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Abstract 

Nanopores comprise a versatile class of membrane proteins that carry out a range of key 

physiological functions and are increasingly exploited in many biotechnological applications. 

Yet, a capacity to study and engineer nanopores in the context of live cells has so far been 

hampered by a lack of suitable assays that provide sufficient experimental resolution and 

throughput. Addressing this technological gap, a newly developed Functional Nanopore (FuN) 

Screen now provides a highly quantitative read-out of nanopore function in E. coli. The assay 

is based on genetically-encoded fluorescent protein (FP) sensors that resolve the nanopore-

dependent influx of Ca2+ across the inner membrane of E. coli. The FuN Screen is 

subsequently applied to dissect the molecular features that underlie the formation of 

nanopores by the S2168 holin. This membrane peptide plays a critical role in the S21 

bacteriophage life cycle as it assembles into defined nm-sized nanopores to initiate lysis of 

the host cell. Genetic mapping experiments complemented with high-resolution electrical 

recordings shedding detailed light on the molecular determinants that underlie the formation 

of S2168 nanopores in the inner membrane. Overall, the FuN Screen is anticipated to facilitate 

both fundamental studies of nanopore functions and the construction of nanopores with 

tailored properties and function in E. coli. 
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Introduction 

Nanopores comprise a versatile class of membrane proteins that form aqueous channels 

across cellular membranes and thus facilitate the passage of polar and charged molecules 

across an otherwise impermeable barrier. As part of their natural function, nanopores mediate 

important physiological functions such as cell lysis1 or the permeation of antibiotics2. Recent 

years also witnessed the development of nanopores for different biotechnological 

applications3, most prominently in the context of biosensing4, DNA sequencing4 and single 

molecule studies5. Notable nanopore scaffolds include oligomeric toxins such as αHLA6–8, 

MspA9, FraC10,11 and ClyA12, bacterial outer membrane proteins such as FhuA13–15 and 

OmpG16,17 and several self-assembling membrane peptides18–21.  

With a number of scaffolds emerging that can be used to engineer nanopores, their functional 

characterisation remains technically challenging, and has primarily been limited to 

electrophysiological methods in reconstituted lipid bilayers22. Highly preferable are genetic 

screening and selection systems that provide a quantitative and time-resolved read-out of 

nanopore function and are readily scalable in terms of throughput. Yet, progress in this regard 

has been hampered for several reasons: Firstly, considering their propensity to form aqueous 

channels, nanopores are toxic and therefore cannot be easily expressed in recombinant hosts. 

In addition, nanopores frequently comprise large, integral membrane proteins that rely on lipid 

environments for their functional expression and may require additional accessory factors to 

efficiently insert into cellular membranes. 

Otherwise, in a few limited instances, genetic screening and selection systems such as 

liposome display8 or a haemolytic assay12 have been limited by technically challenging 

protocols that either rely on artificial cell-like compartments generated by means of in vitro 

compartmentalisation, or require expensive reagents such as red blood cells to assay 

nanopore functions on specialised target membranes. The latter has also been limited to 

bacterial toxins that rely on positive target membranes while reconstituted systems do not fully 

recapitulate important functional properties such as membrane potential8. 

Addressing this technological gap, a functional nanopore (FuN) assay now provides a facile, 

quantitative and time-resolved read-out of nanopore function in genetically-tractable 

Escherichia coli. Following experimental validation, the FuN screen is applied to dissect the 

key functional properties that underlie nanopore formation by the S2168 holin23. Notably, the 

FuN Screen is able to resolve dynamic properties of nanopore functions in an in vivo context. 

Overall, the FuN Screen is anticipated to enable both complex engineering endeavours and 

foundational studies that aim to dissect the genetic and molecular features that underlie the 

functional properties of nanopores. 
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Materials and Methods 

 

General Recombinant DNA Work 

The DNA coding for the G-GECO fluorescent sensors, different nanopores incl. ion channels 

and thereof derived libraries was either purchased from public repositories (Addgene) or 

commercially synthesized as ssDNA (Sigma-Aldrich) or gBlocks (IDT DNA Technologies). 

