to adopt a G-4 structure (the hybrid is 

indicated as Alm*-G1, refer to Table 1 for the oligonucleotide sequence). 

Next, we studied its conductance behavior and compared it to Alm* and 

an analogue conjugate containing an oligonucleotide sequence that is 

unable to assemble into a G-4 structure (Alm*-T1). Moreover, we attached 

a shorter linker (Alm*-G2) and tested the ion channel properties. By 

employing a C3-amino modified oligonucleotide in Alm*-G2 the overall 

length of the linker was reduced from C11 to C8. 

In the second part of the project a more complex system was designed 

by tethering the Alm* peptide to a longer oligonucleotide sequence, 

again containing a GGG repeat that is able to assemble into a G-4 (Alm*-

G3). Additionally the sequence comprised stretch of nucleobases that 

allowed for the formation of a duplex by addition of a complementary 

strand. As a result, we could test how duplex formation affected the 

stability and lifetime of the formed channels. 

 
4.4 Results and discussion 
 
4.4.1 Synthesis and characterization of the DNA-Alm* conjugates 

 The referenced Alm*-DNA conjugates were synthesized by a two step 

procedure. First, commercialy available, amino-modified oligonucleotides 

Alm: 
Ac-Aib-Pro-Aib-Ala-Aib-Ala-Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu-Gln-

Pheol-NH2 

 

Alm*: 
Ac-Leu-Pro-Leu-Ala-Leu-Ala-Gln-Leu-Val-Leu-Gly-Leu-Leu-Pro-Val-Leu-Leu-Glu-Gln-

Phe-Cys-NH2 
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were treated with an excess of activated N-hydroxysuccinimide (NHS) 

esters of 6-maleimido hexanoic acid (1), leading to maleimide-

functionalized oligonucleotides (Figure 6). These reactions were performed 

at 25 ˚C for 3 hours and the resulting maleimide-functionalized 

oligonucleotides were purified by size-exclusion chromatography, 

analyzed by UPLC-MS (TOF) and lyophilized (Table 2). The obtained 

maleimide-functionalized oligonucleotides were subsequently dissolved in 

triethylamine acetate (TEAA) buffer at pH 7.2 and mixed with with 10 

equivalents of Alm* (10 mg/mL stock solution in DMF) to obtain the DNA-

peptide conjugates (Figure 6). Reactions were performed under nitrogen 

atmosphere to reduce the formation of peptide dimers. After purification 

by reversed-phase HPLC, the conjugates were characterized by UPLC-MS 

(TOF).  

 

Figure 6. Synthesis of the Alm*-oligonucleotides conjugates. 

 
Table 1. Oligonucleotide sequences of the synthesized conjugates. 

DNA-peptide hybrid 
 

n Oligonucleotide sequence (5’-3’) 
Alm*-G1 5 GGGTTT 
Alm*-T1 5 TGATTT 
Alm*-G2 2 GGGTT 
Alm*-G3 2 GGG TTT AAG TGT AGTT 
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Given that the desired DNA-peptide conjugates were readily obtained 

with Alm*, we also attempted to prepare our conjugates with the native 

Alm peptide modified with a C-terminal cysteine. Unfortunately, we were 

never able to observe any product, but rather recovered unreacted 

substrates and/or Alm dimers. Addition of tris(2-carboxyethyl)phosphine 

(TCEP) reduced dimer formation, yet did not yield any detectable levels of 

product formation. We reasoned that the lack of product formation could 

reflect the difference in the secondary structure of Alm.23 Thus, 

conjugation reactions were performed under denaturing conditions (in the 

presence of 8M urea), yet these attempts did also not yield any of the 

desired conjugates. Nevertheless, due to the similar conductance 

properties of the parent peptide Alm and its analogue, our studies were 

continued with the conjugates in hand. 

