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Abstract

Molecular detection via nanopore, achieved by monitoring changes in ionic current arising

from analyte interaction with the sensor pore, is a promising technology for multiplex sensing
development. Outer Membrane Protein G (OmpG), a monomeric porin possessing seven
functionalizable loops, has been reported as an effective sensing platform for selective protein
detection. Using flow-cytometry to screen unfavorable constructs, we identified two OmpG
nanopores with unique peptide motifs displayed in either loop 3 or 6, which also exhibited
distinct analyte signals in single-channel current recordings. We exploited these loops concurrently
to facilitate single-molecule multiplex protein detection in a mixture. We additionally report a
strategy to increase sensor sensitivity /g avidity motif display. These sensing schemes may be
expanded to more sophisticated designs utilizing additional loops for increasing multiplicity and
sensitivity.
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OmpG Nanopore ¢
Sensor

Single-channel
Multiplex Protein Detection

The Outer Membrane Protein G (OmpG) nanopore has been demonstrated as a highly selective
platform for protein sensing. By simultaneously functionalizing two of the porin’s seven loops
with peptide motifs we achieve single-molecule multiplex protein detection.
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Introduction

Rapid and selective detection of biomolecular indicators of disease, referred to as
biomarkers, is imperative for accurate diagnostics!tl. However, patient samples are complex
and may contain inhibitory or interfering molecules at higher concentrations than the desired
biomarker, necessitating sample processing and/or specialized instrumentation and staff

for efficient detection[1P. 2I. Therefore, a simple method for selective multiplex detection

of independent markers to enable robust and accurate determination of patients’ disease
state would be highly desirable[1P]. Nanopore biosensors represent one potential technology
capable of fulfilling this role. In nanopore-based sensing ion flow through a biological or
synthetic pore is read out as current; when an analyte interacts with the pore or displayed
affinity reagent the observed current is perturbed in a characteristic manner, allowing

for analyte identification and quantitation[3l. This sensor principle has been successfully
applied for genomic DNA sequencing, with ongoing efforts to expand the repertoire of
modified nucleobases to enable greater epigenomic analysisi4l. More recently the field
advanced toward the detection of peptides and proteins, enabling biomarker detection and
even single-molecule protein sequencingl®l. Great effort has been put forth to resolve the
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twenty proteinogenic amino acids, facilitating the detection and analysis of protein post-
translational modificationsl®l. Improved resolution of amino acids has thus allowed advances
towards protein identification via peptide profiling in a manner analogous to peptide
profiling by mass spectrometryl7]. Nanopores have already shown utility in multiplexed
detection of peptide(s) or protein(s) with several groups achieving array-based multiplex
protein detection using barcoded reporters[®l. As these methods are generally reliant on
antibodies to mediate analyte capture, cross-reactivity between the analyte(s) and other
structurally similar molecules in complex biological and clinical samples may present a
significant challenge to the specificity of multiplex detectionl1b: 91,

Outer Membrane Protein G (OmpG) nanopore is a monomeric Escherichia coli (E. coli)
porin with a 14-stranded B-barrel possessing seven flexible extracellular loops!l. The
highly dynamic loops regularly undergo conformational changes, altering ion permeability
through the pore relative to the conformation of the loop(s) in a phenomenon termed
gating[*1]. OmpG detection is based on changes to the gating pattern resulting from the
interaction of the flexible loops with analytes that were captured by a loop-displayed affinity
reagent, rather than the resistive pulse sensing more commonly employed in other nanopore
sensors[® 121 This unique sensing scheme is highly selective to the properties of the
molecular surface, allowing for target identification and quantitation even among close
homologs[!3l. We have demonstrated that OmpG is an effective display scaffold as each
loop is capable of hosting an affinity reagent for analyte detection, with the most flexible
loop 6 demonstrating particular utility in the selective differentiation of protein homologs
binding to the same affinity reagent, while remaining insensitive to non-specific interactions
in complex solution!®8 141 Therefore, we considered OmpG to be a promising scaffold for
the generation of a multiplex sensor due to its possession of seven loops amenable as anchor
or display sites to host distinct affinity reagents for independent multiplex detection. Herein,
we report the development of a simple multiplex OmpG biosensor (Figure 1a) and a general
framework from which we can continue the optimization and development of advanced
detection platforms for disease biomarkers.