DNA constructs for the expression of FP sensors and different nanopores were typically 

generated by means of conventional restriction-digestion-ligation cloning, Gibson Assembly24 

or iFLinkC25. Expression constructs were generally based on the pPro2426,27 and the pCtrl2 

backbones which was developed from pACYCT228. Constructs were generally cloned in 

conventional DH10B (New England Biolabs) cloning strains before being transformed, 

expressed and assayed in BL21 (DE3) (New England Biolabs).  

 

The FuN Screen Assay Principle 

The nanopore and the FP sensor were expressed under the control of IPTG and propionate-

inducible promoters from two separate expression plasmids that have been derived from the 

pPro24 and pCtrl2 backbones. Briefly, plasmids coding for the G-GECO29 reporter and the 

nanopore of interest were co-transformed into BL21 (DE3) cells and plated on LB agar plates 

supplemented with 100 µg/mL ampicillin (AMP) and 25 µg/mL chloramphenicol (CHL).  

For spectroscopic screening, individual colonies were used to inoculate 300 µL lysogeny broth 

(LB) medium supplemented with 100 µg/mL AMP and 25 µg mg/mL CHL and grown overnight 

in 96 deep-well plates at 37 ˚C and 1300 rpm. The following day 3.5 µL cell suspension was 

added to 196.5 µL LB supplemented with 25 mM sodium propionate pH 8.0, 100 µg/mL AMP 

and 25 µg/mL CHL in 96-well black microtitre plates with transparent bottom. Plates were 

incubated in a spectroscopic microtiter plate reader (TECAN Spark) at 30 ̊ C with fluorescence 

and OD600 measurement every 3 minutes while being shaken at 180 rpm. Following 110 min 

of incubation, nanopore expression was initiated by adding 0.5 mM IPTG. The development 

of the fluorescent signal was measured through Ex. 480 ± 10 nm and Em. 525 ± 10 nm (Gain 

60) along with the OD600 to assess cellular integrity. For quantitative analysis, the developing 

fluorescent signal was fit to Eq. 1 through non-linear regression. 

 

Eq. 1   𝒇(𝒙) = 𝑩𝒐𝒕𝒕𝒐𝒎+
𝑻𝒐𝒑

𝟏+𝒆

−(𝒙−𝑻𝟏/𝟐)

𝑺𝒍𝒐𝒑𝒆
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For EDTA quench experiments, 5 mM EDTA was added approximately 15 min after the 

fluorescent signal saturated and cells stopped to divide as judged by the OD600. The 

decreasing fluorescent signal was then measured through Ex. 480 ± 10 nm and Em. 525 ± 10 

nm (Gain 60). The time point at which the fluorescent signal reached the basal level was then 

used to assess the stability of the nanopore. 

For microfluidic analysis, individual colonies were used to inoculate 2 mL lysogeny broth (LB) 

supplemented with 100 µg/mL AMP and 25 µg mg/mL CHL and grown overnight in culture 

tubes at 37 ˚C and 180 rpm. The following day, 200 µL of this overnight suspension was used 

to inoculate 10 mL LB supplemented with 100 µg/mL AMP and 25 µg mg/mL CHL, and grown 

for 2 hours at 37 °C and 180 rpm. The cells were then centrifuged at 11,000 × g for 1 min and 

washed once with fresh LB medium. After a second centrifugation step at 11,000 × g for 1 min 

cells were resuspended in 100 µL sterile filtered LB supplemented with 100 µg/mL AMP and 

25 µg mg/mL CHL. This suspension was used to seed a microfluidic chamber (manufactured 

by Wunderlichips GmbH, Zürich, Switzerland). Cells were grown at 37 °C and a flow rate of 4 

µL/min controlled by a Flow EZ device (Fluigent) until a sufficient cell count was reached. The 

LB medium supplemented with 100 µg/mL AMP and 25 µg mg/mL CHL was then changed to 

LB medium supplemented with 100 µg/mL AMP, 25 µg mg/mL CHL and 25 mM sodium 

propionate pH 8.0 to induce the G-GECO1 expression at 30 °C and a flow rate of 4 µL/min. 