Next, we investigated whether the synthesized DNA-peptide could still 

fold into a G-4 structure. Toward this end, circular dichroism (CD) was 

employed to identify and characterize bands that are characteristic for 

parallel G-4 structures.24,25  

 
 

The CD of the purified conjugates was measured, after annealing in 80 

mM KCl (Figure 7). As expected, all Alm*-oligonucletotide conjugates 

displayed features that corresponded to their ‘hybrid’ composition: a 

positive band between 260-280 nm, typical of DNA structures and a 

negative band near 230 nm, indicative of the α-helical peptide structure.26–

Figure 7. CD spectra of the Alm*-DNA conjugates dissolved in 30 mM Tris-HCl 80 mM 
KCl pH=7.2.  
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28 The formation of the G-4 structure was confirmed by a positive signal at 

265 for the conjugates that contained a G-rich sequence, Alm*-G1 and 

Alm*-G2. The positive band at ca. 260 nm and the negative band at ca. 

240 nm in the CD spectra are typical signature of tetramolecular parallel 

G-4s.24 Conversely, for the hybrid Alm*-T1 the positive band was shifted 

to 280 nm. This result indicates that this conjugate, as expected, does not 

assemble into a G-4 structure.  

 
4.4.2 Single channel recordings 

Single channel recordings were performed to evaluate the conductance 

properties of the formed channels and their lifetimes (Section 4.1.2, Figure 

2). A planar lipid bilayer was obtained using a POPC/DOPE mixture (7:3), 

which has been previously  used for similar Alm analogues.29,30 All 

measurements were carried out by applying a negative voltage to the 

trans side of the membrane (compared to the sample addition, or cis, 

side). Consistent with previous reports, high voltages were necessary to 

trigger single-channel activity.23 

 

4.4.2.1 Influence of G-4 motif on the conductance behavior of Alm* 
Even under dilute conditions, single channel measurements of Alm* 

showed a variable behavior. In fact, we observed three different types of 

events: (1) spike-like events characterized by fast opening of a pore and by 

high noise (Figure 8a); (2) formation of multiple pores with high 

conductance that often led to membrane disruption; and (3) bursts of 

activity characterized by multi-level events (Figure 8b). The multiple 

conductance levels are typically observed in channels formed by Alm-

related peptides.31 High voltages were necessary to observe activity of the 

peptide. As depicted in Figure 8c and 8d, at an applied voltage of -150 

mV at least five distinct levels of conductance could be detected. The 

values for each of the conductance state shown are 0.11 ±	0.02, 0.58 ±	

0.15, 0.90 ±	0.15, 1.59 ±	0.15, 2.77 ±	0.27 nS and are comparable to 

those observed for the Alm synthetic analogue in previous reports.23 This 

indicates that the presence of the cysteine residue on the C-terminus of 
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the peptide does not affect significantly the conductance properties of the 

peptide. Analogously, the different conductance levels can be related to a 

different number of associated Alm* monomers, with the first state 

assigned to the tetramer assembly. 

 

 
Figure 8. Single channel activity induced by Alm* at -150 mV. Aqueous phase was 
Tris-HCl 15 mM 1M KCl (pH=7). (a) Example of spike-like events and (b) burst of 
activity with multi-level events; (c) The enlargement of the trace (indicated in the 
square) shows five different open levels as evidenced by the corresponding current 
histogram (d). 

 

To study whether appending a short DNA oligonucleotide on the C-

terminus of the peptide changes the properties of the channel formed, we 

subjected Alm*-T1 to the planar lipid bilayer experiment (Figure 9a 

depicts a representative example of the traces obtained for this 

conjugate). This conjugate does not assemble into a G-4 structure but the 

presence of the oligonucleotide might still interfere with the 

oligomerization of the peptide. For Alm*-T1, only four open states of the 
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channel could be detected, corresponding to 0.20 ±	0.01, 0.35 ±	0.02, 

1.01 ±	 0.03 and 2.50 ±	 0.04 nS (Figure 9b and 9d). The values of the 

conductance states are slightly different when compared to the levels 

detected for Alm* and presumably reflect the presence of the 

oligonucleotide. Since the current detected for each level is not a 

proportional increase of the first level, it is plausible to assert that the 

different levels correspond to different assemblies of the peptide and not 

to multiple pores of the same size. This scenario is in agreement with the 

previously introduced barrel-stave model, that involves the formation of 

pores of different size, corresponding to different oligomerization states of 

the peptide.  