Results and Discussion

Development of Flow Cytometry Assay to Assess OmpG Motif Display

Protein nanopore functionalization via chemical labeling can result in population
heterogeneity due to incomplete labeling reaction, potentially confounding later analysis,
whereas genetic modification assures all constructs harbor the desired affinity ligand with
atomic precision. Therefore, we decided to incorporate genetically encoded peptide motifs
to build our OmpG nanopore sensor. The FLAG motif (-GDY K DDDDK G-) was selected
for this assay due to the availability of monoclonal antibodies and prior use in outer
membrane protein display[*®]. We additionally selected several peptide sequences which
bind streptavidin, as OmpG had previously demonstrated utility in its detection[13a]. We
previously observed that the detection sensitivity of biotin-conjugated OmpG constructs was
impacted by the loop position where the affinity reagent was attached[32: 1401 Thus, we
anticipated the site of integration within each loop for display of peptide motifs would also
be a factor in the functionality of these constructs. As single-channel current recording in
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a laboratory setting is a low throughput method for characterizing new nanopore/analyte
interactions a more rapid assay was desirable to screen the viability of peptide incorporation
sites within OmpG’s loops. Flow cytometry was well suited for screening OmpG nanopore
constructs as OmpG is an endogenous £. coli outer membrane protein allowing for efficient
display of engineered peptides sequence(s) on the cell surface where they are accessible to
protein analytes!102 161 Constructs displaying the FLAG motif in each of OmpG’s seven
loops were generated and termed OmpGL/7-LAG (Figure 1b & Figure S1), with nindicating
the display loop number.

Each OmpGL/7-FLAG construct was separately expressed at the outer membrane of BL21
(DE3) E. coli (Figure 1c). Display of the FLAG motif was then assessed by flow cytometry
using a sandwich-style labeling scheme: the FLAG epitope was first recognized by
monoclonal mouse anti-FLAG antibody FG4R, which was then bound by goat anti-mouse
polyclonal antibody conjugated to fluorescein (FITC) to generate the fluorescence signal.
We observed a clear increase in FITC channel emission relative to OmpG " for most of the
constructs (Figure 1d). Constructs OmpGLY/23/4-FLAG exhibited mean fluorescence intensity
slightly above that of constructs OmpGL&7-FLAG additionally, OmpGL//7-FLAG exhibited
a wider distribution in fluorescence intensity, whereas OmpGL2/34-FLAG exhibited tighter
clustering of their fluorescence signal. Together, the variation in fluorescence intensity and
distribution between constructs suggested differences in labeling efficiency as a function of
motif location but contributions from differing local environments cannot be fully excluded.
Interestingly, OmpGL>+LAG showed almost no FITC channel emission, while in vitro
refolding assessment of OmpGL2+LAG indicated comparable folding efficiency with other
OmpGLA-FLAG constructs (Figure S2a-b), suggesting the low fluorescent signal may be due
to inefficiency in the trafficking of the OmpGL5/LAG construct to the outer cell membrane.
Overall, this assay was an effective means to rapidly assess peptide ligand display efficiency,
identifying and excluding poorly performing constructs from subsequent studies, with clear
trends discernible even from qualitative comparison. Constructs displaying the FLAG motif
in loops 2, 3, 4, and 6 were selected for further single-channel analysis because of their
strong fluorescence signal. Despite the observation of a comparably strong fluorescence
signal in the flow cytometry assay OmpGLZ-#LAG was not considered for further analysis as
the construct did not appreciably refold /n vitro (Figure S2b).

Monoclonal Anti-FLAG Antibody FG4R Detection via Loop 3 Peptide Display

OmpGLZFLAG OmpGL3+FLAG OmpGL4FLAG and OmpGLE+FLAG proteins were prepared
and characterized by single-channel current measurements. Three proteins, OmpGL2-FLAG,
OmpGL3FLAG and OmpGL4FLAG exhibited gating behavior that approximately resembled
OmpG", as characterized by rapid fluctuations between high and low conductance states,
indicating hosting the FLAG motif at these positions did not greatly alter gating dynamics
(Figure 2b & S3a—c/e). In contrast, OmpGL&-+LAG exhibited a significant reduction in the
intensity and duration of gating events (Figure S3d). Addition of FG4R elicited no change
for OmpG", OmpGLZ+FLAG OmpGL4FLAG and OmpGLE+LAG constructs (Figure S3a—d)
while OmpGL3-FLAG resolved binding events exhibiting a 5.0 + 1.1% reduction in open pore
current (M= 3, n=29, where Nis the number of independent pores and 7 the number of
individual binding events analyzed) with an average duration of minutes (Figure 2a/c—e).
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MOSAIC was used to collect the intensity (l;es, I/1g) and duration (Dwell, ms) of gating
events within OmpGL3-FLAG trace segments covering the basal (Ip) and FG4R-bound states,
which were then plotted as two-dimensional kernel density plots for comparison[X71. This
analysis showed a ~15% reduction in gating frequency during OmpGL3-+LAGIFG4R binding,
from a basal (lg) value of 58.0 + 0.6 Hz to 49.5 + 1.7 Hz after binding (Figure S3e-f),