After 110 minutes, the medium was changed again to LB medium supplemented with 100 

µg/mL AMP, 25 µg mg/mL CHL, 25 mM sodium propionate and 0.5 mM IPTG to induce 

nanopore expression. The developing fluorescent signal was monitored by means of a wide-

field fluorescence microscope with a 480 ± 5 nm ex. laser (Huebner GmbH) with appropriate 

filters F58-019 (Dichroic Mirror) and em. F57-019 GFP/mCherry Dualband filter (AHF 

Analysentechnik. The design of the microfluidic incubation chamber for cultivating E. coli was 

adopted from previous studies30. 

 

Chemical Synthesis of S2168 Holin Variants 

The S21 holin variants, S2168, S2110-68, S2124-68 und S2130-38 peptides were synthesized on 

an INTAVIS MultiPep CF peptide synthesizer using a standard Fmoc-SPPS protocol on 

TentaGel® rink amide resin with a loading capacity of 0.21 mmol/g and N,N,N′,N′-tetramethyl-

O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU, 5 equivalents relative to 

loading capacity) as a coupling reagent. The base 4-Methylmorpholine (NMM) in DMF was 

used in 2-fold excess to amino acids and coupling reagent. Each amino acid was attached by 

double coupling each 45 min at 60°C. The Fmoc- group deprotection was carried out twice by 

20% piperidine in DMF. All coupling and Fmoc-deprotection steps were followed by intensive 

washing of the resin with DMF and dichloromethane. For the S2168 peptide, four 
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pseudoprolines were inserted as described earlier.31 At positions 15-16; 40-41 Gly-

Ser(Psi(Me,Me)pro)-OH, at position 50-51 Leu-Thr(Psi(Me,Me)pro)-OH, at position 28-29 Val-

Ser(Psi(Me,Me)pro)-OH and at position 4-5 Ile-Ser(Psi(Me,Me)pro)-OH were inserted. 

Furthermore, co-solvent N-methylpyrrolidone (NMP) (10% v/v) was added to the coupling 

mixture and capping by 5% acetic anhydride (Ac2O) in DMF was performed after every 10th 

coupling cycle. All peptides were cleaved from the resin as described previously.32   

Peptides were purified by high-performance liquid chromatography (RP-HPLC) employing a 

Waters 1525 binary pump and a Waters 2998 PDA detector on a customized Waters 600 

module equipped with a Waters 996 PDA detector (Waters, Milford, MA, USA). The gradient 

elution system was 0.1% trifluoracetic acid (TFA) in water (eluent A) and 0.1% TFA in 

acetonitrile (eluent B). The peptides S2110-68, S2124-68 und S2130-68 were eluted on a 

MultoKrom® 100-5 C18 column (250 x 20 mm) column with a linear gradient of 25-60% eluent 

B for 10 min followed by gradient 60-80% eluent B for 60 min with a flow rate of 8 mL/min. 

Peptide S2168 was eluted on a MultoHighBio® 100-5 C4 column (250 x 20 mm) with a linear 

gradient of 40-90% eluent B in 120min with a flow rate of 8 mL/min. The peaks were detected 

at 214 nm. Collected fractions were combined, freeze-dried and stored at -28°C. 

