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functionality and specificity. However, quantum transport measurements produce conflicting results
due to technical limitations whereby it is difficult to precisely determine molecular orientation, the
nature of the moieties, the presence of the surroundings and the temperature; in such circumstances
a better understanding of the protein electron transfer (ET) pathway and the mechanism remains a
considerable challenge. Here, we report an approach to mechanically drive polypeptide flip-flop motion
to achieve a logic gate with ON and OFF states during protein ET. We have calculated the transmission
spectra of the peptide-based molecular junctions and observed the hallmarks of electrical current and
conductance. The results indicate that peptide ET follows an NC asymmetric process and depends on
the amino acid chirality and a-helical handedness. Electron transmission decreases as the number
of water molecules increases, and the ET efficiency and its pathway depend on the type of water-
bridged H-bonds. Our results provide a rational mechanism for peptide ET and new perspectives on
polypeptides as potential candidates in logic nano devices.

Protein electron transfer (ET) plays a crucial role in diverse biological systems, including signal transduction, res-
piration and photosynthesis'~>. Because of their structural and functional versatility*~’, proteins are particularly
amenable as molecular building blocks of functional nano-devices for biosensors, quantum computers and bioe-
lectronics®1°. Understanding the processes involved in protein ET is important not only to unravel key biological
functions but such findings will also help to apply proteins when designing nanoscale molecular electronics.
Many extensive studies of protein ET have been performed experimentally'’-*? and theoretically****. The ET
between the redox centers mediated by peptide bridges has been thought to involve two possible mechanisms:
the superexchange model and electron hopping model**-?. In the superexchange (or tunneling) mechanism, ET
takes place via coupling between the virtual states of the bridging units and involves tunneling movement through
the bridge part without a transient stay in the bridge state; in such circumstances the rate constant shows an
exponential decaying function of the peptide length®. This mechanism can thus be described as having the decay
parameter (3 that is dependent on the bridge length, the conformational rigidity and the electronic properties of
the electron donor and acceptor®-*%. Once a peptide exceeds a certain length, the ET process has been interpreted
as undergoing a crossover from the tunneling mechanism to a hopping mechanism?”*>%*. The electron-hopping
mechanism of ET involves oxidized or reduced intermediates that act via a multistep process wherein the electron
(or charge) hops using intermediate sites as stepping stones*. In addition, several experimental studies have been
devoted to investigating the mechanism of ET caused by the structural fluctuations of the molecular bridge®”—.
Nevertheless, the exact mechanism of peptide ET has remained in debate.

In order to unravel the quantum transport, rather than studying ET rate?*#!, the electrical conductance and
I-V curve of molecules have been measured using molecular junction techniques'>!>164243_ Atomic force micros-
copy and scanning tunneling microscopy as techniques have greatly contributed to the investigation of protein
electron transmission?*#45, Peptide ET seems to be mainly controlled by the sequence of the peptide and its
secondary structure rather than chain length!41627:2%4% The regular H-bonds between the main-chain N and O
atoms within the secondary structures of peptides are expected to function as ET pathways?**4-%, Furthermore,
ET within a helical peptide is direction dependent®. Proline contains a unique cyclic side chain linked to the
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Figure 1. Chemical structures of the peptides.

backbone and thus this amino acid is more structurally rigid than other amino acids and as a result is unable
to form intramolecular H-bonds. Thus, although proline cannot function as a relay station due to the fact that
it is difficult to oxidize its side chain, it is still able to promote the ET process®', and helical polyproline bridges
exhibit a high ET rate. Finally, the ET process strongly relies on protein dynamics, which is inevitably affected by
the water®*-¢. Protein ET in water has been found to be distance dependent and has a low efficiency with a decay
constant 3-value that is close to 1.0 and 1.3 A1 for a-helices and B-sheets, respectively®’; thus water is not a good
solvent for protein ET.

Quantum transport measurements produce conflicting results because of the technical limitations associated
with them; these make it difficult to precisely determine molecular orientation, the nature of the moieties, the
presence of the surroundings and the temperature. These experiments have mainly focused on peptide bundles
and they lack an atomic scale quantum mechanics interpretation; thus an understanding of the protein ET path-
way and the mechanism involved remains a considerable challenge. As a result of the above, the successful use of
proteins in nano devices will require more advanced explorations of the detailed mechanism at an atomic level in
order to determine the efficiency of electron transmission and the correlation between electronic properties and
specific structural features.

