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Abstract

Interest in nanopore technology has been growing due to nanopores’ unique capabilities in small
molecule sensing, measurement of protein folding, and low-cost DNA and RNA sequencing. The
E. coli B-barrel outer membrane protein OmpG is an excellent alternative to other protein
nanopores because of its single polypeptide chain. However, the flexibility of its extracellular
loops ultimately limits applications in traditional biosensing. We deleted several residues in and
near loop 6 of OmpG. The dynamic structure of the new construct determined by NMR shows that
loops 1, 2, 6, and 7 have reduced flexibilities compared to those of wild-type. Electrophysiological
measurements show that the new design virtually eliminates flickering between open and closed
states across a wide pH range. Modification of the pore lumen with a copper chelating moiety
facilitates detection of small molecules. As proof of concept, we demonstrate concurrent single-
molecule biosensing of glutamate and adenosine triphosphate.
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Biotechnology is taking advantage of biological nanopores for low-cost DNA and RNA
sequencing,12 detection of small molecules,3 polymers,# polypeptides,® and protein folding.
6 Among many channels, a-hemolysin is widely used for this purpose.3 However, its
heptameric structure poses an obstacle for fine-tuning the properties of the channel.”
Recently, the £. coli outer membrane protein G (OmpG) has been considered as an excellent
alternative.8 OmpG nanopores are promising due to their stability and monomeric nature
allowing easy and precise modification without requiring heteromeric assembly and
additional purification steps.® X-ray and NMR structures reveal that OmpG is a 14-stranded
Bbarrel with 7 extracellular loops and 6 periplasmic short turns.10-13 Gating of OmpG is
controlled by highly dynamic extracellular loops, particularly loop 6, in a pH-dependent
manner. The crystal structure of OmpG at pH 5.6 shows a closed conformation with loop 6
collapsed into the lumen, whereas at pH 7.5, OmpG adopts an open conformation with loop
6 extending away from the lumen.13 At neutral pH, OmpG flickers between open and closed
states. The pH dependency and flickering create obstacles for the practical use of OmpG as a
biosensor. Several strategies have been used to create quiet OmpG nanopores: (i) S-strands
12 and 13 were cross-linked by a disulfide bond, and the irregularly positioned residue D215
was deleted creating an open pore at pH 5.0 and 7.0;° (ii) individual loops were pinned to
the lipid bilayer through long hydrocarbon-chain alkylation with pinning of loop 6 reducing
the gating activity by 95% at pH 6.0;14 and (iii) loop 6 was shortened by 8 or 12 residues
resulting in 63 or 81% reductions of spontaneous pore closings at pH 7.4, respectively.®
However, the use of cysteine modifications in the design of some quiet channels14,16
hampers the ability for site-specific modification using cysteine chemistry for biosensing
applications. Therefore, there is an unmet need for designing a single polypeptide nanopore
that allows for facile detection of single small biomolecules. Here, we develop and
structurally and functionally characterize a new nanopore that eliminates current flickering
over a wide range of pH values and that is capable of simultaneously detecting and
distinguishing single molecules of glutamate and adenosine triphosphate (ATP).

DESIGN OF QUIET OMPG NANOPORE

In our pursuit to engineer better quiet OmpG nanopores, we systematically investigated
several OmpG constructs: (a) a truncation of loop 6 with residues 221-227 deleted and
arginine 228 changed to a glycine (AL6 OmpG), (b) a deletion of the irregularly positioned
aspartate 215 (AD215), and (c) a combination of AL6 and AD215 (AL6-AD215 OmpG).
Supplementary Figures 1 and 2 show sequence alignments of wild-type and mutant OmpGs
and their successful refolding in B-octylglucoside (8-OG). AD215 was targeted, because it
forms a destabilizing bulge in the B-barrel structure that is eliminated by its deletion. Both
AL6 OmpG and AD215 OmpG exhibited less flickering of their single-channel current at pH
7.4 and 8.5 than wild-type OmpG (Supplementary Figure 3). These results are consistent
with those of previous reports.®1°> However, at pH 6.0, AL6 OmpG still exhibited some

ACS Sens. Author manuscript; available in PMC 2020 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gari et al.