but with no alteration to the profile of gating events, leaving the reduction in current the
most effective parameter for event identification. Due to the excessively long recording
time (~hours) necessary to collect enough FG4R binding events with minutes-long duration
we did not determine the binding kinetics of FG4R to the OmpGL/7-LAG constructs.

This highlights a potential limitation of this detection strategy: analytes with slow off-rate
generally exhibit greater pore residence, precluding the detection of additional molecules,
allowing for binary detection but not effective quantitation.

From this study we observed antibody detection at nanomolar concentration within tens

of minutes via direct interaction of the analyte with a loop-displayed peptide motif.
Interestingly, while the majority of OmpGL/7LAG constructs demonstrated effective
interaction with FG4R by flow cytometry assay, only OmpGL3-FLAG syccessfully translated
the molecular interaction to a discernible current signal. This observation suggests flow
cytometry measurements are not sufficient to predict the detection ability of OmpG
nanopore constructs, and as such additional optimization of ligand presentation position
within the display loop may be required to allow the analyte/motif interactions to induce
resolvable changes in the sensor’s loop gating dynamic readout.

Streptavidin Detection via Loop 6 Peptide Display

We have previously demonstrated the detection of streptavidin using an OmpG nanopore
with biotin conjugated to loop 61321, here we attempt to detect the same target by utilizing
our motif display strategy. We initially selected four streptavidin-binding motifs, including
Nano-tagg (-GDVEAWL GARG-, Ky 17 £ 4 nM) derived from a ribosome-display library,
and a series of SA sequences (SA consensus: ICMNVC; SA-3: TVLICMNICWTGETQ;
SA-3 truncate: TVLICMNICWT; and SA-1 truncate: LEICQNVCYY) derived from an
OmpA-scaffold bacterial display library with the unaltered motif’s reported Ky ranging from
4 nM to 10 nM[8]. Truncation of SA-3 and SA-1, as well as the streptavidin-binding
consensus sequence reported from Bessette ef a/. were considered (Figure S4a) in an
attempt to bring the bound analyte closer to the pore entrance to facilitate recognition[13b].
Additionally, to enhance the fluorescence signal, a glycine was added to either side

of the SA-1 and SA-3 truncation sequence to generate SA1.1 and SA3.1 (Table S1).
Following motif insertion into OmpG loop 6 we utilized flow cytometry to screen these
constructs for their ability to bind streptavidin conjugated to the Alexa-647 fluorophore.
Four constructs SA-3 truncate, SA3.1, SA-1 truncate, and SA1.1 exhibited an increase

in Alexa647 fluorescence, to different extents (Figure S4b), suggesting motif composition/
length and the local loop environment influence the efficiency of molecular recognition.
Notably, the displayed motifs with the lowest reported Ky values did not exhibit the
strongest fluorescence signal in our flow cytometry assay (Figure S4b), showing further
considerations of the local motif environment must be made in sensor design, highlighting
the utility of the moderate throughput flow cytometry screen.
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Among these constructs, SA1.1 was the best candidate for streptavidin detection as the

flow cytometry signal showed a single peak distribution with the highest average intensity
(Figure S4b) and the construct refolded well in vitro (Figure S2c). Single-channel current
measurements of OmpGL6-SA%.1 revealed “quiet’ pore behavior with a reduction in gating
frequency relative to wildtype (Figure 3b & S5a-b). Addition of streptavidin (strp) resulted
in a heterogenous alteration of the gating signature which was not observed following
streptavidin dosing to OmpG " (Figure 3a/c and S5c). Altered pore gating signals could be
parameterized into three main subtypes. However, there was considerable variation observed
between events categorized to each subtype, indicating this subtyping was not exhaustive,
but sufficient for our purpose of representing observed signals. Subtype | was dominated by
a substantial reduction of gating frequency during the binding event, with a concurrent 5.30
+ 0.44 % increase (N =3, n=15) in the open pore current (Figure 3d). Spontaneous gating
was not completely precluded during this state but was greatly reduced in frequency, with a
stark reduction in the average blockage depth as well. Subtype Il was characterized by high
frequency transient gating to ~50—-75% open pore current but did not demonstrate altered
open pore current during the bound state (Figure 3e). Subtype 111 was also characterized