The purity of the collected fractions was confirmed by analytical RP-HPLC on a Waters XC 

e2695 system (Waters, Milford, MA, USA) employing a Waters PDA 2998 diode array detector 

equipped with an ISERA® C18 (50 x 4.6 mm, 5.0 μm) column. Peptides S2110-68, S2124-68 

und S2130-68 were eluted with a gradient of 50% - 90% eluent B in 10 min at a flow rate of 2 

mL/min (detection at 214 nm). For peptide S2168, Vydac® C4 (150 x 4.6 mm, 5µm) column 

was used, with a gradient of 40−90% eluent B over 30 min at flow rate of 1 mL/min (detection 

at 214 nm). The molecular weight of the purified peptides was confirmed by ESI mass on a 

Waters Synapt G2-Si ESI mass spectrometer equipped with a Waters Acquity UPLC system. 

 

Electrophysiological Characterisation of S21 Holin Variants 

The pore-forming properties of wildtype S2168 and thereof derived holin variants S2110-68, 

S2124-68, and S2130-68 were functionally characterised in a vertical bilayer set up at room 

temperature as previously described33. Chambers were connected with Ag/AgCl electrodes to 

the head-stage of a patch clamp amplifier L/M-EPC-7 (List-Medical). Applied membrane 

potentials were referenced to the cis compartment. Current traces were filtered at 1 kHz and 

digitized with a sampling frequency of 5 kHz by an A/D-converter LIH 1600 (HEKA Elektronik). 

Both chambers were filled with 100 mM KCl 10 mM HEPES pH 7.0 and 1,2-diphytanoyl-sn-

glycero-3-phosphocholine (DPhPC) bilayers were formed by air bubble technique33. Nanopore 

peptides were dissolved in DMSO with a concentration of 100 mg/mL and stored up to 3 weeks 

at 4°C. For bilayer measurements 1 µL of the stock solution was diluted in 1000 µL 100 mM 
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KCl 10 mM HEPES pH 7.0 and 5-10 µL were added directly above the bilayer in the trans 

compartment with a Hamilton syringe. Following successful insertion and assembly of 

nanopore several rounds of a voltage protocol were applied with 100 mV for 5 sec followed by 

-100 mV for 5 sec. 

 

Results 

 

A Genetic Reporter Assay to Screen for Nanopore Function in High-Throughput 

To assay protein nanopore function in high-throughput, a reporter-based genetic screening 

system was developed (Fig. 1). Briefly, the assay relies on genetically-encoded Ca2+ 

indicators for optical imaging (GECOs)29 to resolve the nanopore-dependent influx of Ca2+ into 

the cytoplasm of E. coli and thus provides a time-resolved optical read-out of nanopore 

function. To minimise delays in the signal associated with the maturation of the fluorophore, 

the assay was established with the green fluorescent G-GECO29. To ensure independent 

control over the expression of the reporter and the nanopore, transcriptional units were placed 

on separate plasmids with compatible origins of replications while their transcription was 

initiated with E. coli and T7 RNA polymerases under the control of propionate and IPTG-

inducible promoters. 

  

Validation of the FuN Screen Assay Principle 

Once a set of expression constructs was established, the FuN Screen was experimentally 

validated. In particular, it was examined whether the fluorescent signal associated with a Ca2+-

dependent influx is specific to the functional properties of distinct nanopores and ion channels. 

To this end, the S2168 holin23, the T4 holin34 and the KCVNTS channel35,36 served as model 

nanopores and ion channels. Briefly, the T4 holin and the S2168 holin both derive from 

bacteriophages where they initiate cell lysis by forming nm- to µm-sized pores in the inner 

membrane of E. coli37. In contrast, the KCVNTS channel derives from Chlorella virus and exerts 

a high selectivity for K+ ions and thus provides a suitable negative control. To afford a 

quantitative measure of nanopore function, the resultant fluorescent signal was empirically fit 

to Eq. 1 where the slope and the time T½ required to reach half the signal provide a measure 

for nanopore formation (Fig. 2). In addition, the OD600 was monitored as an independent 

parameter to assess cellular integrity following expression of a nanopore. 