Page 3

flickering, and the flickering of AD215 OmpG was not improved from wild-type OmpG
(Supplementary Figure 3). In contrast, the AL6-AD215 combination mutant of OmpG
showed no significant spontaneous pore closings over a wide pH range from 6.0 to 8.5
(Figure 1A) compared to wild-type OmpG, which frequently flickered between open and
closed states (Figure 1B). To quantitatively evaluate single-channel recordings, we
calculated nonparametric, unbiased, bin-free, 2D current versus dwell time histograms from
long (>15 min) current traces (see Experimental Methods and ref 17, examples of longer
traces are shown in Supplementary Figure 4). “Dwell time” is defined as the time the pore
spends in any state (i.e., open or blocked (state that is at least partially blocked)). The
resulting histograms showed probability densities (PDs) presented in Figure 1C,D for wild-
type and double mutant, respectively. For wild-type at pH 7.4, the open state current PD was
prominent at ~45 pA, and the PDs for the blocked states ranged from ~20 to 35 pA,
reflecting much spontaneous gating. The prominent dwell times were on the order of 10 to
100 ms for the open state and on the order of 1 to 10 ms for the blocked state. The open state
current PD of AL6-AD215 OmpG was similar to that of wild-type, but the PD for the
blocked state current was more localized to ~35 pA, indicating less spontaneous gating.
Importantly prominent dwell times of the open state were increased 10- to 100-fold from
~100 to 10 000 ms in AL6-AD215 compared to wild-type OmpG. At the same time, the
spontaneous gating occurred far less frequently, and the prominent dwell times of the
blocked states were reduced to 10 /s to 1 ms. We further calculated difference maps between
2D PD histograms of wild-type and AL6-AD215 OmpG (Figure 1E) for quantitative
representation. In this map, the PDs in blue (negative) denote states that disappear when
moving from wild-type to AL6-AD215 OmpG, whereas the PDs in red (positive) denote
states that appear. It is very clear from this data (Figure 1E) that the AL6-AD215 double
mutation increases the dwell time of the open state to tens of seconds and reduces the
lifetime of the blocked state(s) to the microseconds range. Analogous difference maps
between AD215 and wild-type OmpG, as well as AL6 and wild-type OmpG show that these
single-mutant constructs only slightly enhanced the open state dwell times in comparison to
wild-type OmpG (Supplementary Figure 3). However, both single-mutant OmpGs reduced
the blocked state dwell times. Overall, AL6-AD215 OmpG stands out in terms of its much-
improved open state lifetime.

NMR STUDIES OF QUIET OMPG NANOPORE

To investigate the effect of the AL6-AD215 double mutation on the structure of OmpG, we
recorded 15N-1H transverse relaxation optimized heteronuclear single-quantum coherence
(TROSY-HSQC) spectra of 2H-,13C-, and 15N-labeled AL6-AD215 OmpG in DPC micelles
(Supplementary Figure 5). We assigned the HN, N, CA, CB, and CO resonances based on
TROSY-type through-bond triple-resonance (HNCA, HN(CA)CB, HNCO, and HN(CA)CO)
NMR experiments. We then calculated the composite chemical shift changes between AL6-
AD215 and wild-type OmpG. Resonance assignments of wild-type OmpG have been
previously reported by our laboratory.11 The chemical shift perturbations were large in g
strands 9 and 10 (Figure 2A). The double mutation largely affected the following residues:
T144 and Y146 in loop 4, V151 and T155 in strand 8, L173, E174, and R175 in strand 9,
G176 in loop 5, T190, Q191, E192, 1193, and R194 in strand 10, G228 (G237 in wild-type)
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in strand 12, and E254 (E263 in wild-type) in loop 7. Among all residues, the chemical shift
change for E192 was largest (1.9 ppm). We note that all residues exhibiting large chemical
shift changes are located structurally close to loop 6. Therefore, it appears that this double
mutation strongly affected the local conformation near or at loop 6 without affecting the
overall fold and integrity of the OmpG pore. In contrast, chemical shift differences between
AL6 and wild-type OmpG were negligible (Supplementary Figure 6).

