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Abstract

Protein detection in complex biological fluids has wide-ranging significance across proteomics
and molecular medicine. Existing detectors cannot readily distinguish between specific and
nonspecific interactions in a heterogeneous solution. Here, we show that this daunting
shortcoming can be overcome by using a protein bait-containing biological nanopore in
mammalian serum. The capture and release events of a protein analyte by the tethered protein bait
occur outside the nanopore and are accompanied by uniform current openings. Conversely,
nonspecific pore penetrations by nontarget components of serum, which take place inside the
nanopore, are featured by irregular current blockades. As a result of this unique peculiarity of the
readout between specific protein captures and nonspecific pore-penetration events, our selective
sensor can quantitatively sample proteins at single-molecule precision in a manner distinctive from
those employed by prevailing methods. Because our sensor can be integrated into nanofluidic
devices and coupled with high-throughput technologies, our approach will have a transformative
impact in protein identification and quantification in clinical isolates for disease prognostics and
diagnostics.
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A current challenge in personalized medicine is the ability to detect proteins in a specific,
sensitive, and scalable fashion using biofluids.! 2 Prevailing methods for protein analysis in
vitro, such as biolayer interferometry, surface plasmon resonance, and isothermal titration
calorimetry, are usually employed in homogeneous samples. Yet, these approaches cannot be
used in a heterogeneous solution, because of nonspecific protein binding and deteriorated
signal-to-noise ratio (SNR). In the past decade, significant progress has been made in
developing alternative bioanalytical approaches for detecting proteins and their interactions
in complex biofluids.3-8 Conventional techniques, such as mass spectrometry, enzyme-
linked immunosorbent assay (ELISA), and Western Blot, have facilitated detection and
exploration of proteins in biofluids. Here, we demonstrate accurate determinations of protein
detection in mammalian serum at single-molecule precision using a modular pore-based
nanostructure. By using conventional nanopore sensors, it is difficult to distinguish signals
caused by specific interactions with the target protein from those caused by nonspecific pore
penetrations of other constituents of a heterogeneous sample. This challenge is exacerbated
in nanopore recordings, because both specific and nonspecific events appear as current
blockades. Therefore, pore penetration by biofluid constituents enhances the susceptibility
for sampling false capture events and precludes accurate protein detection.

In this work, we show that this persistent limitation can be overcome by detecting the
protein analyte outside the nanopore by means of a tethered protein bait (Fig. 1a). The 455-
residue single-polypeptide chain protein nanopore, also named t-FhuA,?: 10 is an extensive
truncation of ferric hydroxamate uptake component A (FhuA)! of E. coli. This is a robust
monomeric B-barrel.12-15 The protein bait was engineered at the N terminus of t-FhuA via a
flexible hexapeptide tether ((GGS),). As a test case for the protein bait and protein analyte,
we used 110-residue RNase barnase (Bn)16 and its 89-residue inhibitor barstar (Bs),17- 18
respectively. The pivotal mechanism of this sensing approach in fetal bovine serum (FBS) is
the transduction of protein capture and release events into a high-fidelity electrical readout
via a movable polypeptide adaptor (O), which was fused to the untethered end of the bait.
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Therefore, our single-polypeptide chain protein sensor is OBn(GGS)»t-FhuA, a 583-residue
pore-based nanostructure.

Our selective nanopore sensor permits single-channel electrical recordings'2 19 over long
periods under these challenging conditions. In this work, specific protein captures, which
occur outside the nanopore, lead to uniform current openings. In contrast, the FBS
constituents, which partition into the t-FhuA pore lumen, bring about irregular current
blockades. This readout feature makes the protein captures unambiguously different from
those events resulting from nonspecific pore penetrations of nontarget FBS constituents.
This strategy for distinguishing between protein captures and releases from other
nonspecific residual events is a fundamental distinction of this work from prior detection
studies using conventional nanopores in homogeneous solutions.1: 20-37 Here, we
hypothesized that the SNR value might be further amplified under optimized recording
conditions. Moreover, we show that time-resolved protein capture and release events can be
recorded in a heterogeneous solution at an applied potential as low as 15 mV, because of a
satisfactory SNR value. Yet, in these challenging circumstances the bait-analyte complex
formation followed a simple bimolecular association process, whereas the analyte release
underwent a unimolecular dissociation process. Such a membrane protein design, which
makes this method highly specific and quantitative, enables accurate determinations of
single-molecule protein detection in FBS. Finally, the kinetics of binding and unbinding in a
heterogeneous solution was identical to those determined in a homogeneous solution,
confirming that specific and nontarget single-molecule events are independent of each other.

