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Abstract

Oligomeric protein nanopores with rigid structures have been engineered for the purpose of
sensing a wide range of analytes including small molecules and biological species such as proteins
and DNA. We chose a monomeric -barrel porin, OmpG, as the platform from which to derive the
nanopore sensor. OmpG is decorated with seven flexible loops that move dynamically to create a
distinct gating pattern when ionic current passes through the pore. Biotin was chemically tethered
to the most flexible one of these loops. The gating characteristic of the loop’s movement in and
out of the porin was substantially altered by analyte protein binding. The gating characteristics of
the pore with bound targets were remarkably sensitive to molecular identity — even providing the
ability to distinguish between homologues within an antibody mixture. A total of five gating
parameters were analyzed for each analyte to create a unique fingerprint for each biotin binding
protein. Our exploitation of gating noise as a molecular identifier may allow more sophisticated
sensor design while OmpG’s monomeric structure greatly simplifies nanopore production.
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Protein nanopores have become powerful single-molecule analytical tools that enable the
study of fundamental problems in chemistry and biology,! 2 including protein folding® and
unfolding,*8 enzymatic activity,%1! chemical reactions? 13 and stability of complex
formation.14 Beyond basic research, nanopores also hold tremendous promise in biotech
applications such as DNA sequencing®? 15-17 and biosensing.! Molecular detection using a
single nanopore works by observing modulations in ionic current flowing through the pore
during an applied potential. Typically, binding (or translocation) of an analyte within (or
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through) the pore’s lumen partially blocks the flow of current and provides information
about a molecule’s size, concentration and affinity8. Protein nanopores based on protein
toxins, especially a-hemolysin (aHL), have been used to detect metal ions, % 20 organic
molecules,?1-23 oligonucleotides!! 17: 24 and measure the size of polymers.25 26

Although aHL works well for small analyte detection, molecules larger than 27A in
diameter cannot fit in the pore’s lumen. Direct protein detection with nanopores is therefore
problematic, though some strategies have been developed to transmit the binding signal from
solution to the pore’s interior.27-30 For example, binding of a kinase was performed using an
aHL pore modified with an inhibitor peptide attached to its stem side.28 The binding of
lethal factor to the PA63 pores of the anthrax toxin orients the N-terminal leader sequence
towards the pore’s lumen.31: 32 In both cases, analyte docking to the binding site on the
sensor pore manifest as a current blockage.28: 32 In addition to direct current blockade, target
analytes may also be detected indirectly through current modulation. A common strategy
involves a nanopore-permeable molecule, e.g. a small chemical ligand or ligand-modified
polymer whose partitioning into or translocation through the nanopore was altered after
analyte binding. Following this scheme, the detection of streptavidin or avidin was
demonstrated by tethering biotin viaa PEG polymer to aHL39 or monitoring the
translocation of biotinylated poly nucleic acids through aHL.33-35

Another strategy is to use larger nanopores for analyte detect. For example, the bacterial
toxin ClyA, with a 70A diameter, was modified at one end with an aptamer specific to
thrombin.38 So far, ClyA represents the largest protein pore for sensing. Although there are
many proteins that form larger pores in nature,3” e.g. perfringolysin O (~15 nm in
diameter),38 their application as sensors has yet to be realized. Synthetic nanopores do not
have the size limitation and are more robust39-41 and have been applied to identify proteins
either during translocation®®42 or via capture by specific receptors immobilized on the wall
of the pore.3% 43-45 However, synthetic nanopores lack the well-controlled geometry
common to their protein pore counterparts.