 

 

 
 

For conjugate Alm*-T1, the behavior of the channel is less variable 

compared to Alm*, since less spike-like events were detected and one 

conductance level was favored between the open states (level 1 at 0.2 nS, 

Figure 9d). The decreased variability of the channel is likely attributable to 

Figure 9. (a) Single channel activity induced by Alm*-T1 at -150 mV. Aqueous phase 
was Tris-HCl 15 mM 1M KCl (pH=7). Concentration of the peptide is 10 nM. (b) The 
enlargement of the trace (indicated in the square) shows four different open levels. (c) 
The current histogram (full size) referred to the trace indicates the preferred 
permanence of the channel in the closed state (level 0). (d) The expanded view of the 
histogram shows the different open levels. 
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the presence of the oligonucleotide that introduces bulk to the peptide. 

The steric hindrance coupled with the electrostatic repulsion produced by 

the oligonucleotide is presumably preventing the assembly of the peptide 

and for this reason the lowest conductance state is prevalently observed. 

This can also explain the preferred permanence of the channel in the 

closed state 0 (Figure 9c), indicating that the oligonucleotide interferes 

with the peptide monomers self-assembly.   

In order to study the effect of preorganization provided by an attached 

G-4 structure, we tested the ion channel properties of Alm*-G1. This 

conjugate formed pores that were characterized by high conductance and 

multiple channel openings, upon application of a voltage of -150 mV. To 

allow for studying single pore events, we lowered the applied voltage for 

Alm*-G1 to -100 mV. Under these conditions, the conjugate 

predominantly displayed five open states at 0.22 ±	 0.03, 0.35 ±	 0.03, 

1.15 ±	 0.22, 2.87 ±	 0.07 and 4.69 ±	 0.10 nS, respectively (Figure 10). 

Additionally, in some cases we observed higher states at 7.30 ±	0.21, 9.10 

±	 0.19 and 11.61 ±	 0.57 nS, which we likely indicate as higher 

conductance states or the simultaneous opening of two channels. To allow 

for a comparison to Alm*-T1, we focused our analysis to the first four 

levels that were also detected at comparable conductance values for the 

non G-4 forming oligonucleotide. The small differences in conductance 

levels between the two conjugates are likely the result of the different 

oligonucleotides and/or structures present at the peptides and how they 

affect ion movement across the pore.  While the two conjugates prefer 

state 1 – that is ca. 0.2 nS for both Alm*-G1 and Alm*-T1 – the G-4 

modified peptide is also present for a significant time portion at state 5 

(4.7 nS, Figure 10e). Previous studies correlated the lowest conductance 

state of Alm and modified Alm to the pore formed by a tetramer.23,32,33 

Moreover, the tetramer channel formed by a cyclic template-assembled 

Alm showed a single conductance state of 0.25 nS at -130 mV.34 Following 

this guidelines, we tentatively assigned the first conductance state favored 

by nucleotide-modified Alm* to the tetramer assembly. On this basis, state 

5 in Alm*-G1 might be corresponding to the octamer pore. However, 



 DNA G-quadruplex templated oligomerization of a pore forming peptide 

93 

4 

more investigations are needed to confirm the estimation of the number 

of peptide monomers involved in the pore formation for each 

conductance level.  
 

 
Figure 10. (a) Single channel activity induced by Alm*-G1 at -100 mV. Aqueous phase 
was Tris-HCl 15 mM 1M KCl (pH=7). Concentration of the peptide is 10 nM. (b) The 
enlargement of the trace (indicated in the square) shows five different open levels. (c) 
Expanded view of single channel recordings showing the transition between closed 
state (0) and open states 1 and 2 and (d) high conductance levels from 2 to 5. (e) 
Current histogram referred to the trace. 
 

