Profiling single-molecule reaction kinetics under nanopore confinement
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Abstract

The development of single-molecule reaction inside nano-confinement is benefit to study
the intrinsic molecular mechanism of a complex chemical reaction. However, the reaction
kinetics model of single-molecule reaction inside confinement remains elusive. Herein we
engineered the Aerolysin nanopore reactor to elaborate the single-molecule reaction
kinetics inside nano-confinement. By identifying bond forming and non-forming events
directly, a four-state kinetics model is proposed for the first time. Our results demonstrated
that the single-molecule reaction kinetics inside a nanopore depends on the voltage-
dependent frequency of captured individual reactant and the fraction of effective collision
inside nanopore confined space. This new insight will guide the design of nanoconfinement
for resolving the single-molecule chemistry, and shed light on the mechanistic
understanding of dynamic covalent chemistry in-side a nanopore.

In nature, nanoconfinement is the key feature for the enzymatic reaction, where the
substrates selectively encounter with the reactive site’. The confined intermolecular
interactions between enzymes and substrates facilitate pre-organization of reagents,
giving exceptional reaction efficiency. Inspired by enzyme confinement, reaction vessels at
micro/nanoscale were engineered to capture and organize the reagent, which are formed
by nanoparticles?, micelles?, supramolecular cave*, coordination cages® and proteins®®. In
this way, the confined space is further designed to isolate single reactant from the bulk,
which benefits to study the reactive intermediates and the reaction kinetics.

Biological nanopores utilize membrane proteins to form nanoconfinement for
accommodating single molecule®'3. The reactive groups could be spatially designed alone
the polypeptide chain of the protein nanopore. Under bias voltage, the single reactant is
confined inside a nanopore in time and space with the controllable movements and
direction. The covalent bond formation can be triggered at a specific reactive site, that
regulates the ionic current through a nanopore'*15. Coupled with high bandwidth current
recording system, nanopore could real-time report reactive intermediates’®-'8, study the
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reaction kinetics'®2" and explore reaction trajectory??->* at single-molecule level.

Generally, the reaction between single reactant molecule and the reactive site inside
nanopore is proposed as pseudo first order process and the reaction rate is calculated by
concentration-dependent experiment?>. However, the capture and driving force of the
reactant need to be considered inside nanopore confinement. For example, does the
driven force of the reactant affect the reaction kinetics? How does the capture frequency
regulate the reactive kinetics? In enzyme-catalysis process, the reaction kinetics is divided
into substrate binding and product conversing which is supported by Michaelis—Menten
equation. Inspired by the enzyme-catalysis kinetics theory??, herein we classify the single-
molecule reaction process inside nanopore into three steps which are 1) capture of single
reactant, 2) trigger of single-molecule reaction at specific site and 3) possible dissociation
of the single reactant from the reactive site inside nanopore. To profile kinetics of this
reaction, the rapid translocation of the single reactant should be slow down for clearly
recording the above three processes. Herein we designed series of thiol-containing
peptides (R+-Rs) as reactants to bond with cysteine mutant Aerolysin nanopore (AeL). Both
the reaction and non-reaction process produce the distinguishable ionic current signatures.
This model system ensures us to study the single-molecule reaction kinetics. Our results
demonstrated that the reaction kinetics inside a nanopore depends on reactant capture
rate and fraction of effective collision, which could further be described as a four-state
kinetic model.

The disulfide formatting and breaking reaction was built inside an AeL nanopore which
contains seven inward-facing cysteine at position 238 on the seven subunits (Figure 1a).
The conductance of K238C AelL is (5.2 + 0.2) x10* S (n = 5) at 20.0 + 2.0 °C (Figure S1-
2). The thiol derivate, thiol-containing peptide (R), is designed and contains Glutamic acids
(E) segment as guiding sequence at N-terminal and a reactive cysteine at C-terminal. We
use R (EEESGSGSGSGSGSC) as a model reactant to demonstrate our proposed
kinetics model. The ionic events of R could be classified into Type | of reaction event with
long durations (> 100 ms) and Type Il of non-reaction event with short durations (Figure 1
and Figure S3-S5, details see in Supplementary Information 2.2).
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Figure 1. (a) A schematic illustration of single-molecule reaction between R and K238C
AeL nanopore (P); (b) The current trace model for the reaction event and non-reaction
event. The kinetics model describes the four state of: 1) capturing of R into the nanopore,
2) energizing a cysteine residue for [P---R]* by the collision of R toward the K238C site, 3)
forming a covalent bond between R and K238C; and 4) releasing of R after a deactivation.
The k1, k2 and ks represents the kinetics constant of each step. [R] refers to the
concentration of reactant. t,_, stands for the interval time between adjacent reaction
events. t;_yg refers to the interval time between adjacent non-reaction events. t,_g
denotes the duration time of reaction events. t,_yr assigns the duration of non-reaction
events.