RESULTS

Maximization of the SNR value in FBS.

Our aim was to record single protein captures at a maximized SNR and at a minimized
interference of FBS-induced current transitions. OBn(GGS),t-FhuA spontaneously inserted
itself from the c¢/sside into the membrane with a preferred orientation (Fig. 1a). Ata
transmembrane potential of —40 mV with respect to the ¢isside (grounded) and in 300 mM
KCI, 10 mM Tris-HCI, pH 8.0, OBn(GGS),t-FhuA showed a uniform single-channel current
with a mean value of —46.9 + 2.5 pA (n = 4 experiments) (Supporting Information, Fig. S1).
When Bs was added to the cisside at a low-nanomolar Bs concentration, [Bs], transient
current transitions were readily observed between Og,, and Oyt (Fig. 1b). The current
amplitudes of these open substates were —47.5 £ 2.1 pA (n = 4) and -58.2 £ 3.1 pA (n = 4),
respectively. We have recently shown that these current transitions represent reversible
release (Ogp) and capture (Oqff) events of Bs by Bn.10 We used a single-site mutant of Bn
(H102A), a catalytically-inactive protein bait. In this way, we examined more weakly-
binding protein captures (e.g., Ky of ~1072 M)10: 38 than strongly-binding protein captures
(e.g., wild-type Bn, Ky of ~10714 M).38 This tactic permitted the recording of single-
molecule Bs capture events at equilibrium. The Oy and Oy, current amplitudes enabled a
clear signal separation of ~10 pA for the capture and release events, respectively. Enhancing
the Bs concentration increased the event frequency (Fig. 1b). Standard histograms of the
release (zon) and capture (zof) durations are presented in Supporting Information (Fig. S2).
The statistically significant fit model was determined by using a standard logarithm
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likelihood ratio (LLR) test.3% At a confidence level C = 0.95, the best model was one-
exponential fit, unless otherwise stated (see below terms resulting from serum constituents).
This outcome suggests single-barrier transitions of the free-energy landscape of these single-
molecule protein capture and release events. However, the incubation of the cisside of the
chamber in FBS within the range of 1-5% (v/v) FBS resulted in appearance of large-current
amplitude and long-lived blockades at a transmembrane potential of 40 mV (Supporting
Information, Fig. S3). For example, at an FBS concentration of 5% (v/v), the duration of
some of these long-lived events was even longer than 10 s.

Therefore, these long-lived FBS-induced events interfered with our ability to detect single-
molecule protein captures. t-FhuA is an acidic B-barrel (PK/ACl is ~5.5).13 Thus, the pore
lumen acts as an energetic barrier for the partitioning of negatively-charged FBS
constituents. In contrast, positively-charged FBS impurities are electrostatically attracted
into the pore interior. A negative transmembrane potential would amplify this process,
because FBS was added to the c¢/sside of the chamber. On the other hand, a positive
transmembrane potential would counteract on positive FBS constituents, whereas the
negatively-charged FBS impurities would face an energetic barrier due to the cation
selectivity of t-FhuA. These outcomes led us to systematically examine the voltage
dependence of the differential current, Alyst-on (/ (Ooff) — / (Oon)), between the capture and
release substates. For example, at a negative voltage bias, A/yr.on Was ~17.6 pA and ~2.5 pA
at =50 mV and —-15 mV, respectively (Supporting Information, Fig. S4). This inspection
revealed greater A/ys.on Values for negative potentials than those values recorded at positive
potentials. For example, A/y.on Spanned a range of 1.2-1.8 pA between +15 and +40 mV,
respectively. This finding motivated us to conduct our single-molecule protein capture
measurements at a higher positive potential. Surprisingly, we noted that increase in the
positive voltage bias at a value of +40 mV deteriorated the SNR and induced transient
current fluctuations in the stability of the substates Og, and Ot (Supporting Information,
Fig. S5).