In the present study, using a setup consisting of a single molecular junction, protein electrical conductivity
was determined via a piece-by-piece calculation. The same mechanism can then simply be repeated for longer
peptide chains. Various tripeptides were studied systematically using a combination of density functional theory**
and non-equilibrium Green’s function formalism (DFT-NEGF) to calculate the molecule’s electron transmission
spectrum (TS). The TS intensity close to the Fermi energy level (Eg) resolves the electrical conductance depend-
ing on the band gap A and the density of state (DOS). Here, we have directly demonstrated that peptide ET is
largely dependent on the intrinsic structures of the peptide. Our results confirm that the ET pathway in peptides
occurs through-bonds rather than through-space. A unique through-bond ET occurs when the distance d,,_,
between adjacent carbonyl groups on the peptide backbone is less than a critical d, value of 2.03 A. Notably, the
electron does not pass through the regular H-bonds in well-defined secondary structures; however, an absorbed
anion close to these H-bonds would seem to facilitate ET. The H-bond networks between water molecules and the
peptide can tremendously alter ET efficiency.

Results and Discussion
NC asymmetry ET and distance-dependent conductance. The I-V curve of the dipeptide [Cys-
Cysteamine] was calculated and compared with experimental results'>*® (Figs 1 and 2a). The magnitude of the
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Figure 2. I-V curve and conductance of the peptides. (a) I-V curve of the peptide [Cys-Cysteamine]. A single
molecular junction: peptide (O: red, N: blue, C: gray and H: light gray) was wired to the Au electrodes (yellow)
through the interfacial S atom (brown). The source, scatter and drain components are the left electrode, the
peptide and the right electrode, respectively. The curve of N[Cys-Cysteamine]€ (N «— C type, black square) and
the experimental data'® (red square) are shown. In the positive (negative) Vi, region, the electron flow

direction is denoted as N < C (N 5 C). (b) The conductance G of the peptides [Cys-Cysteamine] and [Cys-
Gly-Cysteamine]: our result (black circle) and the experimental data'’ (red square). The structure was optimized
at dy_o=5.0 A because the peptide was stretched in the experiments.

electronic flow of the N — C direction at the bias voltage V;,,=—0.1V was 3.5 times greater than that of the
reversed N« C direction at Vi;,,= 0.1V, where the voltage is within the ohmic regime. This flow is thus referred
to as an NC asymmetry ET process. Compared with our computation, the experimental data are in the same
range as that in the N «— C direction. This result illustrates that the peptide ET process is direction-dependent,
consistent with electrical measurements™. The length dependence of conductance G for the two peptides [Cys-
Cysteamine] and [Cys-Gly-Cysteamine] was also calculated (Fig. 2b), and then was fitted by G = Aexp(—0r),
where A is a pre-factor, 3 is a distance-dependent constant and r is the peptide length. Our calculated 3-value of
1.0 A-"is also in agreement with experimental results'>. Here, the NC asymmetry is by reason that the electronic
energy jump between the neighboring amino acids was from 0.07 to 0.50 eV experimentally*’, and even a pair of
two identical amino acids had about 0.6 eV difference due to the natural asymmetry of the C-side and the N-side
of each amino acid®.

Effects of L/D enantiomers and a-helical handedness. To determine whether ET depends on the
optical isomer of the peptides, four enantiomers of a tripeptide (Ala); were examined. In the notation X-Y(Ala),,
X denotes a left-handed (L) or right-handed (R) a-helical structure, and Y is the L or D enantiomer of an amino
acid (Fig. 1). Each configuration was at the designated distance d,_o between the two O atoms of the adjacent
carbonyl groups, and TS was calculated (Figure Sla-d). The TS results were identical for mirror images, i.e.,
(L-L(Ala);, R-D(Ala);) and (L-D(Ala);, R-L(Ala);). However, the TS(D,) intensities of (L-D(Ala);, R-L(Ala),)
were higher than those of (L-L(Ala);, R-D(Ala);) within the energy range D.. This difference demonstrates that
the electron transmission of peptides depends on the amino acid chirality and o-helical handedness. The TS of
R-L(Ala), with respect to d,,_o is shown in Fig. 3a,b; the TS(D,) peak is sharp at dy,_, < 2.03 A but shifts away from
D, at dy_o>2.03 A. As shown in Fig. 3¢, there is a minimum A value at d,=2.03 A, indicating that d, is a critical
distance permitting ET. The conductance abruptly decreases with increasing d,_,, while stretching the peptide
length. Note that d,_, is modulated by protein dynamics and redox potential®’. Remarkably, the TS(D,) intensity
decreases as d_g increases and strongly depends on d,_o, creating a shorter pathway for ET in peptides.