by an increased frequency of gating; however, the frequency and current occlusion was

less than that observed in subtype Il. Additionally, subtype 111 exhibited a 4.83 + 1.40 %
increase in the open pore current (A= 3, n=15) (Figure 3f). The overall prevalence of
binding subtypes was I11>11~1. The reduction in gating intensity and/or frequency upon
target interaction likely stems from reduced loop 6 mobility due to the bound analyte, with
the other observed ‘spikes’ potentially contributed by the motion of other loops sampling
the bound analyte near the pore interfacel132 191 |nterestingly, the single analyte resulted in
heterogenous yet motif-specific binding signals (Figure 3d—f). We propose this could be due
to different interaction interfaces formed between the OmpG nanopore and the surface of the
streptavidin captured by SA1.1 motif.

Following binding signal parameterization, the interevent (tp,) and dwell (zoff) of
streptavidin binding at 800 nM was calculated by accounting for all binding subtypes (N
=3, n=903) resulting in a Tgy 0f 18.43 £ 1.01 s and T of 1.27 £ 0.02 s determined
from the average of three independent gaussian fittings (Figure 3g—h). From these values
the average association rate constant (ko = 1/[C x top], mean £ SD) and dissociation

rate constant (ko = 1/Tof, mean + SD) of streptavidin were calculated to be 7.76 + 1.37
x 104 M~1*s71 and 78.0 + 5.0 x 1072 571 respectively. Thus, the apparent dissociation
constant (Ky = kos/ kon) was calculated to be 10.05 £ 1.37 pM. This value was over two
orders of magnitude higher than was reported for the original un-truncated motif (Ky = 10
nM) suggesting a substantial loss in affinity stemming from the truncation of the original
sequence. However, despite this apparent loss in affinity our study was able to demonstrate
effective detection of nanomolar streptavidin within minutes. In summary, we have now
demonstrated the display of two motifs, FLAG and SA1.1, within two distinct OmpG loops
can generate unique, analyte-specific, and reversible gating signatures arising from direct
target interaction.
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Multiplex Detection of FG4R and Streptavidin in a Simple Mixture

With two motifs (FLAG and SA1.1) exhibiting unique gating signatures arising from target
interaction with two different loops, we sought to generate a construct for the simultaneous
display of both motifs (Figure 4a). This new sensor, termed OmpGL3-+LAG/LE-SALI contains
the FLAG motif within loop 3 and SA1.1 within loop 6 and its gating behavior was assessed
via single-channel current measurements as before. In the absence of target analytes, the
gating profile resembled that observed for OmpGL6-5AL1 syggesting the motif incorporated
into loop 6 dominates the gating behavior (Figure 4b & Figure S6b—d). Addition of

FG4R resulted in recapitulation of the minutes long, reversible reduction in open pore
current observed with OmpGL3-#LAG sensor (Figure 4c). Similarly, addition of streptavidin
recapitulated the heterogenous signal observed with OmpG£6-5AL1 (Figure 4d). Analyte
dosing to OmpG " or pores otherwise lacking the corresponding affinity motif did not

evoke any change in current or gating behavior (Figure S7a—d). We next tested if the
analyte-specific signals could be reproduced when both streptavidin and FG4R were present.
We observed that gating signature unique to each analyte could be observed individually
(FG4R shown in Figure 4e, streptavidin shown in in Figure 4f). Surprisingly, we also noticed
that the two analyte-binding signatures could occur concurrently (Figure 4g), indicating

both analytes could bind their respective motif without one analyte’s binding precluding the
binding of any further analytes due to steric occlusion. Interestingly, concurrent occupation
of the sensor pore by both analytes appears to alter the distribution of streptavidin binding
subtypes viacomplete ablation of Subtype Il (Figure S8a—c).