To further probe the effect of the double mutation, we calculated the solution NMR structure
of AL6-AD215 OmpG based on 283 measured NOEs, 334 dihedral angle restraints, and 104
hydrogen bond restraints (see Experimental Methods). To compare this structure with that of
wild-type, we recalculated the wild-type structure using the previously measured 316 NOEs,
the 362 newly calculated dihedral restraints using TALOS-N, and the 110 hydrogen bond
restraints using the data of Liang and Tamm.11 NMR ensembles of the 10 calculated lowest-
energy structures for both proteins are shown in Figure 2B-E. We next calculated and
compared the residual mean square displacement (RMSD) values of individual loops and the
B-barrel for both proteins (Supplementary Table 1). The RMSDs of the g-barrel were very
similar for both proteins, indicating that overall fold and integrity of the barrel is similar.
However, the RMSDs of the individual loops varied between two constructs. The RMSDs of
loops 1, 2, and 7 were lower in AL6-AD215 than in wild-type OmpG. However, the RMSDs
of loops 3, 4, and 5 were higher in AL6-AD215 than in wild-type OmpG. The RMSD of loop
6 is much lower in AL6-AD215. However, we note that this difference is expected due to the
smaller number of residues in loop 6 of the mutant. Clearly, modification of OmpG in or
near loop 6 also altered the dynamics of other near and distant loops. This change in loop
dynamics is likely responsible for an altered spontaneous gating pattern resulting in a
predominantly open nanopore of the mutant over a wide range of pH values as observed in
our electrophysiology experiments. Broad dynamic distributions of loops 6 and 7 constrict
the channel in wild-type but not in the mutant. Therefore, it is possible that, in addition to
the main gating loop 6, loop 7 might also play an important role in the pH gating of wild-
type OmpG. Even though many residues in strands 8, 9, and 10 showed large chemical shift
changes, we did not observe a significant difference in the barrel structure. This might be
due to the limited number of NOE restraints leading to a resolution not high enough to
reveal small local structural changes in the barrel.

PROOF OF CONCEPT FOR BIOSENSING

Our electrophysiology and complementary NMR results showed that the AL6-AD215 OmpG
mutant is quiet, making it an excellent candidate for applications in biosensing. In this
current work, we mutated the inside-facing residue tyrosine 209 to a cysteine. This residue
was chosen, because it is located in the center of the pore lumen. The Y209C mutation itself
had no effect on the open state current and on dwell times of either open or blocked states of
the AL6-AD215 OmpG pore (Supplementary Figure 7A,B). However, the current in the
blocked state was slightly reduced. We then reacted the AL6-AD215-Y209C OmpG with A-
(1,10-phenanthrolin-5-yl) iodoacetamide to allow binding of Cu?* ions as a transducer for
biosensing. AL6-AD215-Y209Cphen OmpG was successfully refolded into g-OG
(Supplementary Figure 8). In comparison to AL6-AD215-Y209C OmpG, the open state
current is slightly reduced in AL6-AD215-Y209Cphen OmpG, and the blocked state current
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is slightly increased (Supplementary Figure 7B,C, see also Supplementary Figure 9 for
sample current recordings of nanopores with phenanthroline). Open state dwell times
remained the same; however, the blocked states dwell times were slightly increased. Next,
we measured single-channel recordings of AL6-AD215-Y209Cphen OmpG in the presence
of Cu?* jons. Cu?* ions serve as transducers by causing a permanent, partial blockage of the
open state. For instance, both open (~40 vs ~25pA) and blocked state (~30 vs ~15 pA)
currents of the AL6-AD215-Y209Cphen construct (Figure 3A,B and Supplementary Figure
7C,E) were reduced upon Cu2* binding. This effect is completely reversible after removal of
Cu2* by chelation with EDTA (Supplementary Figure 7E,G). When Cu?* ions were present
during the single-channel recordings of AL6-AD215-Y209C OmpG (Supplementary Figure
7B,D), open and blocked states currents were the same as those of AL6-AD215 OmpG.
However, a slight decrease of the open state lifetime was observed. Again, this effect is
completely reversible after chelating Cu2* (Supplementary Figure 7D,F).

