b university of ;”g////; . —
L : e % niversity Medical Center Groningen
773 groningen g”,//

University of Groningen

Strategies for enzymological studies and measurements of biological molecules with the
cytolysin A nanopore

Wiloka, Carsten; Galenkamp, Nicole S; van der Heide, Nieck J; Lucas, Florian L R; Maglia,
Giovanni

Published in:
Methods in Enzymology

DOI:
10.1016/bs.mie.2021.01.007

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

WiIoka, C., Galenkamp, N. S., van der Heide, N. J., Lucas, F. L. R., & Maglia, G. (2021). Strategies for
enzymological studies and measurements of biological molecules with the cytolysin A nanopore. Methods
in Enzymology, 649, 567-585. https://doi.org/10.1016/bs.mie.2021.01.007

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.


https://doi.org/10.1016/bs.mie.2021.01.007
https://research.rug.nl/en/publications/bdee306b-d532-4f25-9cbb-8f3529b5691d
https://doi.org/10.1016/bs.mie.2021.01.007

CHAPTER NINETEEN

Strategies for enzymological
studies and measurements of
biological molecules with the
cytolysin A nanopore

Carsten Wioka*, Nicole S. Galenkamp, Nieck J. van der Heide,
Florian L.R. Lucas, and Giovanni Maglia*

Groningen Biomolecular Sciences & Biotechnology Institute, University of Groningen, Groningen,
The Netherlands
Corresponding authors: e-mail address: c.wloka@rug.nl; g.maglia@rug.nl

Contents
1. Introduction: The ClyA nanopore 568
2. The experimental setup 570
3. How to obtain a single channel 571
4. Enzymological and protein-ligand binding studies and their signals 573
4.1 Regular signals and their analysis 577
4.2 Complex protein signals 579
4.3 How to improve a signal 581
5. The effect of electrophoretic forces and nanopore confinement 582
6. Employing proteins for quantitative measurements of small molecules
in complex samples 583
References 584
Abstract

Pore-forming toxins are used in a variety of biotechnological applications. Typically, indi-
vidual membrane proteins are reconstituted in artificial lipid bilayers where they form
water-filled nanoscale apertures (nanopores). When a voltage is applied, the ionic cur-
rent passing through a nanopore can be used for example to sequence biopolymers,
identify molecules, or to study chemical or enzymatic reactions at the single-molecule
level. Here we present strategies for studying individual enzymes and measuring mol-
ecules, also in highly complex biological samples such as blood.
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1. Introduction: The ClyA nanopore

The transmembrane protein cytolysin A (ClyA) is a pore-forming
toxin, which is secreted by several bacteria (Ludwig, Bauer, Benz,
Bergmann, & Goebel, 1999; von Rhein et al., 2009). We and others
use ClyA originating from Salmonella typhi (Kwak, Kim, Lee, Ryu, &
Chi, 2020; Soskine, Biesemans, De Maeyer, & Maglia, 2013; Soskine
et al., 2012; Soskine, Biesemans, & Maglia, 2015; Wloka et al., 2017)
but notice that the ortholog of Escherichia coli ClyA can yield similar results
(Li, Lee, Shorkey, Chen, & Chen, 2020). A ClyA pore consists of multiple
identical subunits of 34kDa. X-ray and cryo-EM structures revealed that
these monomeric pore-forming subunits can assemble into different quater-
nary structures consisting of 12, dodecamer, (Mueller, Grauschopf, Maier,
Glockshuber, & Ban, 2009; Peng, de Souza Santos, Li, Tomchick, & Orth,
2019) (Fig. 1A and B), 13, tridecamer, (Eifler et al., 2006; Peng et al., 2019)
or 14 subunits, tetradecamer, (Peng et al., 2019). In lipid bilayer experi-
ments we also observe three different nanopore species as we discuss later,
which we refer to as type I pore, likely the dodecamer, (Soskine et al.,
2012), type II pore, likely the tridecamer, (Soskine et al., 2013) and type
III pore, likely the tetradecamer, (Soskine et al., 2013). Type III ClyA
has a lifetime of only few minutes in lipid bilayers, while type I and type II
nanopores can be used for h in electrical recordings. Type I ClyA (Fig. 1A
and B) can accommodate proteins of about 20—45kDa (as monomers), and
it has been the main nanopore used in our laboratory.