Crucially, the expression of S2168 and the T4 holin triggered a strong increase in the 

fluorescent signal while the K+-selective KCVNTS channel did not (Fig. 2). In addition, the 

fluorescent signal can be readily reversed by adding EDTA which triggers a rapid drop in the 

signal for both the T4 holin and S2168 (Fig. 2). Differences were however observed in terms 
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of the OD600 which dropped sharply for the T4 holin but declined more gradually for S2168. 

These differences can be attributed to different effects on cellular integrity as the T4 holin 

forms large µm-sized holes that cause a cell to disintegrate38 in contrast to S2168 which forms 

smaller and defined nm-sized pores leaving the cell intact for a prolonged period of time39. 

To examine how the expression of a functional nanopore affects the structural integrity of the 

cell and how it correlates with the developing fluorescent signal, the expression of individual 

nanopores was examined by fluorescence microscopy at single cell resolution in a microfluidic 

incubation chamber (Fig. 3). In all cases, cells rapidly stopped to divide while the fluorescent 

signal averaged across the incubation chamber generally matched the course of the 

fluorescent signal observed by fluorescence spectroscopy in microtitre plates (Fig. 2). 

Notably, the expression of the T4 holin and S2168 triggered a strong early increase in the 

fluorescent signal within 80-100 min before gradually fading in the case of S2168 (as a result 

of bleaching). In terms of the structural integrity of the cell-envelope, cellular structures 

disappear for the T4 holin as it forms µm-sized holes that trigger cell lysis and enable the G-

GECO to diffuse out of the cell. In contrast, cellular structures remain visible and intact for 

prolonged periods of time in case of S2168 and KCVNTS. Furthermore, only a very late increase 

in the fluorescent signal was observed for KCVNTS at 380 min as membrane homeostasis 

eventually breaks down leading to an influx of Ca2+ into the cell. 

 

Dissecting S2168 Nanopore Activation 

With an elementary fluorescence-based assay established, the FuN Screen was applied to 

dissect the molecular features that underlie the formation of S2168 nanopores (Fig. 4). The 

current mechanism hypothesises that S2168 along with its cognate anti-holin S2171, which 

features an additional three amino acid cytoplasmic anchor at its N-terminus, initially 

accumulate as inactive, anti-parallel α-helical heterodimers in the inner membrane of E. coli40. 

Upon reaching a critical concentration, the N-terminal transmembrane domain, termed TMD1, 

flips across the inner membrane to initiate the assembly of heptameric nanopores23 (Fig. 4B). 

Yet, little is known which molecular features control the translocation of TMD1 across the inner 

membrane and subsequently mediate the stability of the S2168 nanopore. 

Thus, to gain a more quantitative understanding of the molecular features underlying the 

formation of S2168 nanopores while demonstrating the exquisite quantitative and temporal 

resolution of the FuN Screen, the two most N-terminal residues D2 and K3 were substituted 

with 17 different amino acids and their effect on the formation of S2168 nanopores quantified 

in terms of T½ (Fig. 5A and Fig. 5B). Note, Met and Cys were omitted to prevent artefacts that 

may arise through an alternative start codon and the formation of disulphide bridges in the 

periplasm. Substitutions generally had a greater effect on K3 relative to D2. Furthermore, the 
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results could be rationalised with empiric rules previously defined for the folding of membrane 

proteins41,42. This means, all substitutions in K3 except for Arg significantly accelerated the 

formation of S2168 nanopores. This suggests that positively charged side chains anchor the 

N-terminus in the cytoplasm via electrostatic interactions with the negatively charged head 

groups of the phosphate lipids43 and thus delay translocation of TMD1 across the inner 

membrane. Conversely, hydrophobic and negatively charged side chains assisted by the 

membrane potential facilitate the translocation of TMD1 across the membrane. In comparison, 

substitution of D2 generally had a lesser effect on the propensity of S2168 to form nanopores. 