Unlike other multimeric proteinaceous nanopores such as aHL and ClyA,27: 36 outer
membrane protein G (OmpG) from Escherichia coli (E. coli) is monomeric.4® Thus,
complex and asymmetric alterations by chemical or genetic modifications are
straightforward, making OmpG an attractive nanopore platform for developing nanopore-
based sensing technology. OmpG is composed of 14 B-strands connected by seven flexible
loops on the extracellular side and seven short turns on the periplasmic side (Fig. 1a).47-49
The extracellular opening is 8 A in diameter and the periplasmic side is 14 A.50 Wild-type
OmpG spontaneously gates during an applied potential as revealed by planar bilayer
studies.*6: 50 Pore gating is attributed to loop 6 which flops in and out of the pore,
intermittently blocking the current (Fig. 1a, b).%%: 51 To reduce gating, a disulfide bond or
lipid anchor was introduced into OmpG’s structure which effectively pinned the flexible
loop 6 in place.®0: 51 The resulting quiet OmpG was used to sense ADP in the presence of a
cyclodextrin adapter.>0

So far, a rigid and stable structure is usually sought for protein pores for sensing.? 52 The
protein pores with demonstrated sensing applications include aHL,30 MspA,53 ClyA,36
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aerolysin®* and phi29 DNA packaging motor>® all of which are homo-oligomers that
possess a rigid structure. Two monomeric outer membrane porins, OmpG®° and FhuA>8
with flexible loops have also been used for sensing purposes. However in both cases the
flexible loops were considered as the major obstacle for sensing. These loops were either
fixed or removed to stabilize a single open conformation by protein engineering.30: 56 Here,
we directly exploit loop dynamics instead of pore blockage to detect protein interactions.
Our results demonstrate that the flexibility of OmpG’s structure represents a unique feature,
which can be used for resolving subtle differences between the surface properties of highly
homologous protein analytes. This capability has not been demonstrated with other
nanopores.

Results and discussion

Detection of Streptavidin by OmpG-PEG,4-biotin pore

To detect proteins, we designed an OmpG nanopore with a ligand tethered to loop 6 to “fish”
for target proteins. We hypothesized that target binding would alter the flexibility of loop 6
and therefore alter the gating pattern as a recognizable signal to indicate detection. To
validate the concept of the OmpG sensor, we first chose biotin and streptavidin as the model
ligand and target protein because of its very low dissociation constant of ~10715> M%7, A
single cysteine mutation was introduced to the D224 residue of OmpG by site-directed
mutagenesis (Fig.1). The OmpG D224C was expressed in £. colias inclusion bodies and
purified by ion-exchange chromatography. Purified OmpG D224C proteins were labeled
with maleimide-(PEG)14-biotin and the resulting OmpG-PEG;-biotin construct was
refolded to its native structure (Fig. S1). The biotin group could extend out from the OmpG
pore by approximately 60A to facilitate the capture of the analyte proteins (Fig. 2a). Single-
channel recording of OmpG-D224C and OmpG-PEG 1-biotin revealed that neither the
mutation nor the tethered biotin group induced a measurable change in the unitary
conductance or gating pattern of OmpG when compared to the wild type protein (Fig. S2).
Addition of 3 nM streptavidin to the OmpG-PEG1;-biotin pore induced an irreversible
change in its gating pattern, /.e. a marked increase in gating frequency from 111+30 s71 to
199 +27 s71 (n=3) was observed for OmpG-PEG11-biotin pore at pH 5.7 (Fig. 2b).

We plot all the gating events according to their gating amplitude and duration in a two-
dimensional (2D) event distribution plot (Fig. 2d). From the 2D plot analysis, we observe
two population of events. Population 1 only partially blocks the pore with amplitudes
between 0 to 7.5 pA and dwell time between 0-0.4 ms (Fig. S3); population 2 almost fully
blocks the pore with amplitudes larger than 10 pA (10-20pA) and dwell time longer than
1ms (1-50 ms) (Fig. S3). From previous studies and known structures of OmpG,47: 50 we
expect that loop 6 cannot fully block the pore on its own as it cannot occupy sufficient space
within the lumen. For complete blockage, we expect that as much as one third of strand 12
must also unfold so that loop 6 is long enough to completely occlude the opening. We give
the term “flickering” and “bending” to describe partial vs complete blockages, respectively.
This distinction is important when considering the behavior observed in the 2D plots. For
example, flickering events (population 1) seem relatively constant in the presence or absence
of target, while the bending events (population 2) shorten considerably when the target binds
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(Fig. 2d). By contrast, the average dwell time of the bending events decreased from 5.1+0.14
ms to 3.8+0.15 ms (n=3) (Fig. S4) when streptavidin was bound. In particular, those bending
events of especially long duration (>10 ms), indicated with red asterisks, were eliminated
during the streptavidin-bound state (Figs. 2b, d). We hypothesize that the bending events are
shortened by bound streptavidin by destabilizing the closed state. However, due to the
increased gating frequency, the open probability of the OmpG pore actually reduced slightly
from 0.58+0.09 to 0.51+0.10 (n= 3) upon streptavidin binding as revealed by the decrease of
the open state peak (Fig 2c). As controls, streptavidin has also been added to the unmodified
OmpG-D224C pores (15 pores tested), we have not observed any change in the gating
pattern (Fig. S5). Thus, specific binding of streptavidin to the tethered biotin induces a clear
but slight change in the gating properties of OmpG-PEG 1-biotin pore.

