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ABSTRACT: The function of proteins depends on their structural flexibility and
conformational change. By utilizing silicon-nanowire-based single-molecule electrical circuits,
here we present a label-free real-time measurement method that can directly monitor
conformational changes of a photosynthetic LH1-RC complex, reaching the ultimate goal of
analytic chemistry. These results manifest that the conformation of the LHI1-RC complex
vibrates among four conformations with strong temperature dependence. At the optimal
temperature, States 2 and 3 occupy the main conformations of the LH1-RC complex, and its
conformational variation mostly emerges as anharmonic vibration modes, which contributes to
photon acquisition and heat transmission. The influence of light activation on occurrence
percentage is observed, resulting from light-driven quivering of pigments. Therefore, this
avenue proves to be an efficient platform for revealing the fundamental mechanisms of various

biological processes in vitro.

Millions of proteins in humans and other organisms, like
strings on a violin or pipes in an organ, vibrate all the
time in different ways. These tiny vibrations allow proteins to
change their shape quickly so that they can easily interact with
other molecules or absorb energy." More meaningfully, the
vast biological processes rely on the dynamic structural
changes of proteins, such as enzymatic degradation, immune
response, and molecular transport.” Therefore, to accurately
evaluate the structural traits and capture intermediate
conformations along with the entire conformational transition
pathway becomes necessary to understand these biological
processes. However, there remain rigorous challenges for both
experimental and theoretical methods, because the main
information received by most of the current experimental
techniques is ensemble average results covering the behaviors
of individual molecules. The method that can record the
unabridged dynamic process of the biochemical function is
urgent to develop.

Over the past decades, as a robust and profound platform for
probing molecular activities of kinetics and thermodynamics,
the single-molecule detection methods, based on optical and
mechanical strategies including surface plasmon resonance,’
usage of optical tweezers,® fluorescence resonance energy
transfer,” fluorescence correlation spectroscopy (FCS),® micro-
cavity biosensing,’ and scanning probe microscopy (SPM)”*
have been extensively committed to characterize various
chemical and biological processes. Recently, it is worthy to
mention that single-molecule detection methods have been
gradually employed for research into the activity of biological
enzymes, gene sequencing and expression,” the antibody
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fixation process, and so on, thus affording numerous
groundbreaking achievements in biochemistry and biology.
Apart from these routine methods, single-molecule electrical
detection is particularly attractive because of the realization of
direct detection of a molecule, real-time monitoring for a
complete process of a molecular reaction, label-free detection
without fluorescent pollution/bleaching, and high temporal
resolution.' "

One-dimensional (1D) silicon nanowires (SiNWs) exhibit
natural compatibility with biological proteins in size and
property.'® What is more significant is that the conductance of
SiNWs can be accurately regulated by the periphery charge
density in real time. Taking these into consideration, we have
developed a new type of high-gain SiNW field-effect transistor
(FET)-based biosensor by integrating SiNWs into electrical
nanocircuits as perceptual probes.17 R. castenholzii is a
thermophilic chlorosome-lacking filamentous anoxygenic
phototroph containing the type II pheophytin-quinone RC
and light-harvesting antenna complex to form the LH1-RC
core complex, which is similar to that of purple bacteria."*"’
Among most kinds of phototrophic bacteria, there are no
cysteine residues located in the light-harvesting complexes,
neither the inner a- nor the outer B-polypeptide.”’ However,
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the cysteine residue is essential to connect the protein
molecule on SiNWs. Therefore, the cysteine-containing outer
P-polypeptide of R. castenholzii makes it a promising sample for
this research. In this work, serving as a local gate, a single LH1-
RC complex of R. castenholzii was embellished upon SiNWs
inside the biosensor. By taking advantage of such a single-
molecule electrical detection methodology, the intrinsic
activities of the LH1-RC complex have been recorded at the
single-event level. These measurements revealed four-level
current oscillations in temperatures ranging from 15 to 5SS °C,
indicating a thermally activated dynamical structural vibration
of LHI-RC complexes.”’ These results highlight that SINW
FET-based biosensors may provide a new approach to explore
the dynamic conformational changes of bioproteins in the
processes such as gene expression, regulation, and modifica-
tion.