The comparison of Alm*-T1 with Alm*-G1 showed that level 1 is the 

preferred states for both conjugates. This result indicates that the 

presence of a C-terminally tethered short oligonucleotide of any nature 

influences Alm* oligomerization behavior, favoring the tetramer assembly. 

However, one relevant difference between the two conjugates is the 

frequency of pore opening/closing. While for Alm*-T1 the pore opens and 

closes frequently, Alm*-G1 is predominantly in an open state (compare 

Figure 9 and Figure 10). In fact, for the latter the closed state is hardly 

detectable in the typical time frame of our experiments, while for Alm*-T1 

this closed state is dominating. While these results indicate a stabilizing 
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role of the G-4 structure on pore lifetime and stability, more detailed 

studies will be necessary to quantify the different behavior of these two 

conjugates.  

For the conjugates Alm*-T1 and Alm*-G1, the oligonucleotide was 

appended to the pore-forming peptide using a C6 amino linker. We 

hypothesized that for the G-4 scaffold the length of the linker might 

influence the oligomerization of the peptide. As G-4 formation requires 

the close proximity of four monomeric conjugates, a scenario in which the 

linker is too flexible, could weaken or prevent the interaction between four 

monomers, and as a result alter the stability and transition times between 

different levels. 

Based on these considerations, we synthesized and tested a new DNA-

peptide conjugate that tethered the G-4-forming oligonucleotide to the C-

terminus of Alm* through a shorter linker, employing a C3 amino-modified 

oligonucleotide. Preliminary studies on the resulting conjugate Alm*-G2, 

showed mainly three conductance states corresponding to 0.24 ±	 0.03, 

0.44 ±	 0.05 and 0.68 ±	 0.09 nS (Figure 11b and 11c), a significant 

difference from the 5 levels observed for Alm*-G1. Moreover, this 

conjugate preferred state 2 (0.44 nS), which could be assigned to a 

pentameric pore. As the detected conductance value for state 2 is almost 

twice the conductance of state 1, this result could also indicate the 

simultaneous presence of two tetramer pores. Future studies at lower 

conjugate concentrations are necessary to differentiate between the two 

explanations. Nevertheless, these preliminary experiments demonstrate 

that the linker length does indeed influence the assembly of Alm*.  

Comparison of the dwell times for the most probable substate for each 

analog shows that the conjugates with a G-4 motif have slightly higher 

lifetimes, compared to Alm* (Figure 12). The presence of an 

oligonucleotide on the C-terminus of the peptide, such as in the case of 

Alm*-T1, affects only slightly the dwell time. However, even in the case of 

Alm*-G1 and Alm*-G2 30-40% of the events maintain the characteristic of 

fast events with short lifetime.  
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Figure 11. (a) Single channel activity induced by Alm*-G2 at -150 mV. Aqueous phase 
was Tris-HCl 15 mM 1M KCl (pH=7). Concentration of the peptide is 20 nM. (b) The 
enlargement of the trace (indicated in the square) shows three different open levels. (c) 
Current histogram for Alm*-G2. 
 

 
Figure 12. Open dwell time histograms (examples for the most probable substate) 
compared between Alm*, Alm*-T1, Alm*-G1 (level 1) and Alm*-G2 (level 2). The open 
lifetimes with respective probabilities (best fit to a double exponential) are indicated 
for each analog. 
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4.4.2.2 Effect of G-4 to duplex conversion on the channel properties 
of Alm* 

The obtained results indicated that the presence of a G-4 motif 

influences the channel behavior of Alm*. Based on these findings, we 

decided to further engineer the G-4 Alm* conjugate to investigate 

whether the channel properties of the pore forming peptide could be 

changed upon disruption of the G-4 structure. A new Alm* conjugate 

(Alm*-G3, Table 1) consisting of a 16-mer oligonucleotide was 

synthesized. The DNA headgroup of the conjugate is characterized by a 

GGG repeats able to assemble into a G-4, while the remaining 

nucleobases function as overhang that allow for the interaction with a 

complementary strand. The hybridization of Alm*-G3 with its 

complementary strand is expected to disrupt the G-4, leading to duplex 

formation and consequently to changes in the single-channel activity of 

the peptide.  