Shortening the ligand linker to strengthen signal

Since the binding between the OmpG-PEG14-biotin and streptavidin produced a relatively
small effect on the gating, we hypothesized that the polyethylene linker was too long to
effectively restrict the dynamic movement of loop 6. Therefore, we shortened the length of
the PEG linker to just two units, creating the OmpG-PEG»-biotin construct where the biotin
could extend ~30 A into solution (Fig. 3a). The shortened linker did not affect the gating
pattern when compared to OmpG D224C (Fig. S2). By shortening the linker, the effect of
streptavidin binding was much more pronounced, permanently reducing the frequency and
amplitude of gating events (Fig. 3b, ¢). Quantitative analysis of three OmpG-PEG,-biotin
pores showed that the gating event frequency was reduced by more than 6 fold from 104 + 6
s71t0 16 + 2 s71 (n=3). Comparison of the two-dimensional plots of all events reveals that
the occurrence of bending events with long duration time (>0.1ms) and high intensity (>10
pA) were mostly eliminated due to streptavidin binding (Fig. 3d). Gating events of transient
duration time (<0.1 ps) and low intensity (<10 pA) still persist albeit with greatly reduced
frequency. The data indicate that streptavidin bound to the PEG2 linker can strongly restrict
bending but not the flickering of loop 6. As a control, streptavidin was added to OmpG
D224C pores and no change was observed (10 pores tested). Adding excess BSA (1uM) to
the OmpG-PEG»-biotin pore also did not show any effect (Fig. S6). These observations
confirmed that the alteration of the gating pattern is caused by the specific interaction
between the streptavidin and the tethered biotin ligand. In summary, binding of streptavidin
to the OmpG-PEG»-biotin nanopore can be detected via reduction in gating behavior.

Detection of reversible antibody binding

The biotin-streptavidin interaction is effectively irreversible, thus only one binding event can
be detected with the nanopore sensor. Here, we introduce proteins with weaker dissociation
constants to look at reversible interactions. Mouse monoclonal anti-biotin antibodies (mAb)
were added to a recording chamber with a single OmpG-PEG»-biotin (Fig. 4a). The
electrical trace showed that the presence of biotin-antibody induced a dose-dependent gating
pattern that was distinct from the streptavidin bound state (Fig. 4b). During antibody
binding, the pore shifted to more closed conformation as revealed by the larger closed state
peak in the all current histograms (Fig. 4b, c). Indeed the calculated open probability was
reduced from 0.73+0.04 at the no binding to 0.52+0.04 at the bound state (n=6). In addition,
although the current fluctuates between open and closed states during both the antibody-free
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and antibody-bound states, the current of the pore in the fully open conformation was
slightly reduced by 3.5+£0.86 pA (13.6+3.8%, n=6) during the antibody bound state
compared to the unbound state (Fig. 4c). This effect was not observed during the
experiments using streptavidin and might suggest that the antibody is in closer proximity to
the pore opening when bound. As a control, addition of mAb to OmpGwt and unmodified
OmpG D224C pores did not induce any detectable binding signal (Fig. S7a). Neither were
mouse anti-histag nor anti-Glyceraldehyde 3-phosphate dehydrogenase (anti-GAPDH)
monoclonal antibodies (20 nM) detected by current recording with OmpG-PEG»-biotin
pores (Fig. S7b). Thus, these gating events resulted from the specific mAb binding to the
tethered biotin.