We then determined the binding kinetics of streptavidin with the
OmpGL3FLAG/LE-SALIsensor when only streptavidin was present for direct comparison
with the binding kinetics of streptavidin with OmpG£6-5AZ1 The average dissociation rate
constant, Aoff, was 55.0 + 3.0 x 1072 571 (V= 12, n= 2846) and was independent of
streptavidin concentration (Figure 4i & S9b/d). The 1/xgp values increased linearly with
streptavidin concentration (Figure 4h & Figure S9a/c) resulting in a calculated association
rate constant, kg, of 7.22 + 1.0 x 10* M~1s71, These values result in a calculated Kj of
streptavidin for the SA1.1 multiplex sensor of 7.51 + 0.26 UM, in close agreement with the
~10 uM value calculated for OmpGL6-S41.1 suggesting the presence of the FLAG motif on
loop 3 did not perturb the streptavidin/loop 6 interaction.

Subsequently, we determined if concurrent analyte occupancy of the pore altered this
kinetic. We initially calculated g, and Toff Of streptavidin at 800 nM when it was the

only analyte present (Strp Only) to be 16.46 £ 3.16 sand 1.97 £ 0.55s (N=3, n=

813) respectively. Then, to determine the influence of concurrent binding, a recording was
performed where both streptavidin (800 nM) and FG4R (20 nM) were present. Due to

the slow koff of FG4R, and the more rapid association kinetics of streptavidin, we were
able to observe numerous streptavidin binding events within the FG4R bound state, despite
the latter’s relatively infrequent occurrence. For the concurrent binding analysis, we only
considered regions of the trace where both analytes were bound (Concurrent Strp+FG4R)
and calculated the top, and o of concurrently bound streptavidin to be 11.70 £ 5.49 s
and 2.11 + 0.35 s respectively (V= 3, n=594). Overall, we concluded there was no
significant interference of association (Student’s T-test p-value 0.26) or dissociation Kinetics
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(Student’s T-test p-value 0.73) when both analytes were bound to the sensor scaffold,

a significant finding as this is the first demonstration of multiplex detection allowing

dual occupancy of a nanopore scaffold by two bulky protein analytes. Additionally, the
observation that the occupation of loop 3 by FG4R changes the distribution of streptavidin
binding signal characteristics but not their overall frequency suggests that some streptavidin/
OmpG sampling interface were prohibited by the bound FG4R.

Next, we tested the performance of our OmpG sensor in the presence of 150 M bovine
serum albumin (BSA) (Figure S10a), an abundant protein in serum with non-specific protein
binding propensity. Addition of BSA to the recording chamber caused a general increase in
OmpGL3FLAG/LE-SALI gating ‘noise’ a (Figure S10b/c) but without any discrete binding
signal changes associated with an affinity-mediated interaction. After confirming BSA
influence on the sensor we then dosed streptavidin (1.6 M) to determine if the previously
reported binding subtypes could be recapitulated (Figure S10d). Despite the increased gating
noise the binding signals were still well resolved, allowing for determination of streptavidin
Ton and o values (Figure S10e/f). to, of streptavidin at 1.6 UM was calculated as

18.72 + 3.53 s by accounting for all binding subtypes, showing an increase of ~2.2 fold
(Student’s T-test p-value 0.007) in comparison with 8.53 + 0.48 s without BSA (Figure
S10e). Tof Was determined to be 2.72 + 0.67 s and 2.12 + 0.21 s with and without

BSA respectively (Figure S10f), exhibiting no significant difference between conditions
(Student’s T-test p-value 0.21). We concluded high concentration of BSA appeared to reduce
analyte capture efficiency, potentially through one or more of the following mechanisms:

1) BSA acts a molecular crowding reagent slowing down the diffusion rate of streptavidin

2) BSA transiently occupies the affinity sites on either the sensor or streptavidin therefore
impeding the analyte binding to OmpG nanopore. Despite the reduction in the association
rate streptavidin detection was not substantially impacted, suggesting this sensor strategy is
viable for biomarker detection in complex solution.