Therefore, we then tested single-molecule Bs captures at a potential of +15 mV. In these
conditions, OBn(GGS),t-FhuA exhibited a uniform unitary current of 19.9 + 1.5 pA (n = 5)
(Supporting Information, Fig. S6). When Bs was added to the c¢/sside at a low-nanomolar
concentration, reversible protein captures in the form of transient current transitions were
noted between Og, and Og¢. The mean currents of these open substates were 20.1 + 1.6 pA
(n=5)and 21.3 = 1.5 pA (n = 5), respectively. This results in a Alyff.on 0f ~1.2 £ 0.1 pA
(n=5). Representative single-channel traces of these protein captures, when either 12.63 nM
Bs (fop trace) or 50.5 nM Bs (bottom trace) was added to the c/s side, are illustrated in Fig.
1c. Standard histograms of the release (z,) and capture (zyf) durations are presented in
Supporting Information (Fig. S7).

Time analyses of these events were used to determine the association (4y,) and dissociation
(koff) rate constants of the Bn-Bs interactions, where Ay = 1/([BS] 7on) and Aosf = 1/ 7ot
Here, 7o, and o denote the release and capture durations of the free Bs by the tethered Bn,
respectively. The frequency of the single Bs captures in the form of 1/z,, was linearly
dependent on [Bs], suggesting a bimolecular association process (Fig. 1d). The slope of the
linear fit of event frequency was g, with a mean value of (1.59 + 0.09) x 10’ M~1s71, The
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reciprocal of the zof duration, Ao, with a mean value of 0.95 + 0.02 s, was independent of
[Bs], indicating a unimolecular dissociation process (Supporting Information, Table S1).
These values correspond to a Ky of 60 + 4 nM (Supporting Information, Table S2). The
kinetic and equilibrium constants determined at +15 mV were in excellent accord with those
parameters obtained in an earlier study at a voltage bias of —40 mV (kyn = (1.34 £ 0.04) x
10" M71s71, kysr = 0.86 £ 0.02 571, and Ky = 64 + 02 nM).10 These values are also in
agreement with prior bulk-phase kinetic determinations.16: 38 Furthermore, 4, and ¢ were
not sensitive to changes in the transmembrane potential when the voltage bias was negative
(Supporting Information, Fig. S8).

Single-molecule protein detection in FBS.—Based upon the above findings, we then
examined single-molecule Bs captures at a transmembrane potential of +15 mV and in the
presence of 5% (v/v) FBS (Fig. 2a). Under these conditions, FBS-induced current blockades
were in the range of milliseconds. Two representative single-channel traces are shown when
either 12.63 nM Bs (Zgp trace) or 50.5 nM Bs (bottom trace) were added to the cisside (Fig.
2b). FBS-induced large-amplitude blockades featured a current amplitude (A/egs) of 17.2

+ 1.2 pA (n = 3). These current blockades were unambiguously distinguished from specific
Bs capture-induced, low-amplitude current transitions between the O, and Og¢ Substates
(Aloff-on Was 1.4 £ 0.3 pA (n = 3)). We highlight that single-molecule Bs captures were
detected outside the nanopore, whereas the nonspecific FBS-induced events were probed
inside the nanopore. Therefore, we hypothesize that these two categories of events are
independent of each other. Indeed, we noticed that any reversible, large-amplitude, FBS-
induced current transition departing from either Ogp, or Ot Substate always returned to the
same substate. This confirms their independent mechanisms.