Next, the dwell time (o) and inter-event intervals (ton) of mAb binding was calculated
(Fig. S8). The average dissociation rate constant (Kos=1/toff) Of the mAb binding events was
0.25+0.04 s~1 (n=4) which was independent of the antibody concentration (Fig. 4d). The
observed association constant (k,, ’=1/ton) increased linearly with the increasing
concentration of antibody (Fig. 4€). The association rate constant &, of antibody binding
was 2.30£0.43x10’M~1.s71 (n=4). The equilibrium dissociation constant (K) of the mouse
monoclonal antibody to biotin was 1.12+0.28 x10~8M™1 (n=4). At the lowest mAb
concentration tested (1 nM), the mean inter-event interval was 74.5 + 31 s meaning the
OmpG-PEG»-biotin sensor can detect 1nM anti-biotin mAb within tens of min.

Influence of voltage on the mAb binding

OmpG exhibits asymmetrical gating pattern at positive and negative voltages. Therefore, we
were interested to see if the polarity of the voltage could similarly affect the dynamic motion
of loop 6 during the mAb bound state. Figure 5a shows that mAb binds to OmpG-PEG,-
biotin at both +50 mV and —50 mV. The open probability of the mAb bound state at +50 mV
and -50 mV is 0.52+0.04 (n=6) and 0.40+0.09 (n=6) respectively, in comparison to
0.73£0.04 (n=6) and 0.71+0.01 (n=3) of the non-binding state. Thus in the mAb bound state,
the pore switched to a slightly more closed state at the negative potential (Fig. 5b). OmpG
pore also showed a decreased current by 1.2+0.4 pA (n=3) at its fully open state at =50 mV.
This decrease is ~5.4% of the current of a no binding state in comparison to the 13.6%
decrease at the positive potential. Moreover it had a partial closure state with 6 pA of
residual current as indicated by the red arrow in the recording trace and all current
histograms (Fig. 5b). This result shows that the loop gating during the mAb bound state is
still strongly influenced by the polarity of the applied potential. This is a useful feature that
can be used for sensing because the asymmetric response of OmpG to target protein binding
adds one more parameter for specific analyte protein recognition.

Previous studies on nanopore detection have shown that voltage could alter analyte binding
kinetics.28. 43. 58 Therefore, single channel recording was performed at applied voltages
ranging from =50 mV to +50 mV in the presence of mouse mAbs. The voltage-dependent
gating of OmpG prevented us from testing higher potentials as OmpG tends to close
completely at £75 mV.46 Neither 7, nor 7,zexhibited a strong dependence on voltages
(Fig. 5¢, d) (Fig. S9). Thus, we concluded that the mAb binding to biotin is not affected at
applied potentials ranging from =50mV to 50 mV. The independence of binding from
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voltage at this range is advantageous since proteins can be analyzed regardless of the applied
potential.

Simultaneous detection of mouse mAb and goat polyclonal anti-biotin antibody

Although the antibody and streptavidin both bound the biotinylated OmpG, they produced
remarkably unique gating patterns. We wondered how sensitive the OmpG sensor would be
to various factors such as a protein’s size, shape, surface charge or rigidity. In an attempt to
distinguish between these, we analyzed the binding of a polyclonal anti-biotin antibody
derived from goat. To our surprise, the polyclonal antibody produced gating patterns distinct
from the structurally very similar mAb tested earlier (Fig. 6a, b). These specific gating
patterns were not observed when adding polyclonal antibody to unmodified OmpG D224C
pore (Fig. S10). Furthermore, the polyclonal sample showed clear evidence that at least two
readily distinguished populations of antibody were present (Fig. 6b, c). We categorized their
gating activities into two classes, called type I and type II.