The conductance behavior of Alm*-G3 was first characterized and 

subsequently measured in the presence of its complementary strand 

(ODN-1, section 4.6.1). When added to a lipid bilayer, the conjugate 

displayed activity characterized mainly of two states of 0.15 ±	0.02 and 

0.48 ±	0.03 nS. Additionally, higher levels were detected around 1.04 ±	

0.07 nS but with low occurrence (Figure 13). Alm*-G3 showed only a slight 

preference for level 2 and this likely reflects the higher freedom of the 

peptide to self-associate due to the lower stability of G-4s formed by long 

oligonucleotides. However only three conductance states were detected 

when compared to the native peptide Alm*, indicating that even in this 

case the G-4 is influencing the oligomerization of the peptide, stabilizing 

the lowest conductance levels. These states might be assigned to the 

tetramer (state 1) and the pentamer (state 2) pore.  

Thereafter, we studied the channel behavior of Alm*-G3 annealed with 

its complementary strand (ODN-1), resulting in a duplex DNA attached to 

one single Alm* peptide (referred as Alm*-D3) (Figure 14). Three 

conductance states were detected of 0.24 ±	0.04, 0.69 ±	0.05 and 1.45 ±	

0.06 nS, respectively, with a preference for state 2 and 3. These outcomes 
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most likely indicate the higher peptide freedom to assemble into different 

oligomeric states when the duplex is formed. 

 
Figure 13. (a) Single channel activity induced by Alm*-G3 at -100 mV. Aqueous phase 
was Tris-HCl 15 mM 1M KCl (pH=7). Concentration of the peptide and its complement 
is 2 nM. (b) The enlargement of the trace (indicated in the square) shows three 
different open levels. (c) Current histogram for Alm*-G3.  

 
Figure 14. (a) Single channel activity induced by Alm*-D3 at -100 mV. Aqueous phase 
was Tris-HCl 15 mM 1M KCl (pH=7). Concentration of the peptide is 2 nM. (b) The 
enlargement of the trace (indicated in the square) shows three different open levels. (c) 
Current histogram for Alm*-D3. 
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As the results showed a different behavior of Alm*-G3 compared to its 

duplex analog Alm*-D3, this scaffold proved to be suitable for sensing the 

presence of its complementary strand. Consequently, the single-channel 

activity of Alm*-G3 was studied upon addition of its complement in situ.  

However, only in some cases the addition of the complementary 

oligonucleotide caused a change in the conductance behavior of the 

conjugate.   Three conductance states at 0.17 ±	0.02, 0.50 ±	0.07 and 

1.14 ±	0.20 nS were detected (Figure 15), similar to what was observed 

for Alm*-D3. This result plausibly indicates that the formation of the 

duplex influences the self-assembly of the peptide. More specifically, the 

hybridization of the oligonucleotide headgroup results in the disruption of 

the G-4 structure, leading to a higher freedom of the peptide monomers 

to self-assemble into pores of different sizes. However, in other cases the 

addition of the complementary strand in situ did not change significantly 

the conductance behavior of Alm*-G3. The lack of response can be 

related to the small chances of the two oligonucleotides to easily interact, 

mainly due to the dilute conditions of the experiment. Future experiments 

should address these concerns by optimizing the concentration of the 

added oligonucleotide and/or increasing the recording time of the 

measurement. 