Note that the reaction and non-reaction events were observed under whole bias voltage
ranging from +60 mV to +110 mV (with respect to the cis chamber). These results reveal
that the single reactant could undergo either reaction or non-reaction (but translocation)
pathway as it enters the nanopore. Therefore, we proposed a four-state kinetic model to
describe single-molecule reactions inside a nanopore as shown in Figure 1a and eq. 1-3
as follows. When the reactant peptide(R) confines into the K238C AeL(P) from the cis side,
it continuously moves and collides along the inner surface of K238C AeL under the bias
voltage. Then, the R reaches the reactive thiol groups at K238C site, and reacts with the
cysteine residue, giving an intermediate state of [P---R]* (eq. 1), similar to enzyme-
substrate binding. Due to the confinement effect, the [P---R]* acquires sufficient energy to
enable the covalent bond formation, resulting in a disulfide product of PR (eq. 2). This
process of P+R—[P---R[*—PR yields reaction events. Alternatively, the [P---RJ* would be
dissociated in which case the R escapes from frans side of the nanopore after a rapid
interaction but not bind-forming with K238C site (eq. 3). This second pathway of P+R—[P-
--R]*—P+R generates non-reaction events.

P+R-2, PR (1)
[P--R]* —— PR 2)
[P-R]* —— P +R (3)

wherein the rate constant of ky ascribes for the reactant capture of eq. 1, the rate constant
ko for product conversion of eq. 2 and the rate constant k3 for the deactivation reaction of
[P---R]* of eq. 3. As described in a previous study?’, the reactant captured process inside
a nanopore follows a pseudo first order process. The ks could be estimated by eq. 4:
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whereas t; refers to the interval time of all events (both reaction and non-reaction events),
and t,_yr denotes to the interval time of non-reaction events. [R] is the concentration of
reactant R. fp,g is the frequency of all captured events and fp,g refers to the
frequency of non-reaction event. Since the number of non-reaction events is much larger
than that of reaction events in our cases, fp,g)t IS approximated to fp,g. In order to
understand the single-molecule reaction kinetics when the reactant was captured, we use



the effective collision fraction (ECF)?® for describing the disulfide bond formation possibility
inside a K238C AelL as shown in eq. 5:

ECF = Yer o Ner _ Jer _ b-ng o 400, (5)

N Npir  fp+R t-Rr

whereas refers to the number of all capture of R, Npp assigns to the number of reaction
events, and Np,p defines to the number of non-reaction events. Accordingly, fpr is the
frequency of product PR, that is, the reaction rate. The ECF can be calculated from the
interval time between two adjacent reaction events (t;_z) and two adjacent non-reaction
events (t;_r). Subsequently, the reaction rate fpz can be described by eq. 6 :

for =——= ECF X fp_g = ky ECF[R] (6)

ti-Rr

According to eq. 6, the kinetics of single-molecule reaction inside nanopore confinement
could be regarded as a pseudo first order process when fp.r is much larger than fpg. To
verify the proposed single-molecule kinetics model, we analysis the reaction event
between Ry and K238C AeL under various concentrations. As expected, the ECF gives a
constant value of (17.0 £ 2.0) % while fp5 is linearly increased with the [R1] concentration
(Figure 2a). These results demonstrate that ECF is nearly irrelevant to the [R1]
concentration. The high concentration of [R4] just ensures the effective trapping and
formation of [P---R4]*, leading to a high occurrence of reaction events.
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Figure 2. Kinetics evaluation of Ry reacting with K238C AeL nanopore. (a) The reaction
rate (fpr) and effective collision fraction (ECF) under different R; concentration. (b)
Reaction rate (fpg) and ECF under different voltage from +60 mV to +110 mV. (c) The
relationship between ECF and non-reaction event duration (tp_yz ). The voltage
dependence results of t,_yg is shown in Figure S5a.