This means, hydrophobic amino acids Ile, Leu and Phe slightly accelerated nanopore 

formation while polar residues slowed the formation of S2168 nanopores upon removal of the 

native D2 negative charge, which drives translocation assisted by the negative membrane 

potential. Similar phenomena were previously observed in the folding of membrane and 

defined as the ‘positive-inside’ and ‘negative-outside’ rules41. 

To dissect the capacity of individual mutants to insert, activate and form stable nanopores, the 

functional properties of S2168 nanopores were analysed by means of EDTA quench 

experiments following saturation of the fluorescent signal when cells stopped to divide and no 

further nanopores were expressed. Considering nanopores have already formed at this stage, 

the fluorescent signal becomes independent of insertion and activation, but primarily depends 

on the functional properties of assembled nanopores in the membrane. Again, striking 

differences were observed for substitutions in K3 (Fig. 5D and Fig. 5F) but not D2 (Fig. 5C 

and Fig. 5E). This time however, the ability to quench the fluorescent signal by EDTA strongly 

correlated with hydrophilic/hydrophobic nature of the amino acid side chains (Fig. 5D and Fig. 

5F). This means, hydrophilic residues were generally comparable to K3 as the fluorescent 

signal was rapidly quenched upon addition of EDTA. In contrast, hydrophobic substitutions 

showed a marked increase in the time required to quench the fluorescent signal implying that 

the resultant nanopores are less stable slowing down the effusion of Ca2+ out of the cell. 

Overall, these results highlight a dual role for K3 in the formation of S2168 nanopores as it 

initially delays activation, but subsequently ensures stability. 

 

Delineating Minimal Pore Forming Motifs of S2168 

In a second set of experiments, S2168 was systematically truncated to identify the molecular 

features that are necessary and sufficient to form nanopores. To this end, TMD1 was truncated 

in increments of two amino acids and their propensity to form nanopores quantified in terms 

of T½ (Fig. 6A). Notably, nanopore formation decreased upon removal of D2 (see S212-68) but 

was quickly regained following deletion of K3 and I4 (see S214-68). This result further 

confirmed the anchoring role of K3 that exerts an inhibitory effect that is partially offset by the 
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negative charge of D2. A very strong propensity to form nanopores was subsequently 

maintained until deletion of the aromatic, hydrophobic patch YWFLQW (see S2124-68) and 

partially regained following removal of the hydrophilic LDQVSPSQ loop connecting TMD1 with 

TMD2 (see S2130-68). This could either arise through a decelerated formation of S2168 

nanopores or reduced stability. 

To examine this aspect further, truncation mutants were subject to EDTA quench experiments 

to assess their propensity to form nanopores independent of expression, insertion and 

activation kinetics. Notably, once K3 was deleted, truncation mutants formed less stable 

nanopores as judged by decreased quench rates upon addition of EDTA (Fig. 6A and Fig. 

6C). This suggests that the enhanced ability of truncation mutants to form nanopores as 

judged by the T½ is primarily enabled by a better ability of the N-terminus to translocate across 

the membrane while the actual pores turn out less stable. This becomes particularly obvious 

when comparing the course of the fluorescent signal for S2168 and S212-68 with S2124-68 and 

S2130-68 which display comparable T½, but different EDTA quench rates. 

 

Electrophysiological Characterisation of Minimal S2168 Holin Motifs 

To gain a more quantitative understanding of N-terminal truncations and verify observations 

made in the FuN Screen using a complementary experimental technique, four representative 

truncations S2168, S2110-68, S2124-68, and S2130-68 were chemically synthesized and 

electrophysiologically characterised in reconstituted vertical lipid bilayer membranes in vitro 

(Fig. 7A). Notably, electrical recordings demonstrate a good correlation with the fluorescent 

signal observed in the FuN screen highlighting its physiological relevance. This means, 

judging by the average conductivity, S2110-68 displayed the strongest propensity to insert and 

assemble into functional nanopores (Fig. 7B). Furthermore, distinct functional states can be 

observed for S2168, S2110-68 and S2124-68 (Fig. 7A). In contrast, the shortest truncation 

S2130-68 only displayed poorly defined pores with characteristic spikes reflecting the transient 

nature of the nanopores. Overall, these results confirm that TMD2 of S2168 is necessary and 

sufficient to form nanopores albeit very transient ones while the very N-terminus of S2168 

determines its stability as judged by the duration and number of distinct conductive states. 