Histograms of the release and capture durations in the presence of 5% (v/v) FBS, and at
either 12.63 or 50.5 nM Bs, are displayed in Fig. 2c and Fig. 2d, respectively. Remarkably,
the presence of FBS did not affect single-exponential distributions of these time constants.
Moreover, (1/z,,) was linearly dependent on [Bs], whereas (1/ z5¢) was independent of [Bs],
suggesting that these events resulted from a bimolecular association process and a
unimolecular dissociation mechanism in the presence of FBS. Again, Ay, and A of the
single-molecule protein captures were determined in the presence of FBS using linear fits of
the dependences of 1/z,, ([Bs]) and 1/ zo¢ ([BS]) (Fig. 2e; Supplementary Information, Table
S3). These values were (1.67 = 0.09) x 10’ M~1s™1 and 0.86 + 0.03 s71, respectively, which
corresponded to a K of 52 + 3 nM (Supplementary Information, Table S2). Remarkably,
these kinetic and equilibrium constants determined in FBS are closely similar to those
acquired in a homogeneous solution. This outcome is significant, because it also reveals that
no FBS impurity interacts with the binding interface of either Bn or Bs. To test whether the
presence of Bs affected the partitioning of nontarget FBS constituents into the pore lumen,
we conducted the time analysis of the large-amplitude current transitions (/gs) at [Bs] in
the range of 0—100 nM. For the time analysis of the Bn-Bs interactions, we used a 20 Hz
low-pass Bessel filter. Yet, in the case of the FBS-induced current blockades, an 0.5 kHz
filter frequency was employed (Supporting Information, Fig. S9), which corresponded to an
event deadtime, 7y, of 0.36 ms.40 An LLR test analysis indicated that the FBS-induced
events followed a four-exponential distribution, regardless of [Bs] (Fig. 2f, Fig. 2g;
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Supporting Information, Tables S4-S9). We conclude that the Bn-Bs interactions are also
quantitatively independent of the FBS-induced current blockades.

Single-molecule protein detection in heat-inactivated FBS (HI-FBS).—The
enhancement of protein-detection sensitivity might also be achieved by reducing the highly
frequent and short-lived current blockades produced by the FBS impurities. Studies of
protein detection using other bioanalytical methods show that the inhibition of background
noise is usually conducted either by gradual dilutions or by heat inactivation (HI) of the
serum.*1-44 Here, we examined single-molecule Bs captures by the tethered Bn when heat-
inactivated FBS (HI-FBS) was added in increased volumetric concentrations. Two single-
channel traces are illustrated when either 5% (v/v) HI-FBS (fop trace) or 10% (v/v) HI-FBS
(bottom trace) were added to the cisside at 12.63 nM Bs (Fig. 3a; Supporting Information,
Fig. S10). Again, concurrent Bs capture-induced, low-amplitude current transitions (A/off-on)
and HI-FBS-induced, large-amplitude blockades (A/n-rgs) Were noted. The total frequency
of HI-FBS-induced events at 12.63 nM Bs and 5% (v/v) HI-FBS was 0.14 + 0.05 s~1 (n=3).
Notably, this value was much lower than that determined in the presence of 5% (v/v) FBS
(4.48 + 1.04 s71, n=3). This finding highlights the significance of removal of FBS-induced
residual blockades by HI of the serum. As in the case of FBS-incubated samples, the release
and capture durations obeyed single-exponential event distributions (Supporting
Information, Fig. S11). Moreover, these time constants were independent of the HI-FBS
concentration (Fig. 3b; Supporting Information, Table S10). Therefore, we determined no
statistically distinctive rate constants at increased HI-FBS concentrations. Finally, HI-FBS-
induced events followed a multi-exponential distribution that included four or less
exponential terms (Fig. 3c, Supporting Information, Tables S11-S13).

DISCUSSION

In this article, we show single-molecule discrimination of proteins in FBS using a highly
specific nanopore sensor. The detection readout is not acquired at the expense of protein
unfolding,2% 30 because single-molecule capture events occur outside the nanopore20: 22. 25
and they are accurately time resolved via discrete current transitions. Measurements using t-
FhuA can be conducted at low salt concentrations,!3 elevated temperatures,!3 and increased
osmotic pressures at a semi-dilute regime of crowding agents.*> The polypeptide adaptor
facilitates protein sensing outside the nanopore, a difficult process exacerbated by the fact
that the dimensions of the folded, interacting proteins (e.g., bait and analyte) are greater than
the cross-sectional diameter of the nanopore. Therefore, the adaptor enables the conversion
of electrostatically-driven Bs captures and releases into a high-fidelity electrical readout.
This mechanism for protein detection is fundamentally distinct from those developed by our
predecessors.20: 22. 25. 46 previously, single-molecule protein detection has been conducted
using protein nanopores equipped with small to medium-sized tethered ligands. Protein
detection was also examined using solid-state nanopores by chemical attachment of protein
recognition partners,2L: 47 but the single-molecule precision of the attachment of these large
functional protein groups remains difficult. Protein detection in FBS can be further
optimized by making the nanopore even more acidic and measuring the protein captures at a
lower positive potential (e.g., ~5 mV). The t-FhuA tolerates extensive alterations in the
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overall internal charge of the pore interior without affecting the stability of the open-state
current.%8: 49 Therefore, repelling a large amount of negatively-charged FBS impurities by
the more-acidic pore interior will likely be instrumental in pushing temporal resolution
toward detection of weak-affinity protein analytes in FBS. Another opportunity for a
reduction in the FBS-induced noise is the use of the HI-FBS. Indeed, the frequency of FBS-
induced irregular current blockades was drastically diminished by HI-FBS, suggesting that
enhancement in the temporal resolution can be achieved. Other studies have highlighted the
role of HI in enhancing protein detection.3 44 Of course, this approach might only be used
if the targeted protein analyte does not undergo denaturing under HI conditions.