Here we have shown that the binding kinetics of an analyte with its corresponding loop-
displayed motif are not significantly impacted by the scaffold hosting other loop-displayed
motifs, suggesting this approach is feasible to pursue with other analytes. Overall, we
have demonstrated that OmpG is a promising malleable scaffold for the development

of a nanopore multiplex protein biosensor, but specific construct optimization may be
necessary to resolve the binding of certain target analytes. This study represents the

first multi-functionalization of a protein nanopore for the direct single-molecule multiplex
detection of protein analytes. Prior reports of nanopore multiplex protein detection have
been accomplished either by 1) target-specific functionalization of many pores in an

array or 2) use of DNA barcoding to detect and quantify the corresponding protein
biomarker[8. 8¢, 81—, 201 The methods utilizing DNA consistently achieve lower limit of
detection due to the intrinsic capture efficiency of DNA, and channel functionalization

is expandable based on the repertoire of available affinity ligands. However, these
methods lack the molecular recognition resolution of OmpG sensing which allowed for
discrimination among closely related targets that bind to the same affinity reagent, allowing
for molecular subtyping not available in other systems.
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Avidity Display of SA1.1 Significantly Impacts Binding Kinetics

OmpG sensing is stochastic and diffusion mediated[?1]. At low analyte concentrations
(snM), the detection time becomes inordinately long compared to systems where analytes
can be driven to the porel3 221, We attempted to address the diffusion limitations of OmpG
sensing by enhancing the avidity through the display of multiple copies of the same motif
on OmpG nanopore. We elected to utilize the streptavidin binding motif SA1.1 as it

showed moderate affinity and faster dissociation kinetics relative to FG4R. A new construct,
OmpGLILE-SAL1 yas generated displaying the SA1.1 motif in both loops 3 and 6 (Figure
5a).

In the absence of target OmpGL¥L6-SAL1 hasa| gating resembled that of OmpGL&-SALI
and OmpGL3-FLAG/LE-SALL (Figure 5h & S6c/d/e). Addition of streptavidin resulted in a
strikingly different signal from that observed in OmpGL6-SA%L This new signal (Figure
5c¢) consisted of minute(s)-long regions with a ~72.8 £ 6.3% reduction in current (V=

5, n=25), and transient high-frequency fluctuations at sub-conductance states between
20 and 75% open pore current. Streptavidin binding kinetics were starkly different

for OmpGLI/LE-SALL re|ative to OmpGLE-5ALL Streptavidin bound to OmpGLILE-SALL
exhibited an average kog of 1.0 £ 0.1 x 1072571 (10 nM A= 7, n= 258 and 50 nM N =

5, n= 247, average of gaussian fit from each concentration /=12, n=505) compared to
that of OmpGL6-SAL1 3t 78.0 + 5.0 x 1072 571, exhibiting an increase of analyte residence
by ~78 fold (Figures 4i & 5e). The calculated o, of OmpGL6-SALL\as 7.76 + 1.37 x 10*
M~1*s~1 compared to 3.26 + 0.90 x 10° M~1s71 for OmpGL¥L6-5AL1 an increase of ~4.2
fold (Figures 4h & 5d). As with OmpGL6-SA%.1 1/, increased with analyte concentration
(Figure 5d) while o was concentration independent (Figure 5e) indicating the observed
signals represented unique and analyte-specific interactions with the pore. From these
kinetic values we calculated the Ky of streptavidin for OmpGL¥L6SAL.1 g he ~30 nM,

an increase of ~335 fold compared to OmpGL6-5A1.L,

Interestingly, upon closer inspection of each minute(s) long binding event we observed that
each of these streptavidin binding signals constituted numerous short duration sub-events
separated by current signals transiently returning to the fully open pore level (Figure 5f).
We calculated the & o of the sub-events to be 70.0 + 8.0 x 1072 s71, close to that of
OmpGL6-SAL178,0 + 5.0 x 1072 571 (Figure 4i & 5h). The inter-event durations were fitted
with bimodal Gaussian distribution which resulted in two average duration times t'On_l and
t’On_g as 2.56 £ 0.03 ms (black lines) and 22.86 + 2.16 ms (red lines), corresponding to a
k'on 1and K'on 2 0f 3.9 x 1010 M~1s71 and 4.4 x 109 M~1s71 respectively (10 "M N'=3,
=902 and 50nM N =3, n= 896, average of gaussian fit from each concentration N=6, n=
1798). Importantly, increasing the streptavidin concentration showed no effect on the on and
off rates of these sub-events (Figure 5g—h).