The molecular orbital structures of R-L(Ala); at do_o=1.92 A reveal an apparent migration of the electron
density distribution from the HOMO to the extended LUMO across the molecular junction and the interface S
atom of the drain component (Figure Sle). Notably, although the V,, is equal to zero, charge separation remains
in the system. The coefficients of the atomic orbitals for the HOMO and LUMO of R-L(Ala); at two d_g values

are listed (Table Sla and S1b). At do_o=1.92 A, all atomic orbital coefficients of the eigenchannel 42" are

smaller than that of ®5M°, implying that the electron density migrates from the HOMO to the LUMO; the cor-
responding atomic orbital structures are shown (Figure S1f). By contrast, at d,_,=2.42 A, there is no electron
density change between the HOMO and LUMO (Figure S1g). This result illustrates that ET occurs through the

2p-m orbital overlap between the two O atoms of the nearby carbonyl groups.

H-bonds in the secondary structure of peptides. Next, we calculated the TS of three residues (Ala*®...
Arg'%.. His*"?) extracted from an «-helical protein (PDB: 4nl4)% with a rigid intramolecular H-bond pitch
C = O---H — N. Asis evident in Figure S2a, there is no TS(D,) peak for this structure. Similar results have been
obtained for 3-sheets, both parallel (3,: NVal-Asp-Ile€ and (3,: NVal-Asn-Leu®) and anti-parallel (3,: "\Met-Lys-Gly©
and 3,: “Cys-Phe-PheN), extracted from a protein structure (PDB: 1nwo)®® with two and four intermolecular
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Figure 3. Transmission analysis of R-L(Ala)s. (a) A single molecular junction. The notations are identical to
those in the legend of Fig. 2. (b) TS at dy_o: 1.70, 1.80, 1.92, 2.03, 2.42 and 2.88 A. (c) Energy gap A versus dg_o.

H-bonds, respectively (Fig. 1, Figures S2f and S2i). Molecular orbital analyses revealed that the electron does not
transfer from one electrode to the other one, i.e., there is no charge separation (Figure S21). This implies that at
dp_o>>d, or without the 2p-w orbital overlap between the two O atoms, these rigid secondary structures could not
conduct electron. Experimental result showed that even the electron transfers via a nearby paired H-bonds®*.
However, for example in the (3-sheet the electron passes through the first paired H-bonds from the polypeptide
chain $3, to the chain §3,, but it does not transfer further along the chain 3, because the carbonyl groups are con-
strained by the H-bond, leading to d,_o>> d.. Hence, the mechanism of ET excludes the process through the
H-bond in the rigid secondary structure of peptides in the gas phase, conflicting with the experimental
results®>-%8. The extent to which peptide ET occurs in experiments is not straightforward. Below, we demonstrate
that it is possible to resolve this discrepancy.

Many metal protein-modifying agents, such as Chloropentaamineruthenium (III) dichloride RuCl(NH;);CL%,
are widely used as redox reagents’’. However, the role of a counter anion, for example the Cl™! anion, in mediating
ET is unclear for this reagent. We therefore adopted a more realistic system by adding Cl~! ions and water molecules
near the carbonyl group of these peptides and performed the TS calculation. Interestingly, a TS(D,) peak was
observed for the systems in the presence of the Cl! ions, indicating that the O — H---ClI"" H-bond contributes
significantly to ET (Figure S2b,c,d,g and j). The TS intensity increases extraordinarily as the number of Cl™! ions
increases. However, no TS(D,) peak was observed for the systems with only added water molecules
(Figure S2e,h and k). Thus, in electrolyte solutions, even for the well-defined secondary structures of peptides, the
adsorbed counter anion plays a crucial role in ET.

Proline pair effect. Because of the unique cyclic backbone structure of proline, the electronic properties of
proline-rich peptides are of interest to determine whether this structure permits electron delocalization in ET. We
studied the proline-based tripeptides PPP, XPP, PXP, and PPX, where X is a polar residue with a long side chain,
i.e,, Lys (K) or Arg (R), to calculate the electron transmission (Fig. 1 and Figure S3). For these peptides, TS(D,)
intensity decreases and the peak position shifts far from the E; with increasing dy_o (Fig. 4a-d). The C«+—N type
has a higher TS(D,) intensity and a smaller peak shift compared with the N < C type. Once the PP pair is bro-
ken, such as PXP, its TS(D,) greatly decreases. Hence, the PP pair is superior to the other pairs for conducting
electrons.