The detailed method of how to fabricate SINW FET-based
single-molecule biosensors (Figures la and S1-S4) was
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Figure 1. Device characterization and measurements. (a) Schematic
diagram of a single-LH1-RC-decorated SiNW biosensor. (b) AFM
and STORM images of LH1-RC-decorated SiNWs, where a single
LHI1-RC complex is attached to the sidewall. (c) Real-time current
recordings (black) of 1 s measured in a PBS solution at T = 55 °C and
idealized data fitted by QUB software (red). (d) Conversion
relationship of four states. Graph of the left bottom is ranked by
electric surface charge (charge) and graph of the right bottom is
ranked by degree of order (order).

precisely described in our previous work.”> In brief, the bare
device was coated with a poly(methyl methacrylate) layer.
Through precise high-resolution electron-beam lithography
and HF etching, the 1D Si/SiO, core—shell SINW was opened
with a ~10 nm nanogap, suitable for a single protein in size.
Afterward, the protein of interest was assembled into the
nanogap and covalently bonded on the sidewall of SiNWs
consecutively through alkyne hydrosilylation of Si—H bonds
with undecynic acid, N-hydroxysuccinimide (NHS) esterifica-
tion, and a maleimide-Michael reaction. To prove the
reliability of point modification, the surface morphology of
the resulted device was characterized by atomic force
microscopy (AFM) (Figure 1b, left). To further ensure the
successful attachment of a single LHI-RC complex on the
surface of a SINW, we also detected the fluorescence signal of
the device by stochastic optical reconstruction microscopy
(STORM) stimulated with infrared light after electrical
measurements (Figure 1b, right). Only a single LH1-RC
complex (~11.5 nm) was observed on the surface of the SINW
(~17.7 nm), which intactly spans between the source and
drain electrodes, thus demonstrating that a single mono-LH1-
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RC complex had been successfully immobilized on the surface
of a SINW.

To manifest that the current pulses stem from the intrinsic
activity of LHI1-RC, before decoration with the LHI1-RC
complex in PBS, a naked SiNW FET device modified with a
molecular bridge was detected under the same conditions.
Control experiments proved that I—t measurements have
thermal dependence and no particular fluctuations with only a
Gaussian distribution that is dominated by 1/f noise (Figure
SS). In the meantime, these results eliminate the possibility of
nonspecific surface absorption of either protein or ions in the
electrolytic solution on the surface of SiNWs. Then, after
immobilization of the LHI-RC complex, we performed the
same measurements under the same conditions (bias voltage:
0.3 V; temperature: 55 °C; Tris-HCI buffer pH: 7.8; sampling
rate: 57.6 KSa/s). I-t measurements displayed distinct four-
level current oscillations at 55 °C (Figure 1c). To verify the
liability and efliciency of this observation, we repeated
measurements on other devices under the same conditions.
The fluctuation of four conductance states reappeared (Figures
S6 and S7), proving the reproducibility.

We further carried out systematic measurements in the dark
and under light illumination, respectively. It is clear that real-
time current recordings exhibit a large-amplitude four-level
fluctuation (Figures 2 and 3), again indicating that the
conformation of LHI1-RC complexes mainly vibrates among
four states at 15 °C. The conductance distribution is well-fitted
into four Gaussian peaks centered at ~0.9, ~2.9, ~4.5, and
~7.1 nA, respectively. To better analyze the vibration of
current pulses and build the model, four conductance
fluctuations are discretely defined as State 1, State 2, State 3,
and State 4 from low to high. According to the isoelectric point
(pl ~ 4.6), the LH1-RC complex presents a negative electricity
at pH = 7.8. We interpret that the vibration of the LH1-RC
complex along with periodic fluctuation of surface charge
would induce an alteration of charge transfer and/or a
scattering effect derived from the single defect of naked
SiNWs, resulting in dynamical stepwise conductance changes
of the underlying FET channel. Therefore, the highest current
value matches the highest negative electrical state of the LH1-
RC complex, and other current values are analogized in order.
In summary, four states can be sequenced as State 4 > State 3
> State 2 > State 1, depending on the extent of the negative
electrical charge.