We next tested if AL6-AD215-Y209Cphen OmpG with Cu2* could be used for biosensing
small molecules. As only two of the four coordination sites of Cu(ll) are bound to
phenanthroline, we expect that further interaction with compounds bearing vicinal hydroxyl
or oxo groups should alter the current-dwell time distribution of AL6-AD215-Y209Cphen
OmpG with Cu?*. As physiologically relevant small molecules, we chose L-glutamate and
ATP. Figure 3 shows the current-dwell time distributions of AL6-AD215-Y209Cphen OmpG
in the presence of CuCl,, ATP, glutamate, or a mixture of ATP and glutamate, as well as the
respective difference maps compared to CuCls alone. The presence of ATP (Figure 3C,D)
leads to a small but distinct reduction of the blocked state current while also slightly
lowering the probability density of the open state. In contrast, L-glutamate (Figure 3E,F) did
not cause a reduction in blocked state current but led to a pronouncedly lower open state
probability and the appearance of a spread-out probability density on the 1 to 10 ms time
scale. In the presence of both ATP and L-glutamate (Figure 3G,H), both patterns can be
observed in the PD difference map, showing that measurements of these two analytes are
approximately additive. In contrast, controls with unsensitized AL6-AD215-Y209C OmpG
nanopores did not show differences between CuCl, alone and ATP + L-glutamate
(Supplementary Figure 10, see also Supplementary Figure 11 for sample current recordings
of negative control nanopores without phenanthroline). These data prove that this single-
molecule biosensor simultaneously detects and distinguishes between ATP and L-glutamate.

Phenanthroline has been previously introduced as an adaptor in a-hemolysin nanopores.18:19
Because of the heptameric structure of this protein, this required mixing monomers with and
without the adaptor in a 1:6 ratio and selecting pores from the binomial distribution that had
just a single adaptor. Our new design with the monomeric OmpG nanopore does not require
assembly from two different molecules and selection of the correct stoichiometry. As in a-
hemolysin, ATP blocked more current than L-glutamate in the OmpG nanopore. However,
current block dwell times in the OmpG nanopore for both analytes are smaller (in the range
of 100 s to 1 ms for ATP and 100 /s to 10 ms for L-glutamate) in comparison to those of a-
hemolysin nanopores (10 to 100 ms for ATP and 10 to 1000 ms for L-glutamate).18
However, we note that the pore size of the OmpG is narrower (elliptical in cross section with
dimensions of 15 x 12 A) compared to the pore size in a-hemolysin (>20 A).13 Moreover,
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charge distribution across the constriction might be different in these two nanopores.
Therefore, these factors may influence measured dwell times.

CONCLUSION

In this work, we developed a quiet OmpG nanopore with negligible spontaneous gating
across a wide pH range that can be functionalized using cysteine chemistry. The presented
solution NMR structure should guide future designs for singlemolecule biosensing. The
biosensor is capable of detecting and distinguishing between individual single small
molecules such as ATP and L-glutamate. We expect that this platform will be useful for
developing future biosensors to detect a wide range of molecules at the single-molecule
level.

EXPERIMENTAL METHODS

Expression, Purification, and Refolding of OmpG Constructs

The plasmid pT7-SMC-ompG encoding for mature OmpG was a kind gift from Dr. H.
Bayley (Oxford University, Oxford, U.K.).20 Deletions and point mutations were introduced
by successive rounds of site-directed mutagenesis using respective primer pairs
(Supplementary Table 2). Expression of OmpG constructs into inclusion bodies in £. coli
and subsequent purification and refolding into r-octyl-5-p-glucoside (8-OG) for
electrophysiology and dodecylphosphocholine (DPC) for NMR were performed as
previously described,! except that probe sonication (model CL-18, 80% amplitude, 20 s
on/40 s off, 15 min, 4 °C) was used for mechanical cell lysis instead of a French press and
that 1 mM DTT was added to the denaturation buffer (8 M urea, 10 mM Tris-HCI pH 8.0,
0.1 mM EDTA) for all constructs with cysteines.