In summary, we show quantitative protein detection in mammalian serum using a protein
bait-containing biological nanopore. Measuring ion current modulation in the vicinity of the
pore via a polypeptide tail adaptor is the most distinctive feature of this work from prior
studies involving conventional nanopores. This process significantly differentiates our
method from simple pore-plugging recordings, drastically enhancing its specificity. Because
this selective nanopore sensor is engineered in a modular fashion as a single-polypeptide
chain protein, there is no requirement for tedious purification steps of the targeted oligomer
from other products of the assembly reaction, as many other multimeric biological
nanopores necessitate. Moreover, our method circumvents the need for chemical
modification of the t-FhuA stem, as well as covalent attachment of fluorophores or other
reactive groups. Finally, the ability to discriminate a specific protein from many others
present in a heterogeneous solution will have a transformative impact on molecular
biomedical diagnostics and protein biotechnology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Single-molecule protein detection at single-tethered receptor resolution.

(a) Stochastic protein sensing of barstar (Bs) protein using OBn(GGS),t-FhuA. This protein
sensor encompasses a truncated t-FhuA protein pore, a short (GGS), hexapeptide tether, a
barnase (Bn) protein receptor, and a dodecapeptide adapter (O). This model was generated in
Pymol using the pdb files 1BY3 and 1BRS for (FhuA)1® and (Bn-Bs),18 respectively. (b)
Representative single-channel electrical traces of OBn(GGS),t-FhuA in the presence of
12.63 nM Bs (fgp) and 50.5 nM Bs (bottom) at an applied transmembrane potential of —40
mV. The control experiment in the absence of Bs is shown in Supporting Information, Fig.
S1. Single-channel electrical traces were further processed using a 20 Hz low-pass 8-pole
Bessel filter. Oy, indicates the Bs-released open substate; O shows the Bs-captured open
substate. () Representative single-channel electrical traces of OBn(GGS),t-FhuA in the
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presence of 12.63 nM Bs (fgp) and 50.5 nM Bs (bottom) at an applied transmembrane
potential of +15 mV. The control experiment in the absence of Bs is shown in Supporting
Information, Fig. S6. Single-channel electrical traces were further processed using a 20 Hz
low-pass 8-pole Bessel filter. Oy, and Og¢s have the same meanings as those stated in (b). (d)
Both diagrams show dependence of 1/ zyy, (/6f?) and 1/ zo¢ (right) on Bs concentration, [Bs].
Here, these kinetic rate constants in the form of mean + s.e.m. are kg, = (1.59 + 0.09) x 107
M=1s71 and Ay = 0.95 + 0.02 s71. Data points in both panels represent mean * s.d. obtained
from n distinct experiments. In this case, n was 5, 3, 3, and 4, for a [Bs] of 12.63, 25.25,
50.5, and 100.01 nM, respectively. Experimental conditions in (d) were the same as those
stated in ().
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Figure 2: Single-molecule protein detection at single-tethered receptor resolution in unprocessed
fetal bovine serum (FBS).