During type I binding (pAb.1) the current decreased by 50% and contained few gating
events. During type Il (pAb.2) binding events, the open state conductance was unchanged
but the gating frequency was slightly reduced (Fig. 6¢, d). Mouse mAb was then added to
the chamber already containing pAb and the binding was observed (Fig. 6b). All types of
antibodies bound with their respective characteristics regardless of the presence of the other
antibodies. These gating patterns were not seen when antibodies and streptavidin when
added to unmodified OmpG D224C (Fig. S11). This is the first example of a nanopore than
can distinguish between three antibodies with virtually identical shape in a complex mixture.

Power spectrum analysis and fingerprint of analyte protein binding signal

Nanopore sensing often relies on blockade amplitude and/or the mean duration time of
binding to discriminating target molecules. In OmpG nanopore, the binding of analyte not
necessarily induced a current blockage. Instead, alteration of the gating/noise of OmpG was
indicative of the interaction. Noise spectral density analysis of each biotin-protein bound
state revealed that mAb showed a slightly higher noise than the unbound state (Fig. 7a, S12).
pAb. 1 exhibited the lowest noise while the level of streptavidin and pAb. 2 was between that
of pAb. 1 and the unbound state. Thus, the noise analysis contributes key information for
distinguishing analytes. Noise spectral density analysis of all OmpG pores were also
obtained and showed very small changes in noise (Fig. S13)

However, noise analysis alone is insufficient for analyte identification. For example, the
mAb-bound state was similar to the unbound state and the open pore current cannot be seen
by noise analysis. To thoroughly analyze the characteristics of the traces at the analyte
binding state, we analyze five parameters: (i) open probability, (ii) gating events frequency,
(iii) inter gating event duration, (iv) duration of gating events and (v) the open state
conductance to identify the protein(Fig. S14). Table 1 summarizes these parameters which
provide a fingerprint for each analyte (Fig. 7b). The OmpG-biotin sensor can unambiguously
detect and discriminate between 4 biotin-binding proteins including three antibody species
(two pAb and one mAb) that share highly homologous structures.
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Discussion

Since proteins of the same size and shape produce unique signals, we hypothesize that the
OmpG sensor recognizes unique targets based on other factors such as charge,
hydrophaobicity or perhaps post-translational modification of the surface. The structure of
OmpG, along with the data presented here, sheds some light on the possible mechanism of
protein detection via the nanopore strategy. Although the four biotin-binding proteins trigger
a characteristic gating pattern upon binding to the OmpG nanopore, they can be categorized
into two groups. In pAb.2 and streptavidin cause a decreased gating frequency, which
suggests binding to the PEG5 tethered biotin hindered the dynamics of the loop 6. According
to the crystal structure, the D224 residue traverses approximately 7.5 A between the open
and closed states*”. However, a recent NMR study of OmpG shows this residue may migrate
as far as 30 A between the fully open and closed conformers.4%: 59 Our results suggest that
such a large conformational change is strongly hindered by streptavidin binding and
moderately by pAb.2 binding. The results also suggest minimal interaction between the
streptavidin and pAb.2 with the loops at the opening of OmpG. In another category, mAb
and pAb.1 both caused a decrease of current in the fully open state. This observation
suggests that the two antibodies obstruct the current flow at the entrance, presumably by
partially docking to the extracellular loops of OmpG. Because all seven loops at OmpG’s
entrance are negatively charged, the two antibodies are likely positively charged or have a
positively charged patch near the biotin-binding site that mediate this interaction. This
speculation is supported by the observation of mAb’s asymmetrical behavior under an
applied potential. Namely, a positive potential might push the mAb closer towards the
OmpG pore to cause 13.6% partial block of the current (Fig. 5). In contrast, at negative
potential, the electric field would repel mAb away from the pore entrance. Indeed, we
observed that the open pore conductance was less affected, only ~5.4% blockage seen.
These results suggest that not only the ligand-tethered loop, but all the loops on the
extracellular entrance may be involved in interacting and sampling the target proteins, which
explains its ability to discriminate between highly structurally homologous proteins. We
expect the interaction between the loops and the two antibodies is weak because mAb and
pAb.1 did not induce noticeable changes to the gating of unlabeled OmpG D224C. However
these interactions may be enhanced after the antibodies bind the tethered biotin ligand. In
summary, our data suggests a novel mechanism underlying OmpG nanopore sensing that
contains two steps (Fig. 8). First, OmpG captures the target protein via its tethered high-
affinity ligand. Consequently, the bound protein interferes with the movement of loop 6
generating its characteristic gating pattern. Second, the extracellular loops of OmpG may
sample the target protein via unspecific interactions which further alters the ionic current
providing additional readout. While further study is required to delve deeper into the precise
mechanism of protein detection, our sensor’s ability to discriminate between structurally
homologous antibodies within a multi-component mixture represents a powerful advance
over previous approaches.