Currently we mainly use a ClyA variant we call ClyA-AS. ClyA-AS is
built upon a cysteine-free variant of S. typhi ClyA, replacing two native
cysteine residues. Further mutations were introduced, via directed evolu-
tion, to increase the soluble expression of the monomer and to enhance
stability of the nanopore in electrophysiological experiments with a more
homogeneous nanopore conductance (Soskine etal., 2013). ClyA-AS (con-
taining a 5-histidine tag at the C-terminus) differs from the S. ryphi wildtype
sequence ultimately in the following positions: C87A, L99Q, E103G,
F166Y, 1203V, C285S, K294R and H307Y. The ClyA-AS type I pore
has a total length of 14nm. The lumen of the pore consists of two compart-
ments: the 10 nm long ¢is lumen with a 6 nm internal diameter and a 4nm
long trans constriction with a 3nm internal diameter (Fig. 1) (Soskine
et al., 2013).
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Fig. 1 Crystal structure of cytolysin A (ClyA) and schematic of the basic principle of
nanopore enzymology. (A and B) Crystal structure of E. coli ClyA (PDB: 6MRT) with side
view (A) and top view (B). (C) (I) Drawing of protein capture inside ClyA with (ll) a protein
captured inside ClyA and (Ill) ligand binding to the protein confined within ClyA.

The ClyA-AS pore has a negatively charged interior and displays
cation-selectivity (Ludwig et al., 1999; von Rhein et al., 2009) in solutions
containing up to about 2M NaCl (Willems et al., 2020). When an external
bias is applied, a significant electroosmotic flow (EOF) is generated that
allows the trapping of proteins inside the nanopore, typically for seconds
to minutes. Although in this method we focus on protein enzymology
and quantitative detection of small molecules, we would like to point
out that ClyA could also be used for studies of nucleic acids. We developed
two variants, ClyA-R and ClyA-RR, in which one or two rings of
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positively charged arginine residues have been introduced. These positive
charges allow for the translocation of, for example, double-stranded and
single-stranded DNA at near-physiological salt concentrations (150mM
NaCl, 15mM Tris—HCI, pH 7.5) (Franceschini, Brouns, Waillems,
Carlon, & Maglia, 2016; Nomidis, Hooyberghs, Maglia, & Carlon, 2018).

2. The experimental setup

For general technical instructions about the electrophysiological
setup, we would like to refer to a previous publication (Maglia, Heron,
Stoddart, Japrung, & Bayley, 2010). The methods presented here describe
our experience with the ClyA nanopore for the purposes of enzymological
studies and quantitative detection of small molecules. For small molecule
detection, we rely on protein adaptors trapped inside the ClyA nanopore
whose signal elicited in the pore changes upon binding of their cognate
ligand. For most of our experiments we commonly use a near-physiological
bufter to create a near-native environment for protein studies. This is in
contrast with smaller nanopores such as the aHL or MspA nanopores,
which are usually sampled at higher ionic strengths (typically 1M NaCl
or KCl). However, since ClyA is a comparably larger pore it allows a large
current flow, even at low ionic strength. This represents a key advantage
when working with most proteins. If needed, however, ClyA is also stable
in various other conditions, including very high (3M) salt concentrations
and different acidity. However, ionic strengths higher than 0.5M reduce
the EOF across the nanopore (Willems et al., 2020), and usually alter dwell
times of proteins inside the nanopore.