For thermophilic bacteria, the temperature plays a key role
in the influence on the activity of R. castenholzii. To further
explore the temperature dependence of LHI1-RC, we had
measured other four different temperatures (25, 35, 45, and 5
°C) with a 10 °C temperature interval in the dark and under
light illumination (Figures 2 and 3). Consistently, we observed
that the real-time current trajectories at 15 °C and other
temperatures have a uniform four-level conductance distribu-
tion (Figures S8 and S9). Tables 1 and S1 show the average
dwell times (7), occurrence percentages of four states (@), and
thermodynamic constants (k) of four states at different
temperatures. @ is obtained by the following formula

4
a,=A,/ Y A,

where n is signed as States 1—4 and A represents the peak area
in the current histograms. At 15 °C, @, is the maximal lifetime
proportion, suggesting that State 1 is the main conformation at
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Figure 2. Temperature dependence of the LH1-RC complex vibration in the dark. These graphs show time-averaged data sets of a representative
LHI1-RC complex vibration measured in a PBS buffer solution in the dark at five different temperatures varying from 15 to 55 °C. The left graphs
are real-time current recordings for a duration of 12 s. The middle graphs are amplified 1 s data. The right graphs are the corresponding current
histograms.

Table 1. Ocurrence Percentages, and Thermodynamic Constants of Four States in the Dark and under Light Illumination at
Different Temperatures

state 1 2 3 4
T parameter  a (%) k(S a (%) k(S a (%) k(S a (%) k(S

15 °C dark 91.02 17.84 + 0.56 4.62 261.78 + 15.13 3.60 58.68 + 0.21 0.76 564.97 + 28.80
light 70.0S 2045 + 047 17.18 226.24 + 14.39 12.10 51.60 + 0.61 0.67 1010.10 + 113.64

25 °C dark 65.04 20.55 + 0.37 14.15 194.55 + 4.92 20.79 63.41 + 0.88 0.02 571.43 + 29.46
light 48.91 33.49 + 0.97 20.84 186.92 + 3.14 30.04 62.30 + 0.82 0.21 735.29 + 76.50

35 °C dark 31.55 66.71 + 3.52 25.41 162.34 + 2.90 42.87 97.46 + 0.95 0.17 819.67 + 116.48
light 21.42 69.69 + 3.31 28.33 150.38 + 2.04 50.07 93.98 + 0.62 0.18 917.43 + 67.70

45 °C dark 33.28 65.15 + 7.04 5§3.29 85.03 + 1.88 13.3§ 60.35 + 1.53 0.08 1030.93 + 234.16
light 31.54 67.20 + 2.58 54.74 98.72 + 3.68 13.61 59.70 + 1.17 0.11 1063.82 + 126.22

55 °C dark 2.28 7698 + 9.13 68.13 26.27 + 1.04 29.53 35.28 + 0.83 0.06 1052.63 + 100.62
light 2.58 83.68 + 10.12 67.45 27.26 + 1.05 29.90 33.62 + 0.0S 0.07 934.58 + 174.12
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Figure 3. Temperature dependence of the LH1-RC complex vibration under light illumination (wavelength: 400—750 nm; intensity: 100 Lux).
These graphs show time-averaged data sets of a representative LHI-RC complex vibration measured in a PBS buffer solution under light
illumination at five different temperatures varying from 15 to S5 °C. The left graphs are real-time current recordings for a duration of 12 s. The
middle graphs are amplified 1 s data. The right graphs are the corresponding current histograms.