Comparison of the dwell times for state 2 indicates a mean lifetime 

around 1.11 ± 0.03 ms in the case of Alm*-G3. Upon hybridization with its 

complementary strand, the lifetime of the same substate becomes twice 

longer (2.06 ± 0.03 ms for Alm*-D3) (Figure 16). However, the same 

increase in the dwell time was not observed for the duplex formation in 

situ.  
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Figure 15. (a) Single channel activity induced by Alm*-G3 upon addition of an 
equimolar amount complementary strand (ODN-1) in situ at -100 mV. Aqueous phase 
was Tris-HCl 15 mM 1M KCl (pH=7). Concentration of the peptide is 2 nM. (b) The 
enlargement of the trace (indicated in the square) shows three different open levels. (c) 
Current histogram for Alm*-G3 after addition of its complementary strand. 

 

 
Figure 16. Open dwell time histograms (examples for the most probable substate) 
compared between Alm*-G3, Alm*-D3, Alm*-G3 + ODN-1 (level 2). The open lifetimes 
with respective probabilities (best fit to a single exponential) are indicated for each 
analog. 

 



Chapter 4 

100 

4.5 Conclusions 
 

The G-4 motif is an attractive scaffold to control the aggregation 

behavior of pore-forming peptides, such as Alm*, by means of 

supramolecular interactions. 

In the first part of the project the influence of the G-4 structure on the 

conductance behavior of Alm* was investigated. Two analogs of Alm*, 

bearing a G-4 motif as extramembrane segment of the peptide, were 

studied by single-channel recordings. The results obtained for both 

conjugates Alm*-G1 and Alm*-G2 demonstrated that the presence of a G-

4 motif affects the peptide oligomerization and the stability of the formed 

channels. Both conjugates formed pores with higher probability in the 

open state when compared with both Alm* and Alm*-T1, denoting the 

stabilizing role of the G-4 structure on pore lifetime and stability.  

Additionally, studies on these conjugates indicated that the linker 

length can influence the self-assembly of the peptide. Specifically, 

employing a shorter linker between the G-4 forming oligonucleotide and 

the peptide caused a drastic change in the observed conductance 

behavior of Alm*. A lower number of conductance states were detected in 

the case of Alm*-G2 compared to Alm*-G1. A longer and flexible linker 

might weaken the interaction between the G-4 forming oligonucleotide 

and subsequently decrease the stabilizing role of the G-4. Nevertheless, 

the pores formed by Alm*-G1 are predominantly characterized by a 

conductance of 0.2 nS (state 1) and 4.7 nS (state 5), which can be assigned 

to the tetramer and the octamer assembly respectively. In order to confirm 

these assumptions, the approach of template-assembled synthetic protein 

(TSAP)35 might be useful. Based on this strategy, a conjugate of Alm* with 

four monomers covalently tethered is synthesized, allowing for 

characterization of the tetramer pore conductance.  

In the second part of this study, the ability to detect the disassembly of 

the G-4 motif and the formation of a duplex was investigated, using 

analog Alm*-G3. Indeed the annealing of the oligonucleotide with its 

complementary strand resulted in a higher number of observed 
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conductance states, reflecting the larger freedom of the peptide to 

assemble into different oligomerization states. Preliminary data showed 

that addition of the complementary strand in situ generates a similar 

behavior. Although further studies are needed to confirm these results and 

optimize the recording conditions, the different behavior observed when 

the duplex is formed proves that the system is able to discriminate 

between the two different oligonucleotide conformations.  

In conclusion, the results presented in this chapter show the G-4 motif, 

can be used to modulate the self-assembly behavior of complex systems, 

such as pore forming peptides. The modular self-assembly and high 

stability of G-4s are translated into a defined aggregation behavior of the 

peptide. Additionally, the molecular recognition properties and 

programmability of DNA was exploited to alter the oligomerization state 

of the peptide in response to a DNA complementary strand. Since the 

system is responsive to a change in the oligonucleotide secondary 

structure, the same strategy can be used to sense the binding of G-4s or 

DNA aptamers with specific ligands. Further studies are necessary to 

optimize and characterize the system, but its potential application in the 

development of artificial ion channels and sensors is envisioned.   