Gaussian natural bond orbital (NBO) analysis’! was also performed to calculate the natural charge (Q) of each
group versus dg_q (Fig. 4e and Figure S3b). The Q change is defined as AQ = Q o o<d. — Qiy_o>>d where the
positive (negative) AQ value reflects the loss (gain) of electronic charge for each group at dp_o < d.. If AQ~0,
then no electron resides at this site. In the C«+— N type, AQ of these peptides except for PXP follows the trend A
QA< AQETC < AQP*E, where AQ® denotes AQ at the S site (Fig. 4f). A decreasing AQ corresponds to electron
transport from the N terminus to the C terminus as do,_o decreases from 4.50 to 1.90 A; notably, this flow direction
is consistent with that from the drain component to the source component. Both AQ?*¢ and AQP*£ of the above
proline peptides are positive because the electron resides at the A site (C terminus) before entering the source
component. By contrast, the AQ* values are negative and follow the order XPPY (—0.036 e~) < (°PPPN and
CPXPN) (—0.016e7) < “PPXN (—0.003¢~), implying that X at the C terminal side is more likely than proline to
attract an electron. Considering the PP pairing effect in “PXPN, AQ follows the order AQ* < AQPTE < AQE*C
due to the electrochemical reduction of the middle X, which restricts the ET efficiency. More concrete evidence
of this effect is that a larger difference AAQ=AQP+E — AQ reflects a larger charge separation and a higher
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Figure 4. Transmission analysis of proline-based peptides. (a) and (b) TS(D,) intensity versus do_o for the
peptides PPP, PKP, KPP, PPK, PRP, RPP and PPR. (c) and (d) Shift of the TS(D,) peak versus dy_o. (¢) NBO
charge of the CPPPN versus d,,_q in the five regions of A, B, C, D and E. The notations of the molecular junction
structure are the same as those in the legend of Fig. 2. The AQ versus the site of the peptide with (f) C— N type
and (g) N« C type.

efficiency of electron transmission. In addition, the AQ values of peptides of the N «+— C type decrease from the N
terminus to the C terminus (Fig. 4g), identical to the electron flow direction. Because the electron flow is from the
drain component to the source component, the reduced intensity of the electron transmission of the N« C type
is due to the electronic charge offset of the reversed AQ distribution. The AQ value of the N «+— C type is smaller
than that of the C < N type. These results confirm that the electron preferentially resides at the C terminus, i.e., it
displays NC asymmetry.

Here, we have demonstrated that the PP pair can facilitate ET. The direction of ET is from the N-terminus to
the C-terminus, regardless of how the N-terminus of the peptide is connected to the source component or the
drain component. Although the ionization potential (IP) of the amino acids follows the order Arg~ Lys > Pro”,
our studies indicate that the IP does not affect the peptide ET process and that the TS depends on the X position
rather than the X type.

Solvation effect. To study the solvation effect on peptide ET, we considered a system composed of a polar
tripeptide Ser-Gly-Ser (SGS) and a few water molecules, which were added individually until reaching three mol-
ecules. The SGS molecular junction was established in a C <N direction, and the torsion angles of the Ser; and
Gly, were designated as d,_o = 1.96 A. The detailed structures and their TS values are shown in Figure $4. TS(D,)
versus the number of water molecules and the natural charge difference, AN = (the natural charge of SGS+n
H,0, n=1, 2 and 3) — (the natural charge of SGS), between the peptide and its reference system A, which consists
of the peptide alone, are shown in Fig. 5. More generally, the water molecule is near the carbonyl group and the
amide group of the peptide, resulting in the formation of three typical water-bridged H-bonds: -NH....Oy,...HN-
(NHO type), -C=0...H-Oy-H...O=C- (COHO type) and -C=0...H-Oy-H...O-H (OHO type). Here, Oy, is
the O atom of the water molecule, as shown in structures B, C, D and E in Fig. 5a. We examined the effect of these
H-bonds on TS(D,) and found that TS(D,) decreases as the number of water molecules increases (Fig. 5b). The
TS(D,) of system B is higher than that of system A because system B contains one more NHO-type water-bridge
than system A. However, TS(D,) decreases in the COHO-type (system D) and the OHO-type (systems C and E)
H-bonds. With more than one water molecule, the water-bridge is a combination of these three H-bond types; for
example, system F contains types COHO and OHO, and system G contains types NHO and COHO. Importantly,