The detailed protocol for the expression and purification of ClyA
nanopores was described recently (Galenkamp et al., 2021). Briefly, we
purify ClyA monomers using standard his-tag purification and dilute the
protein concentration to 1 mg/mL. Oligomerization is triggered by addition
of 0.2% DDM (n-dodecyl p-p-maltoside) to the solution of monomers and
subsequent incubation for 30min at 37°C. After oligomerization, blue
native PAGE sample buffer is added to the solution. The different oligo-
meric forms of the ClyA pores are then separated on a blue native PAGE
gel using precast gels (4—20% gel, Criterion Cell system, BioRad). To pre-
pare the pre-cast gels, the buffer chamber and the top compartment of the
gel is filled with 1 X native running buffer (Novex). Per well we load 45 pL
of the ClyA mixture. The gel is then run for 10min at 120V with 2mL of
20 x cathode buffer additive added to the top compartment of the gel
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already containing 1 X native running buffer and mixed by pipetting. The
cathode buffer additive prevents membrane proteins from aggregating
during separation and removes detergents. After 10 min, the cathode buffer
additive is replaced with fresh 1 X native running buffer and continues to run
for another 60 min at 120 V. The blue-stained protein bands are cut out of
the gel with a surgical blade. The acquired gel bands are further cut into even
smaller pieces and stored at —80 °C. When needed, the ClyA oligomers are
extracted by submerging a gel piece in 20—50 pL of the respective recording
buffer supplemented with 0.2% DDM and 1mM EDTA. The extracted
ClyA oligomers can be stored at 4 °C for several weeks. The extracted ClyA
oligomers are not stable when they are subsequently frozen. Therefore,
long-term storage requires the oligomers to be stored and frozen while
embedded within native gel bands.

3. How to obtain a single channel

We prepare planar lipid bilayers consisting of 1,2-diphytanoyl-sn-
glycero-3-phosphocholine (DPhPC) using the Montal-Mueller method
(Maglia et al., 2010; Montal & Mueller, 1972) in an open vertical lipid
bilayer device (referred to as the chamber) as described previously (Maglia
etal., 2010). It is important to note that the likelihood of ClyA insertion into
the lipid bilayer is largely dependent on the surface area of the lipid bilayer.
Since the lipid bilayer acts as a capacitor, the surface area can be estimated
by determining the observed capacitance. How the capacitance of a lipid
bilayer can be estimated was shown previously (Maglia et al., 2010). To
summarize, and extend, we utilize the current-voltage relation for capac-
itors, I(t) =C x dV(dt~'. Since we apply a constant voltage ramp of
1Vs~ ! (Maglia et al., 2010), the current measured in Amperes corresponds
to the capacitance of the bilayer in Farads. Typically, we apply a voltage
ramp between +15 and —15mV over a period of 30ms to create a trian-
gular wave profile with a constant voltage ramp of +1 or —1Vs™'. The
resulting current appears as a square wave, due to the constant switching
between positive and negative voltage ramps, where the current amplitude
is equal to the capacitance. Subsequently, the capacitance is directly pro-
portional to the surface area and thickness of the lipid membrane, a dielec-
tric material, following the equation for the capacitance of a dielectric,
C=¢e¢x Axd " where C is the capacitance in Farad, € is the absolute
permittivity, A is the area of the bilayer in square meter and d its thickness
in meter. While it is difficult to give a well-determined absolute permittivity
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of the bilayer (Nymeyer & Zhou, 2008), this relationship is still useful to esti-
mate the size of our bilayer and to establish if we formed bi- or multilayered
lipid membranes. In practice, the first time that an electrophysiology cham-
ber is used, multiple bilayers are formed and broken while the resulting
capacitance of the lipid bilayers is carefully noted. Typical bilayers in an
aperture with a diameter of approximately 100 pm exhibit a capacitance,
according to the equations above, of 60 to 200 pF and allow the reconstitu-
tion of ClyA-AS. In our experience, we observe that ClyA insertion is espe-
cially efficient in bilayers with an observed capacitance of 80 to 150 pF equal
to a measured current of 80 to 150 pA. While it is possible to use larger than
150 pF bilayers, this results in an increase in noise due to the simultaneous
increase in capacitance of the bilayer. Larger bilayers display more noise
while smaller bilayers make it difficult to obtain pores. Because bilayers
can get smaller over time (shrink), the size of the bilayer should be checked
regularly during experiments.

To obtain single nanopores, we commonly use a small pipette tip (with-
out an attached pipette) to briefly touch the extraction buffer containing the
nanopores. The tip is then subsequently immerged in the ¢is compartment. If
nanopore insertions cannot be observed, larger volumes of stock nanopore
solution are added to the electrophysiology chamber. For every new addi-
tion we take a fresh pipette tip. If; after addition of pores, a bilayer cannot be
formed anymore with ease, it is likely that too many pores were added.
Because there is no DDM in our recording buffer, pore insertion becomes
more difficult over time (i.e. the pores are likely to fall apart), so it can be
advisable to simply wait a couple of minutes before trying to form a bilayer
again. Also, it is possible to add an extra dilution step before the addition of
pores. This can be done, for example, by swirling the pipette tip in a separate
tube of recording bufter before adding it to the cis chamber. This step
removes excess pores on the tip. We cannot calculate a precise concentra-
tion, due to the very low amount of nanopores added, but we estimate
sub-nanomolar pore concentrations.