 

Discussion 

Nanopores comprise a versatile class of membrane proteins that carry out a range of key 

physiological functions and are increasingly exploited for different biotechnological 

applications. Yet, the limited capacity to assay nanopores in the context of live cells in a 

quantitative and time-resolved fashion has so far hampered both fundamental studies to 

understand the molecular and genetic features that underlie the functional properties of 

nanopores and more sophisticated engineering endeavours. 
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Addressing this technological gap, nanopores can now be studied and engineered by means 

of the FuN Screen. The assay relies on the nanopore-dependent influx of Ca2+ that is resolved 

with genetically-encoded Ca2+-specific FP sensors. Crucially, the assay recapitulates the 

functional properties of different nanopores and ion channels as it is specific for Ca2+ while the 

K+ permeable KCVNTS channel does not generate a fluorescent signal. Furthermore, the FuN 

Screen carries a number of unique and advantageous feature. First of all, its read-out is 

compatible with different optical read-outs, for instance, based on fluorescence spectroscopy 

in microtitre plates for medium throughput, or fluorescence microscopy in a microfluidic 

incubation chamber for high-resolution studies at single cell level. Secondly, all components 

are genetically-encoded and therefore do not rely on external reagents. Thirdly, experimental 

protocols are simple and can be readily realised in any molecular biology lab. Finally, the FuN 

Screen is highly quantitative and capable of resolving the dynamic properties underlying the 

formation of nanopores in the context of E. coli. 

The capacity of the FuN Screen is demonstrated by dissecting the molecular features that 

underlie the insertion, activation and stability of S2168 nanopores. In this regard, early genetic 

and recent biophysical studies hypothesized that TMD2 is necessary and sufficient to form 

functional nanopores while the N-terminal affects the efficiency of activation44–48. Truncation 

experiments by means of the FuN Screen complemented by electrophysiological 

characterisation of chemically synthesized peptides confirm that TMD2 is necessary and 

sufficient to form nanopores in the inner membrane of E. coli albeit very transient ones. This 

means, portions of TMD1 and particularly the very N-terminus of TMD1 confer stability. 

Notably, systematic truncation and randomisation of the S2168 N-terminus unveil a dual role 

for K3 regulating timing, but also the stability of S2168 nanopores. Notably, both the deletion 

and substitution of K3 (with the exception of Arg) rapidly accelerate nanopore formation as it 

no longer anchors the N-terminus of TMD1 in the cytosol via electrostatic interactions with the 

charged phospholipid headgroups. At the same time, it positively contributes to the stability of 

S2168 nanopores. Genetic data implies a need for the N-terminus to be hydrophilic possibly 

favouring solvation in the periplasm as hydrophobic residues result in less stable nanopores.  
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Figures and Captions 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Schematic overview of the FuN Screen assay principle. Following the expression of a 

nanopore in E.coli and its functional assembly, Ca2+ ions flow across the inner membrane 

into the cytoplasm. The influx of Ca2+ is experimentally resolved by G-GECOs and provides 

a quantitative and time-resolved fluorescent read-out of nanopore function in E. coli. 
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Fig. 2: Experimental validation of the FuN Screen by fluorescence spectroscopy in microtitre 

plates. The expression of different nanopores S2168, T4 holin, and KCVNTS is induced with 

IPTG which subsequently triggers a strong increase in the fluorescent signal for S2168 and 

the T4 holin, but not KCVNTS demonstrating that an influx of Ca2+ correlates with the 

functional properties of a nanopore. The fluorescent signal can be reversed by adding 

EDTA. 
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Fig. 3: Experimental validation of the FuN Screen assay principle by fluorescence 

microscopic measurements following incubation of cells in a microfluidic incubation chamber. 