SCIENTIFICREPORTS|7:39792 | DOI: 10.1038/srep39792 5



www.nature.com/scientificreports/

@) B iy = = (b)) oo
t{t{tf P f\ﬁ;; L
Jf’§&ﬁ 8 j\JJ\J o OH 0.08 | -
A C ol we A -
f;E}t; 9, :;. :}: o f\tE; B / I 2 0.06 |-

AN # H_ _H 1 -
J/#&J D. . J»"/fs e B onal .C Ef(flﬁl;:
ft#]t# 4,. ‘0?})‘ > f\ft ; ; f 0.02 _ =D :Z((]IE))*'I” = N(H+B)

KM * 0 KK w e ' "B HD) o
J’{%&ﬁ E % J:'J,f; ) 0.00 . , 7Jl(<€++1§>) flf))(usm
f\t ,) :’";‘ 8 f\if - Number of H,0

0.2 p—y 0.2 p— 0.2 p—

(c) o (d) —~e (e) sk

0.1} ——E 0.1}F — 0.1 ——N

| J =

% oo Z ool i _~|F 0.0 -

-0.1F -0.1F -0.1

S.er3 dlyz S.erl ".Vl S.er3 G.Iyz Slerl v.vl vlv2 Sérs G'Iyz Se'rl “:l wzz “;3

residue residue residue

Figure 5. Transmission analysis of the peptide SGS with water molecules. (a) Plots of molecular junctions
and water-bridged H-bond types, B (NHO), C (OHO), D (COHO) and E(OHO). The notations are identical
to those in the legend of Fig. 2. A water molecule is shown in a ball-and-stick representation and color-coded
by atom type. (b) TS(D,) intensity versus the number of H,O molecules. The system contains NHO-type
water-bridges (colored in red), and the water-bridge types are indicated in parentheses. The number of water
molecules dependence of AN is (¢) SGS + H,0, (d) SGS+ 2 H,0 and (e) SGS + 3 H,0.

if the systems, e.g., G, K, L, M and N, contain the NHO-type, then their TS(D,) values are slightly higher than
those of the systems containing only types COHO or OHO with the same number of water molecules. The I, J,
O, P and Q systems contain only pure COHO and OHO types, and their TS(D,) values are greatly reduced. Thus,
TS(D,) is dependent on the type of water-bridge in peptide ET.

To provide additional insight into the transport properties of the different configurations of the water-bridged
H-bond network, we analyzed the electronic charge distribution in terms of AN. The AN values of the three res-
idues for system B are positive (Fig. 5¢), revealing an enhancement of electron transport through the NHO-type
network. However, the TS(D,) reduction correlates well with the AN variation in the C, D and E systems (Fig. 5b,c);
their AN values are negative and decrease from the C-terminus (Ser;) to the N-terminus (Ser,), and thus the elec-
tron prefers to remain at the N-terminus and has a reduced TS(D,). In particular, Ser; in system E has a negative
AN; thereby, the electron is trapped at this site and is not transferred to the source component. NBO analysis of
these systems with more water molecules revealed similar results (Fig. 5d,e). In particular, the COHO and OHO
types can reverse the direction of the electrical current and depress electron transmission. The NBO charge of the
water molecule in these configurations follows the order NHO >> COHO > OHO (Table S2). Notably, the natural
charge value of the NHO (OHO) type is positive (negative), indicating that the water molecule loses (gains) an
electron much easier compared with the peptide alone; however, the COHO type has a smaller positive value. This
smaller value is attributable to the 2p-m orbital overlap as well as the electronegativity difference. The NHO type
water-bridge provides a constructive and additional pathway for ET. But, the COHO type eventually has less elec-
trical conductivity than the NHO type. Hence, we confirmed that water molecules can not only facilitate but also
depress ET in peptides, being conditional ET. These observations are consistent with experimental results”. The
low ET efficiency of peptides in aqueous solution is mainly due to unfavorable ET pathways.