Previously, the detection of streptavidin and anti-biotin antibody was demonstrated using
aHL that contained a PEG biotin group tethered to its vestibule.3 In the absence of the
target, the PEG polymer traversed through the constriction site from the cisand trans
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chamber and back through the pore. This movement was manifest as rapid gating. Analyte
protein binding of the biotin group eliminated the gating and provided the readout signal for
protein sensing. In contrast to our OmpG nanopore, aHL-biotin sensor did not differentiate
binding events derived from streptavidin and mAb which differ greatly in size, shape and
surface properties. Two features of OmpG may contribute to its higher resolution compared
to aHL (Fig. S15). The first is the location of the constriction site which is the narrowest
part of the pore that determines the conductance. The constriction site of OmpG-PEG,-
biotin is located at the entrance to the pore next to the ligand interaction site while the
location of the constriction site of aHL is in the middle making it inaccessible for large
folded analyte protein. Because of this, analyte protein binding at the pore entrance directly
affected the conductance of OmpG but not aHL. Secondly OmpG has flexible loops at the
binding site which allows conformational changes to occur in response to analyte protein
binding. Instead, aHL possesses a rather stable and rigid structure at the two ends.%0
Although the biotin-binding proteins might also interact with the two entrances of aHL
nanopore, the rigidity of the aHL structure does not allow large conformational changes to
occur, so the interaction of different target proteins with the entrance did not induce
noticeable changes in the current flow that passed through the constriction site.

Our study points out an alternative design in the architecture of nanopore sensors. By
creating a nanopore with a dynamic structure that changes upon analyte binding, new
regions of data may be interpreted that give a greater sensitivity and selectivity for detecting
protein analytes. We have shown that even protein isoforms in a mixture can be clearly
distinguished using this new sensing scheme. These features are not available in other
nanopore sensing strategies, making the OmpG sensor particularly useful. Further,
monomeric proteins such as OmpG are ready to use after refolding and require no further
assembly and purification steps compared to other oligomeric nanopores.

Conclusion

We have shown that binding of target protein to an OmpG-biotin nanopore can be deduced
from changes in the gating activity of OmpG. The principle of the OmpG nanopore relies on
detecting the modulation of loop dynamics upon target protein binding rather than the
occupation in the pore lumen. More importantly, the OmpG nanopore exhibited the ability to
resolve protein homologues that share the same high-affinity ligand, making this sensing
approach well suitable for screening for homologous disease markers in complex mixtures.
In the future, this principle may be extended to a broader spectrum of analytes, such as
proteins, viruses, or bacteria without the need to use a far larger nanopore.