For pore insertion, we routinely apply —35mV in a “Gap Free” protocol
(Clampfit 10.7), a protocol for continuous observation of current (Maglia
et al., 2010), and wait for a stepwise current increase, signifying pore inser-
tion. It can be advisable to expose the bilayer to alternating voltages of
+200mV for 20—-30ms intervals and to break and reform the bilayer regu-
larly. Possibly, bilayer imperfections assist pore insertions. If no insertion is
observed and the bilayer capacitance is compatible with a properly formed
lipid bilayer, more pores should be added.
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Once an insertion event is observed, the first step is to balance a possible
potential offset. This is done by applying zero bias potential and using the
“pipette offset” to rectify the current to OpA. The next steps are to make
sure only a single channel has inserted and to evaluate the type of nanopore.
First, we check the currents at £35mV. In a balanced system with an accu-
rately prepared bufter (150 mM NaCl, 15mM Tris—HCI, pH 7.5), at a pos-
itive potential of 35mV a stable open pore current of about 65+£2pA is
expected for type I ClyA-AS pores. At negative potential, the open pore
current should always be lower (—60£2pA, Fig. 2A). If the former values
are established, a regular type I ClyA-AS pore has inserted with its wide
opening oriented to the cis side of the chamber (ground electrode) and
its narrow entry to the frans side of the chamber (working electrode).
A pore can also be used if it is inserted the other way around (“upside-down”
pore, Fig. 2B), however, attention must be paid so that all voltages are
applied oppositely. Higher currents could indicate, for example, the inser-
tion of a different type of ClyA pore (type II is —68 2 pA at —35mV and
72+ 2pA at +35mV) or multiple pores (Fig. 2C). Overall, a complete sys-
tem with a ClyA pore inserted into the bilayer should have a root mean
square (RMS) deviation of noise near around 2 pA using a 5kHz bandwidth
by using a Butterworth filter. This filter is always automatically applied
regardless of the front-panel Bessel filter when using the I ps function of
the Axopatch 200B amplifier (Molecular Devices, Axopatch 200B manual).
Further, the open pore current should be stable without any current fluctu-
ations. Whenever a fluctuating open pore current is observed, we first wait a
couple of minutes. If there is no improvement, a few minutes at 0mV or
application of high potentials (£150-200mV) for tens of milliseconds
may help stabilize the nanopore. Once we establish that a low-noise single
channel has inserted, we typically wait 5 min to make sure no second pore
inserts. Our rationale is that pores break down in solution due to the highly
diluted DDM concentration. To remove excess pores, it is also possible to
perfuse the recording buffer after an insertion is observed, however, there isa
risk to break the bilayer.

4. Enzymological and protein-ligand binding studies
and their signals

The most important criteria when selecting a protein for our studies
is that it should fit within the ClyA lumen. With type I ClyA, we find this
is often the case for monomeric globular proteins of 20-45kDa in size.
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Fig. 2 Expected currents for ClyA-AS. (A) A regular ClyA-AS nanopore allows a stable current of about —60 £ 2 pA at —35mV and 65 +2pA at
35mV to pass through in a balanced system an accurately prepared buffer of 150 mM NaCl, 15mM Tris—HCl, pH 7.5. (B) A pore inserted in the
other orientation (“upside-down”) will show conversely opposite potentials. (C) Multiple pores show a larger current. The steps are shown to
highlight the current contribution of a single pore. In this case two pores would have inserted in the same direction, yielding twice the current

of a single pore.
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Larger proteins may eclipse the pore while smaller proteins may translocate
too quickly to be detected reliably. For our studies, we typically add a final
protein concentration of 50-100nM to the cis side of the chamber. We find
this to be a good compromise between materials used and capture rates at
voltages between —30mV and —150mV, a voltage range we commonly
use for the capture of proteins. A negatively applied potential is required,
because it creates an electroosmotic flow (EOF) across the nanopore from
cis to trans (Willems et al., 2020), which induces the entry of the protein
inside the nanopore. The latter is manifested by the decrease of the open
pore current I to the blocked pore current Iy (Fig. 3A). In order to
account for pore to pore variations, when describing current blockades,
we typically use the residual current Ipgs, which is defined as Io/Ig
(or Irgsy, =1o/Ig x100). The strength of the EOF depends on the ionic
concentration of the solution (Willems et al., 2020), and we typically use
150-500mM NaCl or KCI solutions. For our recordings we typically use a
sampling rate of 50—-10kHz (20-100 ps) and a Bessel filter of 10-2kHz.
The sampling rate should always be about fivefold the filtering rate.