(A) Correlating the developing fluorescent signal for S2168 holin, the T4 holin and KCVNTS 

channel with cellular physiology at single cell resolution, which demonstrates that cellular 

integrity remains intact upon expression of S2168 and the KCVNTS channel, but not the T4 

holin; (B) Quantitative comparison of the developing fluorescent signal averaged across the 

microfluidic incubation chamber. In contrast to KCVNTS, the expression of the S2168 and the 

T4 holin trigger a rapid increase in the fluorescent signal demonstrating the functional 

specificity of the FuN Screen read-out. 
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Fig. 4: Structural organisation of the S2168 holin. (A) Primary structure of the S2168 holin. 

Transmembrane regions are denoted in red while cytoplasmic and periplasmic regions are 

denoted in grey. (B) Simplified mechanism of nanopore formation by S2168. Upon 

expression and reaching a critical concentration in the inner membrane, the N-terminal 

transmembrane domain (TMD1) flips across the inner membrane to initiate the assembly of 

defined heptameric nanopores stabilizing it in the membrane. 
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Fig. 5: Probing the contribution of N-terminal residues in the formation and stability of S2168 

nanopores. (A, B) Summary of T½ for systematic substitutions of D2 and K3. Substitution of 

D2 is largely insensitive to mutations. In contrast, all substitutions of K3 except Arg lead to 

an acceleration of nanopore formation highlighting the role of positive charges which anchor 

the N-terminus in the cytoplasm and delay the formation of nanopores; (C, D) Summary of 

EDTA quench experiments for systematic substitutions of D2 and K3; D2 is largely 

insensitive to mutations. In contrast, hydrophilic substitutions of K3 maintain the stability of 

nanopore while hydrophobic substitutions form less stable nanopores as judged by 

prolonged EDTA quench rates. The time required to quench the fluorescent signal was 

defined as the time required for the fluorescent signal to drop to the base level (identified 

manually); (E, F) Representative kinetic traces of EDTA quench experiments. For the wild-

type S2168 as well D2 substitutions, the signal is quenched immediately upon addition of 5 

mM EDTA while substitutions of K3 with Val and Trp prolonged the quenching time. 
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Fig. 6: Delineating the minimal pore-forming motif of S2168. (A) Summary of T½ for 

systematic N-terminal truncations. Following deletion of K3 the ability to form nanopores is 

enhanced before deletion of a hydrophobic patch starting with truncation mutant S2122-68; 

(B) Summary of EDTA quench experiments for N-terminal truncations looking to assess the 

stability of truncation mutants independent of expression, insertion and activation kinetics. 

Following deletion of K3, truncation mutants are destabilised as judged by a prolonged time 

to quench the fluorescent signal upon addition of EDTA; The time required to quench the 

fluorescent signal was defined as the time required for the fluorescent signal to drop to the 

base level (identified manually); (C) Representative kinetic traces of EDTA quench 

experiments. For the wild-type S2168 the signal is quenched immediately upon addition of 5 

mM EDTA. 
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Fig. 7: Electrophysiological characterisation of the S2168 holin and selected truncation 

mutants. (A) Summary of representative electrical recordings; The closed and open states 

are indicated as C and O; (B) The average current of individual truncation mutants correlates 

with the T½   observed in the FuN Screen as S2110-68 enables on average the greatest 

conductivity. The average current of a single 5 sec -100 mV or +100 mV protocol is indicated 

by a blue dot and orange lines mark the median. 

 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 20, 2021. ; https://doi.org/10.1101/2021.04.20.440580doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.20.440580
http://creativecommons.org/licenses/by/4.0/