Based on the current signal and kinetic analysis, we propose that each of the minutes long
streptavidin signals represents the binding of a unique streptavidin molecule, and as such we
refer to these events as ‘discrete’ binding. As streptavidin is a homotetramer it has a valency
of four potential SA1.1 binding sites. When a single subunit is bound by a SA1.1 copy,

the other three subunits are available for interaction with the second loop-displayed SA1.1.
Thus, the sub-event binding signal observed within discrete binding events likely reflects the
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concurrent docking of two SA1.1 motifs to the tetramer, bridging the streptavidin molecule
over the pore’s luminal entrance, which resulted in the obstruction of ionic flow as indicated
by the substantial reduction in current compared to streptavidin binding to the single SA1.1
site on OmpGL6-SALL The sub-events within each “discrete” streptavidin binding can be
explained by a “partial-release and re-bridging” model: when dissociation of streptavidin
from one of the SA1.1 sites on OmpGLL6-SA1.L geeuyrred, the current signals returned to
the open-pore current as the streptavidin is no longer held over the pore’s luminal entrance.
This explains why the dwell time (t'of) of OmpGLILE-5SAL1 gyh-events was identical to
that of streptavidin/OmpGL6-5AL1 complex as the duration of both scenarios was controlled
by the interaction between a single subunit of streptavidin and a SA1.1 motif, while the
unoccupied SA1.1 motif could quickly re-bind to streptavidin and resume the bridge mode.
Notably, the “re-bridging” on-rates of sub-events exhibited a bimodal gaussian distribution,
corresponding to a more rapid process (2.56 + 0.03 ms) and a slower one (22.86 + 2.16 ms).
We propose the ten-times variation in the two rates may reflect the different efficiency of
analyte re-binding to the SA 1.1 motif displayed at loop 3 or loop 6. For example, re-binding
to a loop 3-displayed SA1.1 motif may occur more efficiently than to a loop 6-displayed one
as loop 6 is longer and more dynamic. Another explanation is that the analyte may dissociate
from both motifs causing it temporarily disengage from the pore surface, while remaining

in the local area where it could then be recaptured by OmpGL¥L6-SAL1 The full “release
and recapture” could account for the slower k'On_2 while the fast k'On_l originates when one
subunit dissociates from a SA1.1 and then resumes the “bridge” binding mode. This is less
likely as we did not observe a bimodal distribution of the tg,, for the streptavidin interaction
with OmpGL6-SALI gnd OmpGL3-Flag/L6-SA1.1 Should the recapture of a fully released
streptavidin by OmpGL¥L6-SALL geeyr at the rate ~4 x 10° M~1s71, such “recapture”

events would also take place with OmpGL6-5AL1 and OmpGLS-F/ag/L6-SALL yjith expected
lower efficiency. However, we only observed a single population of slow association events
at a rate of ~7 x 104 M~1s"1, More importantly, the ratio of the total number of two

types of events, calculated as the areas of two gaussian peaks, were close to 1:1 at both
concentrations (10 nM and 50 nM) indicating that the two types of events occurred at almost
equal frequency. If the “release and recapture” phenomena occurred, the slower recapture
process would appear at greatly reduced frequency relative to the faster recapture processes,
as the full release of the molecule from both motifs would occur less often than release

from a single motif. Furthermore, the on-rates of sub-events were independent of the analyte
concentration and exceeded the diffusion-controlled process, again supporting that these

sub-events originate from the same streptavidin molecule alternating its binding-modes on
OmpGLIL6-ALL,

Thus, we attributed the enhanced avidity of streptavidin binding with OmpGL¥/L6-SAL1
predominantly to the extended dwell time (toff), which was enabled by the formation of
dual interaction interfaces and multiple cycles of the release and re-formation of either
interaction (Figure 5i). Such unique binding kinetics likely reflected the architecture of dual
binding motifs presented by the OmpG scaffold and streptavidin’s multivalency. Further
study is needed to determine if, and to what extent, a monovalent protein analyte may also
achieve prolonged binding time. Based on our study, one could also envisage a strategy to
enhance the detection sensitivity by placing two weak affinity motifs that recognize separate

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Foster et al. Page 11
regions of a protein into the OmpG nanopore for analyte capture when high affinity motifs
are not available. However, we only observed a moderately additive effect in the association
rate for “discrete” binding, which suggested the multivalent motif strategy would not offer
significant improvement to the sensor’s limit of detection.