the low temperature. 7, is the longest dwell time, while it
gradually decreases with increasing temperature, indicating the
stability of State 1 changes with the temperature. In contrast to
State 1, ar, becomes the maximal lifetime proportion at 55 °C,
representing that State 2 dominates the conformation at this
optimal temperature. 7, keeps an increase along with the
increase of temperature, which indicates that the stability of
State 2 is also affected by temperature. However, it is
interesting to find that 7; reduces against the increasing
temperature before 35 °C, but once the temperature reaches
35S °C, the trend turns around unexpectedly. At SS °C, the
optimal temperature to R. Castenholzii,”® 7, reaches the peak
value of the dwell time, whereas @; shows a maximal
occurrence percentage at 35 °C. It is proposed that State 3
is also a prominent conformation, which can be activated by
the proper temperature and is stabler at 55 °C. The dwell time
and occurrence percentage of State 4, in general, is the shortest
one, showing that State 4 is an unstable conformation. The
assumption is clearly confirmed (Figures 2—4), where States 3
and 2 dominate the conformation of the LHI-RC complex at
55 °C as the mean lifetimes and occurrence percentage of each
state display a sequence of 7, > 73 > 7, > 7,and a, > a3 > a; >
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Figure 4. Kinetic analysis. (a) Dwell-time histogram of four states at
S5 °C. (b) k histogram of four states at 5SS °C. (c) Pie chart of four
states at 5SS °C in the dark. (d) Pie chart of four states at 55 °C under
light illumination.
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a,. According to the acoustical modes proposed by Nicolai and
Delarue, bioproteins are considered as nanoparticles, and all
vibration modes with frequencies less than 300 GHz (230
cm™!) are collective modes.**

Therefore, we speculate that both States 2 and 3 belong to
the protein conformations with higher energy and are
predominant conformations of LHI-RC complexes at the
optimal temperature, which might be better for LH1-RC to
perform physiological functions; State 1 dominates the
conformation at low temperatures, State 4 is an ephemeral
conformation, and the conformational changes between them
frequently occur in these measurements. In addition, the
collective vibration of LH1-RC complexes exhibits anharmonic
modes under these conditions.

To further investigate the optical dependence of LH1-RC
complexes, we simultaneously analyzed the kinetic parameters
of the same device in the dark and under light illumination
(Tables 1 and S1). In comparison to the case in the dark, only
at 15 and 25 °C, 7, decreases distinctly by light illumination,
and other dwell times have no considerable discrepancy.
Slightly different from the dwell time, the influence of light on
occurrence percentage of four states exhibits heterogeneities.
In general, a, reveals a reduction, while a3 and a, show an
increase before 45 °C, and then, the influence by light vanishes.
This indicates that the stability of State 1 may be weakened by
light at 15 and 25 °C, and the occurrence percentage of the
four states would not be affected by light when the
temperature exceeds 45 °C. In these measurements, light
would promote the formation of State 2 and State 3 but hinder
State 1 below 45 °C. The dwell time and occurrence
percentage of State 4 are maintained within the range of
0.8~2 ms and 0.02~0.76%. Based on the Frenkel exciton
theory, the quivering of pigments stimulated by light can
slightly impact the conformation.”® Therefore, it is proposed
that State 2 and State 3 are conformations, which show the
light-driven quivering of pigments that slightly affects the
charge distribution of the protein. Furthermore, it is speculated
that the vibration of the collective mode would be favorable for
photon capture and conformation alternating as a function of
time belongs to nonharmonic vibration.

In addition to the discussion of four-level mean lifetimes at
different temperatures, another direct and convenient process-
ing approach for analyzing the conformation transition of LH1-
RC complexes was developed, relying on the transition
equilibrium constant K between two states according to the
formula: K7 = k;/k, where k; and k; represent the velocity
constant of each conformation, defined as 1/7. The k value of
any state and K between two states are listed in Table 1.