Once a protein is inside the nanopore, the signal can be similar to the
open pore current (low-noise signal) or display a variety of different current
levels (Zernia, van der Heide, Galenkamp, Gouridis, & Maglia, 2020).
Although the protein signal can be improved for example by introducing
a charge dipole within the protein (Van Meervelt et al., 2017) or N- or
C-terminal tag (Willems et al., 2019), the origin of the noise of proteins
inside the nanopore is not understood. The further addition of cognate
ligands to either the cis or trans chamber might induce a change in the
blocked pore current (Fig. 3B). When testing a new protein, the binding
of the ligands might or might not bring a change in the I. Thus far, 1/3
of the protein adaptors we tested showed no ligand-induced current changes
(Zernia et al., 2020). Hence, when we test a ligand for the first time, we add
it into the ¢is chamber at a final concentration near the bulk dissociation con-
stant (Ky). If the K; is unknown, we add consecutive amounts of ligands
from very low to high concentrations. Another challenge is that proteins
and protein in complex with a ligand can also elicit various signals.
Currently we cannot predict how a signal will look for a given protein.
We try to summarize possible signals and scenarios and give ideas on how
to analyze data accordingly (Fig. 3). It should be noted that combinations
of such types can also occur.
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4.1 Regular signals and their analysis

In the first scenario (Fig. 3A), a protein displays electrically quiet blockades
with residence times of at least a few seconds. After addition of ligand, the
current might increase or decrease producing an “event” within the protein
blockade, reflecting the binding, and unbinding of the ligand. Under these
conditions the on-rate and off-rate of the ligands can be measured (see later),
and the concentration of the ligand in the solution can be calculated.
Occasionally, we observe protein blockades of the apo-protein (unbound)
with regular ‘intrinsic’ current fluctuations. We attribute this to the sponta-
neous closing of the protein in the absence of a ligand. The addition of the
ligand then increases the frequency of current fluctuation (Fig. 3B). In a third
scenario, a protein also displays electrically quiet blockades, but the addition
of the ligand provokes additional and uniform protein blockades that have
different residual currents (Ixgs, Fig. 3C). If all such blockades have a dif-
ferent I gs, it is possible that this is caused by the saturation of the ligand
(i.e., all proteins are bound to the ligand and the unbinding is too fast to
be detected). In this case, the concentration of the ligand should be reduced.
If only a few blockades show a change in Ipgs, then the signal can be
explained by the binding of a high affinity ligand to the protein. In this case,
the residence time of the protein inside the pore is shorter than the ligand
off-rate and the latter cannot be detected or measured. The on-rate can often
still be measured if the protein is added on the cis side of the nanopore and the
ligand is added on the trans side.

On- and oft-rates are calculated by measuring the time corresponding to
the duration of a ligand-bound event and the time between two ligand-
induced events (inter-event time). The easiest analysis is the allocation of

Fig.3 (A) Electrically quiet protein blockades that gain an additional level upon addition
of a ligand (liganded protein). By plotting the event rate per second against the ligand
concentration, the k., and k¢ can be estimated. By plotting the fraction of liganded
protein against the concentration of ligand, the K4 can be estimated at 50% liganded
fraction. (B) Protein blockades with intrinsic events that gain frequency upon addition of
a ligand (liganded protein). By plotting the event rate per second against the ligand
concentration, the k,, and kg can be estimated, however, the event rate is offset by
the intrinsic events. By plotting the fraction of liganded protein against the concentra-
tion of ligand, the K, can be estimated at 50% normalized liganded fraction, which is the
liganded fraction with an offset for the intrinsic events. (C) Electrically quiet protein
blockades, that when ligand is added appear to change in current. The K; can be esti-
mated by determining the percentage of liganded protein (relative to total protein), the
Ky is the concentration in which 50% protein is liganded.