Phenanthroline Labeling of Y209C Mutants

OmpG-AL6-AD215-Y209C was labeled after purification in denaturation buffer before
refolding. The protein concentration was adjusted to approximately 0.5 mM, and an aliquot
was reduced with a 10-fold molar excess of DTT for 1 h at RT. After removal of DTT by gel
filtration over Sephadex G-25 using degassed denaturation buffer without DTT as eluent, the
sample was reacted with a 100-fold molar excess of 5-iodoacetamido-A~1,10-phenanthroline
(250 mM in anhydrous dimethylformamide) in the presence of 10% dimethylformamide for
1 h at RT in the dark with constant mixing. Unreacted labeling reagent was removed by gel
filtration over Sephadex G-25 using regular denaturation buffer without DTT as eluent. The
sample was concentrated to its original volume (10 kDa MWCO centrifugal concentrator)
and refolded as described above.

Electrophysiology on Planar Lipid Bilayers

Single-molecule electrophysiology recordings were performed on solvent-free Montal-
Mueller black-lipid membranes using an Axopatch 200A patch-clamp amplifier interfaced to
a computer via a NI USB-6356 digitizer and a homemade LabVIEW program for data
acquisition.
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The two compartments of homemade sample chambers (a kind gift of Dr. H. Bayley?1) were
separated by a 25 gm thick PTFE membrane (Goodfellow, USA), in which a round aperture
of approximately 100 m diameter had been created by high-voltage spark discharge
(precision spark generator, USA). The aperture was painted with /+~hexadecane (5 /., 1%
(v/v) in n-pentane. After complete evaporation of the solvent, both chambers were filled
with 1 M KCI buffered with either 10 mM Bis-Tris at pH 6.0 or 10 mM Tris-HCl at pH 7.4
and 8.5, respectively, and connected to Ag/AgCI electrodes by salt bridges (3 M KCl in 3%
agarose). Monolayers of DPhPC were formed on the air-water interface of both
compartments from 10 mg/mL DPhPC in r-pentane, and the solvent was allowed to
completely evaporate during 30 min. Lowering and raising the liquid level in both
compartments led to the formation of a planar lipid bilayer covering the aperture.

OmpG was added to one compartment from a nanomolar solution in 5-OG, and a voltage of
100 mV was applied to facilitate insertion. After insertion of a single OmpG, uninserted
OmpG was removed by perfusion at zero voltage. Current traces were then recorded at 40
mV with a 5 kHz low-pass filter and 50 kHz sampling rate.

Current states and their dwell times were determined in WinEDR (University of Strathclyde
UK) and bin-free, nonparametric, two-dimensional current vs dwell time distributions were
calculated in Matlab by adaptive kernel density estimation.1” Probability density histograms
were generated from traces that were mostly 15 min long and in a few cases a little longer.

NMR Spectroscopy

2H-, 15N-, and 13C-labeled protein samples were refolded in S-OG and then exchanged into
DPC micelles. All NMR experiments were recorded at 40 °C on a Bruker Avance 111 800
spectrometer equipped with a triple-resonance cryoprobe. All double- and triple-resonance
experiments were performed using the Bruker Topspin version 2.1.6 software suite.
Sequential backbone assignments for both AL6-AD215 OmpG and AL6 OmpG were
obtained by recording TROSY versions of HNCA, HN(CA)CB, HNCO, and HN(CA)CO
experiments. 3D 15N-edited 15N-1H-1H NOESY-TROSY and 1°N-1H-15N HSQC-NOESY-
HSQC experiments with mixing times of 200 ms were recorded to obtain NOEs for AL6-
AD215 OmpG. NMR data were processed with NMRPipe and analyzed with Sparky
software.25