Conclusion

In summary, we demonstrated that peptide motif display via OmpG nanopore scaffold
expressed at the bacterial outer membrane allows for medium throughput screening of
sensor constructs via flow cytometry. The OmpG nanopore sensor hosting duo binding
motifs can be produced as a single polypeptide chain without multiple chemical labeling
processes. Furthermore, the OmpG nanopore can integrate two distinct binding motifs
that enable multiplex detection of protein analytes in a mixture with high specificity and
accuracy. Our data also provided a mechanistic explanation for avidity binding at single
molecule level.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
OmpG loops demonstrate variable peptide display efficiency. a) Schematic of OmpG

multiplex sensor for single-channel current recording. b) Top view of OmpG sensor, FLAG
motif insertion site is indicated by colored spheres (PDB: 5MWYV). c¢) Cartoon schematic of
OmpG constructs displayed on £. coli outer membrane. d) Flow cytometry analysis of £.
coli cells expressing OmpGL/-FLAG variants, data is presented as kernel density estimation
of FITC-channel fluorescence event counts combined from biological triplicates.
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Figure 2.
Detection of FG4R via OmpGL3#LAG nanopore. a) Schematic model of OmpGL3-LAG

sensor and FG4R depicted to relative scale. b,c,d) Representative current traces of
OmpGL3-FLAG in the b) absence or c-d) presence of FG4R (20 nM). Regions of the trace
showing FG4R binding are colored in orange. The red and blue dotted lines represent Ig
and FG4R-bound current respectively. ) All-points histogram of 30 second segments of
OmpGL3-FLAG during 1y and FG4R bound states. Experiments were performed in 50 mM
NayHPO,4 pH 6.0 buffer containing 300 mM KCI at £50 mV. Traces were filtered using a
500 Hz lowpass digital gaussian filter.
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Figure 3.

Detection of Streptavidin by OmpG~£6-SAZ-I nanopore. a) Schematic view of OmpGL&-5AL1
sensor and analyte streptavidin. b-c) Representative traces of OmpGL6-542-1 jn the absence
and presence of streptavidin (800 nM). The regions of the trace demonstrating streptavidin
binding signals are colored in blue. d-f) Representative traces of streptavidin binding
Subtypes I-111. g-h) Black line shows gaussian fit of Ty, and tof from log transformed
millisecond values (N = 3, n = 903). Experiments were performed in 50 mM Na,HPO, pH
6.0 buffer containing 300 mM KCI at an applied potential of £50 mV. Traces were filtered
using a 500 Hz lowpass digital gaussian filter.
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Figure 4.

Multiplex detection of two protein analytes in a simple mixture by OmpGL3-+LAG/LE-SAL1
nanopore a) Schematic view of OmpGL3+FLAG/LE-SAL.1 sensor. b-d) Representative single-
channel current recordings of OmpGL3-FLAG/LE-SAL1 1) hasal behavior and recapitulation
of ¢) FG4R (20 nM) and d) streptavidin (800 nM) binding signals. e-f) Representative
single-channel current recording traces showing recapitulation of individual analyte signals
when analytes are present in a simple mixture g) Concurrent observation of both binding
signals. h-i) Concentration dependence of streptavidin 1/tg, and 1/tof. Error bars represent
standard deviation from three independent pores. j-k) Gaussian fit of Tg, and toff values
from log transformed millisecond values representing quantification of streptavidin binding.
Light gray and blue represent when only streptavidin is present (N = 3, n = 813), dark

gray and blue represent concurrent streptavidin and FG4R quantification (N = 3, n = 594),
Experiments were performed in 50 mM Nay,HPO,4 pH 6.0 buffer containing 300 mM KCI at
an applied potential of 50 mV. Traces were filtered using a 500 Hz lowpass digital gaussian
filter.
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Figure5.
Detection of streptavidin by OmpGL¥L6-5A1.1 ayidity nanopore sensor. a) Schematic view

of OmpGLILE-SALI ayidity sensor. b) Representative current trace in the absence of
streptavidin c) Representative current trace and all-points histogram in the presence of
streptavidin, discrete binding signal(s) indicated in blue. All-points histogram generated
from 30 second segments of indicated state. d-e) Gaussian fit of T, and Tof values derived
from discrete streptavidin binding events at either 10 nM (N =7, n = 258) or 50 nM (N =5,
n = 247). f) Zoomed in view of discrete bound state highlighting streptavidin rebinding sub-
states within the discrete signal. g-h) Gaussian fit of kinetic parameters t’On_l&z and t off of
rebinding events at either 10 nM (N = 3, n = 902) or 50 nM (N = 3, n = 896). i) Proposed
model of streptavidin interaction with OmpGL¥L6-SA1.1 Experiments were performed in 50
mM Nay,HPO4 pH 6.0 buffer containing 300 mM KCl at an applied potential of 50 mV.
Traces were filtered using a 500 Hz lowpass digital gaussian filter.
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