Then, we calculate the thermodynamic parameters based on
the thermodynamic relationship, AGy = —RTInK; = AHp —
TASy, where AH is the change of enthalpy, equivalent to the
difference of the total bond energy, and ASy is the change of
entropy, representing the order degree index of the system.
The conversion among four states (Figures 1—3) can be sorted
as State 1 to State 2, State 3, and State 4, State 2 to State 3, and
State 3 to State 4 (the conversion between State 2 and State 4
is not found) as depicted in Figure 1d. Detailed thermody-
namic results are also listed in Table 1. The plot of RInKy as a
function of 1000/ T shows a linear fit (Figure Sa—d), indicating
that the transition process follows an Arrhenius-like behavior
and is strongly dependent on temperature. Both in the dark
and under illumination conditions, the AH of the transitions
from State 1 to State 2 and State 3 and State 4 is positive,
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Figure S. Thermodynamic analysis. (a—d) Plots of RInK as a function
of 1000/T (1-2, black; 1-3, red; 1—4, blue; 2—3, green; 3—4,
orange. a and ¢, in the dark; b and d, under light illumination). (e,f)
Plots of Gibbs free energies as a function of 1000/ T according to the
thermodynamic relation (1—2, black; 1-3, red; 1—4, blue; 2-3,
green; 3—4, orange. e, in the dark; f, under light illumination). The
red plot can be fitted with a line, where the slope is equal to the value
of the enthalpy AHr, and the intercept is equal to the entropy AS;.

indicating that the LH1-RC complex transforms from a strong-
bonded type to a weak-bonded type. On the contrary, AS} of
the transition from State 1 to State 2 and State 3 and State 4 is
negative, indicating that the transition of the LH1-RC complex
transforms from a disordered state to a well-ordered state
(Figure Sa,b). The transitions from both State 2 to State 3 and
State 3 to State 4 (Figure Sc) show negative values (~—35.76
and ~—18.01 kJ'mol™") and positive values (~111.26 and
~80.28 J-K "mol™!).The results signify that the protein
conformation transforms from a weak bond energy and well-
ordered state to a strong bond energy and disordered state.
Furthermore, they have a similar deduction under light
illumination (Figure Sd), which means that the conversion is
an intrinsic temperature-dependent vibration. In short, the
conformations of the LHI-RC complex can be ranked as State
2 < State 3 < State 4 < State 1, based on the degree of disorder.
It is worthy to mention that in the dark, AG;'™> and AG;'™®
show negative free energies, indicating the spontaneous
processes when T is below 46.85 + 1.76 °C. However,
AG;* 3 shows negative free energies when T exceeds 46.85 +
1.76 °C. In other words, only when T exceeds the critical
point, the transition from State 2 to State 3 can occur
spontaneously. Therefore, this temperature point should be an
activation temperature, which leads to the change of the LH1-
RC vibration mode. Unexpectedly, it is found that the
activation temperature behaves differently under light illumi-
nation. Below 41.71 + 0.89 and 49.81 + 1.31 °C, the
transitions from State 1 to State 3 and from State 1 to State 2
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are spontaneous. However, beyond 51.31 + 1.57 °C, only the
transition from State 2 to State 3 is spontaneous. In general,
the transition from State 1 to State 2 and State 3 is a low-
temperature spontaneous process, but the transition from State
2 to State 3 is a spontaneous process at 55 °C, which explains
the reason why State 2 and State 3 dominate the main
conformation at 55 °C and State 1 dominates the main
conformation below 45 °C. Finally, the transitions from State 1
to State 4 and State 3 to State 4 (Figure Sef) are spontaneous
processes within the temperature range of 15-55 °C.

In summary, we demonstrate an ultrasensitive SINW FET-
based nanosensor capable of realizing a direct, label-free, and
real-time electrical detection for revealing the intrinsic dynamic
process of an LH1-RC complex at the single-molecule/single-
event level. We observed the reproducible large-amplitude
four-level current fluctuations, indicating that (1) States 2 and
3 dominate the main conformations at 55 °C; (2) State 1 is a
low thermal conformation; (3) State 4 is an unstable
conformation; and (4) the stability of four conformations
shows strong temperature dependence. The occurrence
percentage of the four conformations also reveals strong
temperature dependence. Furthermore, photic stimulation can
regulate the reversible structural transformational probability
between different conformations, thus offering an important
step toward better understanding of intrinsic photosynthesis
mechanisms. We believe that this unique avenue can be
extended to explore the conformation—function relationship of
a wide variety of other biosystems under realistic physiological
conditions, such as DNA transcription, protein synthesis, and
protein structural dynamics.
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