Methods

Single channel recording of OmpG proteins

Single channel recording of OmpG was similar to the previous study.® Briefly, experiments
were performed in an apparatus containing two chambers separated by a 25 um thick Teflon
film. An aperture of approximately 100 um diameter had been made near the center of the
film with an electric spark. The aperture was pretreated with a hexadecane/pentane (10%
v/v) solution before each chamber was filled with buffers as indicated specifically. An Ag/
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AgCl electrode was immersed in each chamber with the ¢is chamber grounded. 1,2-
Diphytanoyl-sn-glycerol-3-phosphocholine (Avanti Polar Lipids, USA) dissolved in pentane
(10mg/ml) was deposited on the surface of the buffer in both chambers and monolayers
formed after the pentane evaporated. The lipid bilayer was formed by raising the liquid level
up and down across the aperture. OmpG proteins (~1 nM, final concentration) were added to
the ¢is chamber and +200mV was applied to facilitate OmpG insertion. After a single OmpG
pore inserted, the applied voltage was lowered to 50 mV for recording. OmpG proteins
inserted in the planar lipid bilayer bi-directionally with its extracellular loops located at
either cisor transside. After 10 min recording, the orientation of the OmpG pore in the lipid
bilayer was determined by analyzing the asymmetrical gating pattern at positive and
negative potentials.81 Streptavidin or antibodies were added to the cisor trans chamber
depending on the pore orientation and the solution was stirred for 10 s. We define a positive
potential as the potential of the chamber where the extracellular loops were exposed to is
positive. Current was amplified with an Axopatch 200B integrating patch clamp amplifier
(Axon Instruments, Foster City, CA). Signals were filtered with a Bessel filter at 2 kHz
(unless otherwise stated) and then acquired by a computer (sampling at 50 ps) after
digitization with a Digidata 1320A/D board (Axon Instruments).

Single-channel current analysis

For power spectra analysis, data were recorded with a Bessel filter at 50 kHz and acquired at
250 kHz. Power spectra were calculated from a 20 s recording trace in Clampfit using
segment lengths of 32768 samples (spectra resolution 7.62 Hz) by applying Hamming
window. Data shown were derived from averaged spectra segments with 50% window
overlap. To analyze the mAb and polyclonal antibody binding, power spectra of multiple
binding events from a total of 20 s recording time were calculated and averaged. The power
spectra densities for all traces were plotted in OriginPro 9.1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of OmpG and its gating activity. (a) The top view (left) and side view (right) of

the structural alignment of the open (21WV) and closed (2IWW) states. Loop 6 is
highlighted in blue in the open state and red in the closed state. The D224C mutation is
shown in ball and stick model. (b) Single channel recording trace of a wild type OmpG pore.
The data was obtained in buffer 10 mM Tris-HCI, pH 8.0, 150 mM KCI at +50 mV.
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Detection of streptavidin by OmpG-PEG1;-biotin pore. (a) Schematic model showing the
OmpG nanopore chemically modified with maleimide-PEG11-biotin. The model was
generated in Pymol using PDB files of OmpG (2IWV) and streptavidin (3RY1). The
streptavidin was placed approximately 60A away from the OmpG pore in the model of the
bound state. (b) Representative traces of the OmpG pores before and after the addition of the
streptavidin (3 nM). The measurements were performed in buffer 10 mM sodium phosphate,
pH5.7, 150 mM KCl at +50 mV. The gating event frequency increases from 75 s™1 to 97 s71
after the addition of streptavidin. (c) All current histogram of the corresponding traces in Fig
2b. (d) Two dimensional histogram of the gating events. Gating events collected from a 15s
recording trace were distributed based on their intensity versus duration. The color scale

indicates the number of events.
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Figure 3.
Detection of streptavidin by OmpG-PEG,-biotin pore. (a) Schematic model showing the

OmpG nanopore chemically modified with a maleimide-PEG»-biotin. The streptavidin is
placed around 30A away from the OmpG pore in the model of the bound state. (b)
Representative single channel recording traces of the OmpG pores before and after the
addition of the streptavidin (3 nM). The measurements were performed in buffer 10 mM
sodium phosphate, pH 5.7, 150 mM KCI at +50 mV. (c) All current histogram of the
corresponding traces in (b). (d) Two dimensional histogram of the gating events. Total
number of 4000 gating events collected from ~220 s and ~40s recording traces of OmpG
pore with and without streptavidin bound were distributed based on their intensity versus
duration. The color scale indicates the number of the events.
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Figure 4.
Detection of monoclonal anti-biotin antibody by OmpG-PEG,-biotin pore. (a) Schematic