578 Carsten Wloka et al.

the Ipgs of the unbound (apo) protein blockades and liganded protein
blockades as well as the dwell times. The (semi) automatic “single-channel”
search function in Clampfit 10.7 (Molecular Devices) gives the amplitudes
of events, from which Iy gs can be calculated, as well as their dwell times
and other parameters. By treating all blockades separately, impurities and
noise can be dealt with. Dwell times are stochastically distributed, and their
values can be plotted in a cumulative or conventional histogram and fitted
to one or more exponential functions, depending on the shape of the his-
togram. Two or more exponents should be used if the fitting is not
matching the shape of the curve or two or more distributions are visible,
however, it is important to check if the addition of exponents is justified. As
a rule of thumb, for non-normally distributed data, the binning of the his-
togram with few data points should be following the Freedman-Diaconis
rule (Eq. 1) (Scott, 1979; Sharma et al., 2018)

A, =2 (475 — 15) 1)

n

where Ay is the bin width, q75 is the point of the 75% quantile, q»5 is the
point of the 25% quantile and n is the number of datapoints. In practice,
we fit the data several times with different binning and take the A}, that
corresponds to one third of the fitted dwell time.

The fitting to the curve gives the dwell time parameter, tau (z, in sec-
onds). The oft-rate (kg s~") for ligands inside the nanopore is measured
from the inverse of the dwell time of the ligand-induced event and does
not change whether the ligand is added to the cis or trans side. Inter-event
times are related to the concentration of the ligand in bulk and to the pro-
pensity of the ligand to enter the nanopore. Plotting the inverse of the
inter-event times of apo blockades (in events-s ') against the bulk ligand
concentration should give a linear relationship whose slope is equal to
the on-rate (k,,, M~ 's™") for the ligand inside the nanopore. Compared
to bulk values, the nanopore-measured on-rate might be voltage depen-
dent, especially if the ligand is charged (see later). Also, since the cis and trans
entry of the nanopore have a different diameter, the on-rate will depend on
the addition to either the cis or trans side of the nanopore. For non-charged
analytes, we typically do not observe significant difference between the
on-rates measured for proteins inside the nanopore (for ligands added to
the c¢is compartment) compared to bulk values (Zernia et al., 2020).
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The dissociation constant, K4 can be measured from the on-rate and
off-rate (kys/k,,). Alternatively, it can be calculated by plotting the percent-
age of signal that is in the liganded state, relative to the total signal, against the
concentration of the ligand. The percentages of relative liganded population
can be obtained by plotting an all-point histogram from individual protein
blockades and fit normal (Gaussian) distribution functions to obtain the area
under the curve for the liganded and apo configuration of the protein. All
areas can then be added together to obtain the overall percentage of liganded
and apo configuration.

If intrinsic closing events are observed (Fig. 3B), the obtained curve can
be normalized with Eq. (2).

Xporm = X Xmin_ 2)
Ximax — Xmin
where X0, 1s the normalized value, x,,;, 1s the fraction of apo protein in the
closed configuration measured before addition of ligand, and x,,,, is the
fraction of closed protein.

The resulting apparent Kj is the point in the graph of the liganded state
against the concentration, at which the liganded state amounts to 50% of the
total signal. Hill function might be used to determine eventual cooperativity.

If the apparent off-rate of the ligand-induced events is longer than the
residence time of the protein (Fig. 3C), we calculate the K; by creating a
histogram of the average current of a large amount of protein blockades
(i.e., one protein blockade is one count). Two (or more) distributions
should appear, relating to the apo and ligand bound state of the protein.
We plot the fraction of bound protein, relative to the total number of block-
ades, against the concentration of ligand. The Ky is equal to the bound
where 50% of the protein appears in the ligand bound state.