The results from voltage dependent studies show that the higher voltage provides a larger
k1 due to the stronger driving force for the negatively charge Ry (Figure S4b). Consequently,
fpr gradually increases from +60 mV to +80 mV (Figure 2b). However, fpr does not show
significantly change at bias voltage from +80 mV to +110 mV. When the bias voltage
increased from +60 mV to +80 mV, the ECF showed a constant value of (18.0 £ 2.0)%



(Figure 2b). Then, it decreased rapidly as the bias voltage exceeds the threshold of +80
mV. The low bias voltage (< +80 mV) is in favor of the formation pathway of disulfide bond.
However, the high bias voltage (> +80 mV) is prone to deactivation of [P---R1]* to release
the Ry from the trans side. At +110 mV, fp, g is over 100 times larger than fpg, which
suggests that most of the Ry molecules undergo ineffective bonding at the high bias voltage
(Table S1). More interestingly, at low voltage (< +80 mV), the fpg is increased from +60
mV to +80 mV, which is determined by the process of eq. 1. At high voltage (> +80 mV),
the destabilization of [P---R4]* significantly shifts the reaction pathway to non-reaction
pathway, thereby inhibiting the eq. 2 process. Process of eq. 3 becomes the rate-limited
step for the single-molecule reaction. The reaction kinetics is dominated by the bonding
efficiency between Ry and thiols group at 238 site rather than the bulk concentration of Rj.
Thus, the ECF can be expressed by the rate constant of reaction triggered by eq. 2 (k2)
and deactivation reaction of [P---R]* in eq. 3 (k3) as follows:

ECF =2 x 100% (7)
3

Our previous studies demonstrated that 238 site locates at energy barrier for the single-
molecule translocation?®. Compare with WT AeL, K238C prolongs the duration of poly(dA)4
for about 7 times®°. Therefore, we assumed the k3 is correlation to the translocation velocity
of Ry through K238C AeL. The linear relationship between Ig(ECF) and duration time of
non-reaction event (tp_yg) further support our hypothesis (Figure 2c). The increasing
residence time of a single reactant at the reaction site can effectively improve reaction
efficiency, which provides a basis for the design of nanopore and reactant for single-
molecule synthesis.

To further confirm our kinetics model, we designed a series of cysteine contained peptides.
As shown in Figure 3 a-b, two thiol-containing peptides, R> and Rj3, were designed with
same length and net charges. However, their captured possibility by K238C AeL are
different due to the uniform distribution of charged amino acids. Similar to Ry, two types of
events with distinguishable duration difference are classified (Figure S6a-b). Our results
show that the fpr of R2is larger than that of R3 (Figure 3a-b), while the ECF of Rz and R;
shows the comparable value under low voltage (< +80 mV). These results are consistent
with that of R4, confirming that the reaction rate is captured-limitation under low voltage (<
+80 mV) (Figure S7a-b, Table S1). Another two peptides, Rs and Rs (Figure 3c-d) was
analyzed, which remove the negative charge of guiding segments for changing their
translocation rates. As expected, the order of ECF is Rs>R4 under the lower voltages (<
+80 mV). The driving force of Rs is dominated by the electroosmotic flow, leading to slow
translocation speed of Rs. (Figure S7c-d, Table S1). For all the four reactants peptides, the
frr is independent on voltage, however the voltage-dependent trends of ECF is consistent
with Ry. Results confirm that the ECF is decreased with enhanced translocation speed of
non-reaction event at high voltages (> +80 mV) (Figure S8a-d).
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Figure 3. The single-molecule reaction of Rz(a), R3(b), R4(c), and Rs(d) with a K238C AeL
nanopore. Left: The ionic current trace at +60 mV. The red star and blue star represent the
reaction events, and non-reaction events, respectivly. Right: voltage dependence of the
reaction rate (fpg) and ECF. The current fluctuation of the reaction events may be attribute
to the conformational changes of the peptide or the possible intermediates. All data were
acquired at 20.0 £ 2.0 °C in 1.0 M KCI, 10.0 mM Tris, and 1.0 mM EDTA solution buffered
at pH 8.0 in the presence of 50.0 yM reactant.

We surprisingly found that all reaction events could return to the initial open-pore state,
illustrating that the disulfide bond could be cleaved without additional reducing agents. In
order to analyze the single bond breaking process, we conducted a three-state kinetics
model for describing the disulfide bond breaking under nanopore confinement (Figure S9,
details see in Supplementary Information 2.5). The results show that the breaking of
disulfide bond between R4 and K238C is more tolerate on the bias voltage than other four
peptides.

In conclusion, the nanopore confined effect provokes “four-state kinetics module” for
single-molecule reaction. The kinetics of bond forming is decided by both the possibility of
captured molecule (ks/[R]) and fraction of effective collision reaction (ECF) inside a
nanopore. According to concentrations and bias voltages dependence experiments, ECF
is dominated by the bond active rate constant k. and deactivation rate constant of [P---R]*
(k3), which is not considered in previous nanopore researches. This novel reaction kinetics
model provides a new basis for the design of nanopore reactors. We anticipant that this
model could be extended to a wide range of organic and inorganic nanoconfinement for



promoting the single-molecule chemistry.
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