(a) Schematic representation of stochastic protein sensing of Bs using OBn(GGS),t-FhuA in
the presence of FBS. (b) Representative single-channel electrical traces of OBn(GGS),t-
FhuA in 5% (v/v) FBS and in the presence of 12.63 nM Bs (Zgp) and 50.5 nM Bs (bottor).
Experiments were conducted at an applied transmembrane potential of +15 mV. Single-
channel electrical traces were further processed using a 20 Hz low-pass 8-pole Bessel filter.
Bs was added to the cis side of the chamber. O, and Oy¢ stand for the same meanings as in
Fig. 1a. Single-molecule protein captures are indicated by upwards current transitions (to
Ooff) from basal current level (Ogp) of OBn(GGS) t-FhuA. A/gs represents spectrum of
FBS-induced current transitions either departed from either Og,, or Oy Substate. ()
Representative standard histograms of the release (zon; /ef?) and capture (zosf; Hight)
durations at 12.63 nM Bs. The t,, and zy¢ values obtained from the fits (mean + s.e.m.)
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were 4,188 + 429 ms (n = 96) and 1,220 £ 90 ms (n = 97), respectively. (d) Representative
standard histograms of the release (zop,; /ef?) and capture (zos; right) durations at 50.5 nM
Bs. The 7o, and 74 values obtained from the fits were 1,150 = 57 ms (n = 239) and 1,223
+ 25 ms (n = 243), respectively. Experimental conditions in (c) and (d) were the same as in
(b). (e) Dependence of 1/ 7oy, (/fefi) and 1/ 7o (right) on [Bs] when measurements were
conducted in 5% FBS. Here, o, = (1.67 = 0.09) x 10’ M~1s™1 and Ay = 0.86 £ 0.03 s71.
Data points in both panels represent mean + s.d. obtained from n = 3 distinct experiments.
(f) Event dwell time histograms of FBS-induced current blockades in 5% (v/v) FBS as well
as in the presence of 12.63 nM Bs (/eff) and 50.5 nM Bs (righi). The numbers of FBS-
induced events were 3,040 and 5,007, respectively. The best-fit model was a
multiexponential function with four terms (Supporting Information, Tables S4-S5). (g)
Event probability (/eft) and dwell time (right) values of FBS-induced current blockades
(FBSevent x) are independent of [Bs]. Data points in both panels represent mean + s.d.
obtained from n = 3 distinct experiments. Experimental conditions in panels (c) - (g) were
the same as those stated in (b).
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Figure 3: Single-molecule protein detection in HI-FBS.
(&) Single-channel electrical traces of OBn(GGS),t-FhuA in either 5% (v/v) (fop) or 10%
(bottom) HI-FBS and in presence of 12.63 nM Bs. The applied transmembrane potential was
+15 mV. Single-channel electrical traces were further processed using a 20 Hz low-pass 8-
pole Bessel filter. Bs was added to the cis side of the chamber. O,y and Oy have the same
meanings as in Fig. 1a. A/y.pgs represents spectrum of HI-FBS-induced current transitions.
(b) Dependence of 1/ 1z, (/eff) and 1/ =y (right) on the HI-FBS concentration. Linear fits of
both plots provide evidence that the average of 1/z,, and 1/ zy¢ of the Bs captures at 12.63
nM Bs are independent of the tested HI-FBS concentration. Here, 1/ 7o, = 0.227 + 0.014 571
and 1/ 75 =0.934 + 0.030 s™1. Data points represent mean + s.d. obtained from n = 3 distinct
experiments. Experimental conditions in panel (b) were the same as those stated in (a). (C)
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Dwell time histograms of HI-FBS-induced current blockades in either 5% (/ef?) or 10% HlI-
FBS (right), and in the presence of 12.63 nM Bs. The number of HI-FBS-induced events
were 42 and 515, respectively. For the top graph, the best fit model was a double-exponential
distribution function with corresponding dwell time and probability values (mean + s.e.m.),
as follows: o551 = 0.33 £0.23 ms, P, = 0.88 £ 0.14, ty¢1.0 = 16.57 £ 2.09 ms; A, = 0.12

+ 0.13. For the bottom graph, the best fit model was a four-exponential distribution function
with corresponding dwell time and probability values (mean + s.e.m.), as follows: zyf.1 =
1.06 £0.33ms, P, = 0.63 £0.39, 75120 =2.93+1.74 ms, P, =0.19 + 0.31, 7pf1.3 = 13.67
+1.14 ms, P3=0.13 £ 0.13, 7514 = 131.28 £ 1.19 ms, P, = 0.06 + 0.05.
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