 

4.6 Experimental section 
 
4.6.1 General remarks 

Chemicals were purchased from Sigma Aldrich or Acros and used without 

further purification. 1H-NMR and 13C-NMR spectra were recorded on a Varian 

400 MHz in CDCl3. Chemical shifts (δ) are denoted in ppm using residual 

solvent peaks as internal standard. Syntetic oligonucelotides were purchased 

from Biotez Berlin-Buch GmbH. ODN-1 (5’-3’): AACTACACTTAAACCC. 

Oligonucleotide concentrations were measured using Nanodrop 2000 

(Thermo Fisher Scientific). The extinction coefficients of the oligonucleotides 

(ε260) were calculated by Oligo Analyzer 3.1 from IDT (Integrated DNA 

Technologies). Alm*: Ac-LPLALAQLVGLLPVLLEQFC-NH2 was purchased from 

Bachem GmbH (Germany). Phospholipids1-palmitoyl-2-oleoyl-sn-glycero-3-
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phosphocholine (POPC) and 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine 

(DOPE) were purchased from Sigma-Aldrich (St. Louis, MO). Reversed-phase 

HPLC (RP-HPLC) purifications were performed on a Shimadzu LC-10AD VP 

using a XTerra MS C18 column (4.6 x 150 mm, particle size 3.5 μm) from 

Waters Corporation. 0.1 mM triethylammonium acetate (TEAA) at pH=7.0 

(solvent A) and acetonitrile (solvent B) were used as the mobile phase at a flow 

rate of 0.5 mL/min. Gradient: 30% B for 7 min, linear gradient to 70% B in 8 

min, to 100% B in 15 min, isocratic for 7 min. Re-equilibration of the column at 

5% B for 7 min. The column was heated to 60˚C. UPLC-MS on the conjugates 

was performed on a Acquity TOF Detector (ESI TOF- MS) coupled to Waters 

Acquity Ultra Performance LC using a Acquity BEH C4 (1.7 µm 2.1 x 150 mm). 

15 mM TEAA at pH=7.2 (solvent A) and methanol (solvent B) were used as the 

mobile phase at a flow rate of 0.2 mL/min. Gradient A: 95% A for 5 min, linear 

gradient to 5% A in 5 min. Re-equilibration of the column at 95% A for 5 min. 

Gradient B: 95% A for 5 min, linear gradient to 5% A in 10 min. Re-

equilibration of the column at 95% A for 5 min. The ESI ion source was 

operated in negative mode and mass spectra were collected between 500 

and 5000 m/z. UPLC-MS chromatograms were analyzed with MassLynx V4.1. 

Circular dichroism (CD) spectra were recorded on Jasco J-815 

Spectropolarimeter.  

 
4.6.2 Synthesis of 6-(maleimido) hexanoic acid N-hydroxysuccinimide 
ester (1) 

6-(maleimido) hexanoic acid N-hydroxysuccinimide ester was synthesized 

according to a reported literature procedure.36 
1H-NMR (400 MHz, CDCl3) δ 6.69 (s, 2H), 3.53 (t, J = 7.2 Hz, 2H), 2.83 (s, 4H), 
2.60 (t, J = 7.4 Hz, 2H), 1.83 – 1.72 (m, 2H), 1.67-1.60 (m, 2H), 1.45 – 1.34 (m, 
2H). 
 
4.6.3 Synthesis of maleimide-functionalized oligonucleotides 

The amino-modified oligonucleotide was solubilized in 300 μL of 200 mM 

NaH2PO4 pH=7 and 150 μL of the solution of 1 in DMF (20 mg/mL) were 

added. The final concentration of the oligonucleotide was 200 μM. The 

reaction was vortexed at room temperature for 3h. The functionalized DNA 

was purified by size-exclusion chromatography (NAP-10, GE Healtcare) using 
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triethylamine acetate (TEAA) buffer 50 mM pH=7.2. The collected fractions 

were immediately analyzed by UPLC-MS (TOF) (gradient A) and lyophilized, to 

avoid hydrolysis of the maleimide. 