NMR Structure Calculations

For AL6-AD215 OmpG, distance constraints were calibrated and calculated manually based
on an average distance of 3.3 A between S-strands. Backbone dihedral angle constraints
were determined from chemical shifts corrected for deuterium and TROSY effects using
TALOS-N.22 Hydrogen bond constraints were only applied to observed strong NOE pairs
using the same criteria as in wild-type. Structure calculations were performed using CNS
version 1.223 using 4000 high-temperature, 8000 torsion slow-cool, and 8000 Cartesian
slow-cool annealing steps. A total of 200 structures were calculated, and the 10 lowest-
energy structures were selected for ensemble analysis. Ramachandran plot statistics as
calculated with PROCHECK-NMR?24 showed residues in the most favored (72.3%),
additionally allowed (22.8%), generously allowed (3.3%), and disallowed (1.5%) regions.
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For wild-type OmpG, NOEs and hydrogen bond constraints were taken directly from our
previous report.11 However, backbone dihedral angle constraints were recalculated with
TALOS-N from our previously published chemical shifts.11 Structures were then calculated
using the same procedures described above for the mutant. Ramachandran plot statistics as
calculated with PROCHECK-NMR?24 showed residues in the most favored (70.4%),
additionally allowed (25.1%), generously allowed (3.1%), and disallowed (1.4%) regions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Electrophysiological characteristics of wild-type and AL6-AD215 OmpG. (A) Segments of
10 s from representative current traces at —40 mV of a single AL6-AD215 OmpG in a
DPhPC black-lipid membrane in 1 M KCI buffered at the indicated pH values. (B) Segments
of 10 s from representative current traces of a single wild-type OmpG under the same
conditions as in panel A. (C) Probability density histogram of current versus dwell time
distribution from at least 15 min of single-channel recordings of wild-type OmpG at pH 7.4.
(D) Probability density histogram of current versus dwell time distribution from at least 15
min of single-channel recordings of AL6-AD215 OmpG at pH 7.4. (E) Difference map of D
— C to visualize changes in the current versus dwell time distributions between AL6-AD215
and wild-type OmpG at pH 7.4.
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Figure 2.
Structural and dynamical changes between wild-type and mutant OmpG. (A) Chemical shift

changes between AL6-AD215 and wild-type OmpG. A red line is drawn at 0.2 ppm, which
is 5-fold higher than the estimated average measuring error. (B,D) NMR ensemble of the 10
lowest-energy structures of wild-type OmpG in side-view (B) and top-down view (D). (C,E)
NMR ensemble of the 10 lowest-energy structures of AL6-AD215 OmpG in side-view (C)
and top-down view (E). S-sheet residues are shown in red, N- and C-termini, periplasmic
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turns, and loops 1 to 5 are shown in blue, and loops 6 and 7 are shown in green. The S-sheet
residues were used for superposition of the structures.
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OmpG. Probability density histograms of current versus dwell time distributions of single
AL6-AD215-Y209C-phenanthroline OmpG (A), AL6-AD215-Y209C-phenanthroline OmpG
+10 4M CuCl, (B), AL6-AD215-Y209C-phenanthroline OmpG + 10 ¢M CuCl; + 20 /M
ATP (C), AL6-AD215-Y209C-phenanthroline OmpG + 10 tM CuCl, + 20 1M L-Glu (E),
and AL6-AD215-Y209C-phenanthroline OmpG + 10 xM CuCl; + 20 M ATP + 20 M L-
Glu (G). Probability density histograms of current versus dwell time distributions for all
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conditions were obtained from at least 15 min of recordings at —40 mV in a solvent-free
DPhPC black-lipid membrane in 1 M KCI buffered at pH 7.4. Difference maps visualizing
the changes due to the analytes being present are shown for ATP (D), L-Glu (F), and ATP +
L-Glu (H).
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