model showing the reversible binding of monoclonal anti-biotin antibody to OmpG-PEG,-
Biotin pore. The model is generated in Pymol using pdb files of OmpG (2IWV) and a
mouse monoclonal anti-phenobarbital antibody (11GY). The antibody was placed
approximately 30A away from the OmpG pore in the captured model. (b) Representative
single channel recording traces at various mAb concentrations. The mAb binding regions in
the recording traces are highlighted in red. Increase of the mAb binding frequency was
observed with increasing concentration of mAb. The measurements were performed in
buffer 10 mM sodium phosphate, pH 6.0, 300 M KCI at +50 mV. (c) All current histogram
of the corresponding traces in (b). The green and red dashed lines emphasize the shift of the
fully open states in current at unoccupied and mAb bound states respectively. (d) ()
Concentration dependence of the 1/tq¢ and 1/tgpn. Error bars represent the standard
deviations from the measurements of at least three independent pores.
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Figure 5.
Effect of voltage on the mAb binding. (a) Representative single channel recording trace of

OmpG-PEG»-biotin showing reversible binding of the mAb at both +50 mV and =50 mV.
We define the positive potential as the potential of the chamber where the loops are located
is positive as indicated in Fig. 4a. The measurement was performed in buffer, 10 mM sodium
phosphate buffer, pH 6.0, 300 mM KCI in the presence of 10 nM mAb. (b) Representative
single channel recording traces of OmpG-PEG,-biotin at the unoccupied or mAb bound
states at +50 mV and —50 mV. All current histogram of the corresponding current recording
traces are also shown. The green and red dashed lines emphasize the shift of the fully open
states in current at unoccupied and mAb bound states respectively. The positive potential
caused a larger shift of the open state current than the negative potential. (c) (d) Voltage
independence of 1/tqn and 1/tes. The measurements were performed in buffers 10 mM
sodium phosphate buffer, pH 6.0, 300 mM KCI in the presence of 10 nM mAb at various
applied voltages ranging from —=50 mV to +50 mV.
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Figure 6.

Detection of mouse mAb and polyclonal Ab binding by OmpG-PEG,-biotin pore. (a)
Schematic model of simultaneous detection of multiple target proteins by OmpG nanopore.
(b) Representative current trace of a single OmpG-biotin. The measurement was performed
in the presence of mouse mAb (1 nM) and goat pAb (72 nM) in 10 mM sodium phosphate,
pH 6.0, 300 mM KCI at applied potential of +50 mV. The mAb and polyAb binding events
were highlighted in colors, 7.e. mAD in red, pAb. 1 in green and pAb.2 in blue. (c)
Representative current recording trace of OmpG-PEG5-biotin pore at the unoccupied and
mAb and polyAb bound states. (d) All current histogram of the corresponding current
recording traces.
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Figure 7.
Comparison of the gating patterns of OmpG-PEG,-biotin at analyte binding states. (a)

Power spectra of the protein-binding states for four biotin-binding proteins: streptavidin,
mADb, pAb.1 and pAb.2. To compare the streptavidin binding with other biotin-binding
proteins under the same condition, experiments were performed in 10 mM sodium
phosphate, pH 6.0, 300 mM KCI (Fig. S12). Electrical traces under this condition were used
to derive the power spectra and the fingerprint characteristic shown Table 1 and Fig. 7b. (b)
Fingerprints of the biotin binding proteins. The gating events of different analyte protein
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binding states were characterized by five parameters, /.e. open probability, gating frequency,
inter-event duration, event duration and the conductance of the open pore state. Changes of
these parameters relative to the no binding state generate the fingerprint unique for each
antibody.
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Figure 8.
Schematic model illustrating the principle of OmpG nanopore detection.
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Table 1
Fingerprint of each type of gating events
Relative
Open Event Inter-event Gating conductance
probability | frequency (s™1) | duration (ms) | duration (ms) | of open state
(%)
No binding 0.73+0.04~ | 97+3.6 8.68+2.14 2.93+0.52 100
Streptavidin | 0.95+0.08 45+7 22.75%3.2 0.62+0.19 100+4.2
mAb 0.52+0.04 201+103 3.67+1.57 4.20+1.90 86.4+1.3
pAb.1 0.99+0.01 7+1 n/a n/a 52.3+4.7
pAb.2 0.94+0.02 57.5+2 12.2+1.3 1.09+0.21 106.5+6.5

*
Values were calculated from at least three independent experiments. The errors indicate the standard deviation.
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