4.2 Complex protein signals

About one third of proteins we tested showed a non-uniform signal.
Examples include blockades with multiple well-defined Ig s values and/or
with a different level of noise (Fig. 4A). Once contaminant proteins in the
solution have been ruled out, the different signals might be due to a variety
of factors, including the same protein entering the nanopore with different
conformations/orientation, to the intrinsic molecular noise of the protein
moving inside the nanopore, or to the protein interacting with a different
region within the nanopore. Upon addition of ligands, one or several levels



No ligand Added ligand near Ku Current histogram analysis

After filtering active level (see A)
1| U S, (P S 0

______________________ Inactive 7| FRy BRIy, . SPn L
Noisy leved # Inactive

¥

Current (pA)
IS o
[=] (=]
Current (pA)
A o
(=] [=]

8

2
Counts (a.u.)

Current (pA)
5

2
2

0 20 30 40 [ 10 20 30 40 0 -20 -40 60 1 2 3 4
Time (s) Time (s) Current (pA) Time (s)

No ligand Added ligand near K Current histogram analysis Determination of K
- (OO GO, (RO N, . ST TGRS S S L 5™

R

S
R
S

o(L,)

Current (pA)
& b
o (=]
Current (pA)
5
[=]

&
(=]
Counts (a.u.)

| 1 2 3 4 1 2 3 4 0 -20 -40 60
Time (s) Time (s) Current (pA) [Ligand]

Fig. 4 (A) Protein blockades with multiple levels entering the pore. Upon addition of the ligand, a (potentially noisy) level appears in addition
to the apo signals. The baseline current of the ligand active protein is filtered based on its current and these blockades are further analyzed.
(B) Electrically noisy apo protein blockade with a reduced noise upon addition of ligand. The K, is estimated by setting the standard deviation

of protein blockades against the ligand concentration. The Kj is the halfway point between the apo protein noise and fully liganded
protein noise.

J(--...---



Strategies for enzymological studies 581

may be changing (i.e. the binding of ligands induce a change in the signal), or
additional blockades might be appearing, or the noise or the dwell time
might change. Then, the K4 can be determined by analyzing the current
blockades after ligand additions. For instance, a full point current histogram
of one or more current blockades could reveal the appearance of additional
peak(s) corresponding to the liganded complex (Fig. 4A). Then the relative
change between the peak intensity can be plotted over the bulk concentra-
tion of ligand. The relative peak height or the area under the curve could be
used. However, since a fitting a function increases error, using the peak
height is often recommended. In another example we encountered, the
noise might change as depicted in Fig. 4B. In this case, the standard deviation
of the signal—conventionally named 6(Ig)—can be determined by fitting a
normal distribution. Plotting the average 6(Ig) against the concentration of
the ligand should result in a binding curve with a minimum noise and max-
imum noise. The concentration of the point in between (50% increase) is the
concentration of the dissociation constant (K}).

4.3 How to improve a signal

At present we cannot predict current blockades elicited by the
three-dimensional structure of a protein. However, we gained insight into
how to improve a signal. When well-defined ligand-induced events are
observed, optimization of the signal is obtained by varying the bias or
by adjusting the ionic strength of the solution. Typically, a better signal
is obtained by increasing the ionic strength or the external bias.
However, ionic strengths higher than 500mM decrease the EOF and gen-
erally reduce the residence time of a protein inside the nanopore, and/or
might change the binding site of the protein within the nanopore.
Similarly, high potentials might change the localization of the protein
inside the nanopore, which might have an unexpected effect on the
ligand-induced protein signal. Furthermore, the physical properties at
which the protein of interest functions might also represents a limiting fac-
tor. Apart from the applied potential and the ionic strength, the types of
salts can be varied. For example, we observe higher currents with potassium
chloride instead of sodium chloride, due to the high mobility of K ions.
The sampling of enzymatic reactions might also require changing the pH of
the solution. Within pH values of 7 to 9, we observe ClyA to still work
well. Further, protein signals might also be improved by site-directed
mutagenesis. For example, we tested proteins of about 20kDa in size
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displaying only short-lasting blockades. Upon introduction of a ring of
tryptophan-residues (ClyA-AS-Q56W) such blockades became longer,
enabling their reliable detection (Wloka et al., 2017).