Logic gate. A unique through-bond ET occurs at dy,_o < d,, causing a residue to be in the logic ON state;
otherwise, it is in the logic OFF state. Accordingly, it is clear that each residue can act as a three-state logic gate
(Fig. 6). There is a typical rotation rate for the amino acid torsion angles (¢, 1) on the time scale of 100 fs”%. The
plausible triggering mechanism is the electron injected from the electrode part into the polypeptide residues
to provide energy to the rotational degrees of freedom, and thus allow the d,_o < d,. Hence, a polypeptide can
behave as a series logic gate element, and its electrical conductivity can be switched in the sub-picosecond regime.
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Figure 6. Schematic three-state logic gate. The tri-state buffer (left) is equivalent to a switch (right). There are
ON and OFF states for the three-state logic gate. A and C are the junctions, and B is the gate.

Conclusion

In summary, molecular electronics have undergone rapid development, and their potential applications contin-
uously surprise scientists and engineers. Functional polypeptide molecules are attractive for designing bioelec-
tronics. Many distinct electronic transport behaviors are understood, but the elucidation of the novel intrinsic
mechanism and the functionality of individual molecules remains a formidable challenge and cannot be ignored.
This work provides a two-way approach of using molecular junction techniques to unravel biomolecular ET
mechanism and using proteins with striking functionality in molecular electronics and spintronics”®. The results
of the present study suggest that the electronic properties of a peptide-based molecular junction can be mechani-
cally controlled by protein conformation, motion and environment. Furthermore, protein functionality provides
a well-crafted design for the construction of ultrafast sub-picosecond-scale molecular switches and integrated
circuits due to the protein H-bond network. The use of peptide-based logic elements will be advantageous for the
design of new molecular electronic devices.

Computational method. All DFT calculations were performed using the Gaussian 09 program”". The system
was constructed with a peptide chain wired to two Au-electrodes through the tip’s S atoms. The electrode, i.e.,
source and drain, consisted of four layers of a Au 3 x 3 lattice along the Au(111) direction, and the tip’s S atom was
2.32 A from the Au interface. The geometries of all systems were optimized at the B3LYP level. The 6-31 G(d, p)
basis set was used for the C, H, N and O atoms, whereas the LANL2DZ basis set was used for Au atoms. We
performed ab initio quantum calculations to optimize the geometry at various d,_g values between the two O
atoms of the carbonyl groups of adjacent amino acids. An ALACANT program’®, which follows an onion shell
structure to construct the device part and the far bulk electrode parts, was used to calculate electron TS based on
the DFT-NEGEF theory. The electronic structures of the polypeptides and the Au electrodes (the device part) were
computed at the DFT local density approximation level with a minimal basis set. A semi-empirical tight-binding
Bethe lattice model was used for the far bulk electrode parts. The convention used is that the C«— N (N« C)
type of molecular junction denotes the N-terminus (C-terminus) of the peptide wired to the right electrode, i.e.,
source -“peptideN- drain (source -Npeptide®- drain).
According to the Landauer formula’”78, the conductance G can be obtained as follows:

2 oo
G= %f_ dETS(E, V,,,,, = o>[-m].

OE (1)

The I-V curve can be obtained as follows:

>

e oo
== ﬁ _dETS(E, Vi)

fL[E + eVbias] _ fR[E _ eVbias]
2 2

(2)

where h is PlancK’s constant, e is the electrical charge, E is the energy, f(E) is the Fermi-Dirac distribution, TS(E, V)
is the transmission spectrum, I is the electrical current and Vy, is the bias voltage. Because the Fermi-Dirac distri-
bution is close to a step function and its derivative is a sharp bell-like function centered at E, the contribution of
TS(E, Vi) to the electrical current and conductance depends on the TS(Eg) value at Vi,,;=0. The A value is the
band gap between the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO). When the A value is less than 0.05eV and when the DOS around the Ep covers both the HOMO and

_ Viias  €Viias
)

LUMO energy levels, a TS peak appears within the range of D, = [ ] Under this circumstance, the

delocalized electron density distribution in the molecular junction leads to a tendency for electron tunneling of these
systems, i.e., a TS(D,) peak exists. Importantly, protein ET is driven by the redox potential, as in membrane proteins®
and metalloproteins®. The TS(D,) peak is typically generated by electron tunneling between the HOMO and LUMO
and is irrelevant to the other intrinsic molecular energy levels’*-%}; therefore, the peak indicates plausible electrical
conductivity or current. Otherwise, if TS(D,) is zero, then the electron cannot tunnel through the peptide.
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