 
Table 2.  ESI(-) of the maleimide-functionalized oligonucleotides from UPLC-MS (TOF). 

Oligonucleotide 
 

MWobserved (Da)* MWcalculated (Da) Rt (min) 
G1 2208.4 2210.5 5.9 
T1 2167.4 2169.6 6.2 
G2 1862.6 1864.3 5.6 
G3 5327.1 5326.6 5.6 

*calculated from the observed [M-2H]2- or [M-3H]3-
 

 

4.6.4 Synthesis of the Alm*-DNA conjugates 
The maleimide-modified oligonucleotide was dissolved in 300 μL TEAA 

buffer 50 mM pH=7.2. To this solution 200 μL of the peptide in DMF (10 

mg/mL) was added. Final concentrations: 100 μM oligonucleotide, 1 mM 

Alm*. Both the solution of DNA and peptide were flushed under nitrogen 

atmosphere before mixing them together. The reaction was mixed overnight 

at room temperature. The crude mixture was purified by RP-HPLC and the 

product was characterized by UPLC-MS (TOF) (gradient B). 
 
Table 3. ESI(-) of the synthesized Alm*-DNA conjugates from UPLC-MS (TOF). 

Compound 
 

MWobserved (Da)* MWcalculated (Da) Rt (min) 
Alm*-G1 4509.9 4515.5 12.4 
Alm*-T1 4468.5 4475.5 12.4 
Alm*-G2 4163.5 4170.2 12.5 
Alm*-G3 7606.1 7617.5 12.6 

*calculated from the observed [M-2H]2- or [M-3H]3-
 

 
2.6.5 Annealing procedure for the G-4 formation 

The purified conjugates were solubilized in 30 mM Tris-HCl, 80 mM KCl, 

pH=7.2 and then heated to 90˚C for 15 min. The solution was slowly cooled to 

room temperature and then stored at 4˚C overnight. 

 
4.6.6 General procedure for CD measurements 

The CD measurements were performed after annealing of the samples. 

The CD signal was measured in the range between 220 nm and 350 nm in 
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continuous mode. The measured CD spectra were corrected for the 

concentration of the samples using the following equation: 

𝜃 =
100× 𝜃
𝐶 × 𝑙 

  [𝑐𝑚!𝑑𝑚𝑜𝑙!!] 

where θ is the ellipticity in degrees, 𝐶 is the concentration in M and 𝑙 is the 

pathlength in cm.  

 
4.6.7. Electrophysiological recordings and data analysis 

An aperture of about 100 μm in diameter was created in a polytetrafluoro-

ethylene film (Goodfellow Cambridge Limited) by applying a high-voltage 

spark. After application of a drop (~10 μL) of a 5% hexadecane/pentane 

solution to the aperture and a short waiting period, in order to allow pentane 

to evaporate, 500 μL of Tris-HCl 15 mM KCl 1M pH=7, was added to both 

sides of the film. A drop of about 10 μL of mixed solution of POPC/DOPE (7/3) 

dissolved in pentane (20 mg/mL), was then added on top of the buffer on 

both sides. After pipetting up and down, a folded bilayer formed 

spontaneously with a capacitance between 80 and 90 pF. Experiments were 

performed at room temperature (~23 °C). Before starting each measurement, 

stability of the bilayer was checked by applying a trasmembrane potential of -

150/-180 mV. Addition of the sample was done on the cis side of the planar 

lipid bilayer. Electronic signals were amplified using an Axopatch 200B 

(Molecular Devices) with digitization performed with a Digidata 1440 (Axon 

Instruments). A low-pass 10 kHz Bessel filter was applied upon recording with 

50 kHz sampling rate. Clampex and Clampfit (Molecular Devices) and 

Microsoft Excel were used for recording and data analysis, respectively. Dwell 

time analysis was performed using the single channel analysis feature in 

Clampfit. The obtained histograms were fitted using single or double 

exponential function.  
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