It is also possible to modify the protein of interest to improve its electrical
signal. For example, to increase the dwell time of a negatively charged pro-
tein inside the pore it is possible to add a positively charged tag onto the
protein of interest (Biesemans, Soskine, & Maglia, 2015; Willems et al.,
2019). Due to the negative voltage bias applied, molecules will experience
an EOF and an electrophoretic force (EF). The EOF and the EF on the tag
will be dragging the protein inside the nanopore, while the negative charge
on the body of the protein will pull in the opposite direction. The positive
charge tag have further electrostatic interactions with the negatively charged
constriction of the nanopore that will elongate the dwell time of the protein
inside the nanopore (Willems et al., 2019). We also showed that the genetic
engineering of a charge dipole within a protein can allow reducing the cur-
rent noise (Soskine etal., 2015; Wloka et al., 2017; Zernia et al., 2020). Most
likely, the dipole allows aligning the protein to the electric field inside the
nanopore and stops the protein from tumbling. These surface changes
adjustments are possible with as little as changing one amino acid residue
(Van Meervelt et al., 2017).

5. The effect of electrophoretic forces and nanopore
confinement

To date, nanopore analysis is the only single-molecule technique for
the study of native or unlabeled proteins. Other techniques require immo-
bilization or (fluorescent) tags to study a protein of interest or introduce
appendices (optical tweezers). Moreover, because a nanopore represents a
relatively crowded environment, it may also offer a more natural environ-
ment than the highly diluted solutions used in other single-molecule bio-
chemical studies performed in bulk. It was previously reported that
applied voltages may unfold proteins in solid-state pores (Freedman et al.,
2011; Talaga & L1, 2009). We did not find strong evidence for such an effect,
and we think that the confined space in a ClyA nanopore does not have a
large effect on the thermodynamic properties of a trapped protein, at least at
the near-physiological conditions and moderate voltages we routinely use
(=30 to —150mV). Overall, we have found that, for uncharged ligands,
the apparent dissociation constants measured inside the nanopore are similar
to reported bulk values (Zernia et al., 2020). For example, the observed open
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and closed conformations of a glucose binding protein matched well to
NMR studies (Galenkamp, Soskine, Hermans, Wloka, & Maglia, 2018).
In other examples we observed similar values for the binding of asparagine
and glutamine to the respective substrate binding proteins as for ensemble
single-molecule Forster resonance energy transfer measurements (Van
Meervelt etal., 2017). However, when a ligand is charged, we often observe
voltage dependent on-rates, which most likely reflect the altered diffusion of
the ligands in the electric field inside the nanopore. In those cases, extrap-
olated values to zero applied potential often match bulk values (Galenkamp,
Biesemans, & Maglia, 2020). Nonetheless, it is likely that the EOF and EF
will have some effect on proteins inside the nanopore. For example, we
found that in many cases, increasing the applied potential increases the prob-
ability of the translocation of protein across the nanopore, possibly by forc-
ing the transient unfolding of the transmembrane alpha helices of ClyA
(Soskine et al., 2012).

6. Employing proteins for quantitative measurements
of small molecules in complex samples

For measuring quantitatively in highly complex samples such as blood,
a key advantage of protein adaptors is that they confer their selectivity to the
ClyA nanopore. We demonstrated that ligands that bind to proteins lodged
inside the nanopore can be quantitatively detected in blood (Galenkamp
et al., 2018). The most effective way to perform such an experiment is to
first prepare a standard or calibration curve in near-physiological buffers
(e.g. 150mM NaCl, 15mM Tris—HCI, pH 7.5). The latter is prepared by
making standard additions of known concentrations of the analyte and the
change in signal is recorded. In the simplest example, at each ligand concen-
tration a histogram is made for each protein blockade or for a group of
blockades. Then, the area under the histogram corresponding to the blocked
and unblocked current signal is measured. Multiple protein blockades are
usually considered for each ligand concentration. A binding isotherm is then
prepared. We found that best results are obtained by plotting the ratio
between the blocked and unblocked signals at different ligand concentra-
tions. This calibration curve is then used to calculate the concentration of
the ligand in an unknown sample. Although the ligand can be added to
either the cis or trans chamber (but different calibration curves should be
made) it is advisable to add a biological sample to the frans side of the
nanopore when possible. The protein adaptor is always added to the cis side.
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In this configuration, the frans entry of the nanopore acts as a filter for large
molecules and pore clogging is normally not observed, especially if dilutions
are used. Normally, the signal is not affected by the biological sample and the
concentration of the ligand is extracted directly from the standard curve. For
simultaneous sensing, without the need to add sequential dilutions of a sam-
ple, the tuning of an adaptor protein to the analyte’s concentration range in
the sample of interest is required, as demonstrated (Galenkamp et al., 2018).
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