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Proton transport plays a fundamental role in many biological and chemical systems. In life,
proton transport is crucial for biochemical and physiological functions. It is usually accepted
that the main mechanism of proton transfer is a result of hopping between neighboring water
molecules and amino acid side chains. It was recently suggested that the proton transfer can
be simultaneously coupled with electron transfer. As life is homochiral, proton transfer in
biology is occurring in a chiral environment. In this environment, the chiral-induced spin
selectivity effect relating to electron transfer and chirality is expected to occur. The present
work establishes that the proton transfer is coupled to a specific electron spin polarization
in lysozyme crystals, associating proton transfer to electron movement and polarization. To
preserve total angular momentum, this motion may be coupled to chiral phonons that propa-
gate in the crystal. Our work shows that the interaction of the electrons’ spin and phonons is
very significant in proton transfer through lysosome crystals. Injecting the opposite electron
spin into the lysosome crystal results in a significant change in proton transfer impedance.
This study presents the support for the proton-coupled electron transfer mechanism and
indicates the importance of spin polarization in the process.

the CISS effect | proton-transfer | proton-coupled electron transfer (PCET) | lysozyme crystals

Proton transport is crucial in diverse biochemical and physiological functions of living
organisms (1, 2). This process is essential for cellular respiration, photosynthesis, and the
maintenance of intercellular electrochemical gradients, among other critical functions (3).
It is facilitated by various proteins and complexes, including proton pumps, channels,
and molecular carriers, which ensure the efficient movement of protons across biological
membranes (4-6). For instance, the proton pump adenosine triphosphate (ATP) synthase
in mitochondria and chloroplasts is vital for ATP production (1, 7).

Within proton transfer pathways of pumps and channels, interactions with amino acids
play pivotal roles (8). The protonation and deprotonation of these amino acids are tuned
by the surrounding protein environment, which stabilizes transition states and lowers the
activation energy for proton transfer (6, 9, 10). In many of these systems, protons move
through a medium by hopping between neighboring water molecules or other suitable
molecular carriers. This mechanism relies on the ability of protons to exchange positions
or charge with hydrogen atoms in the surrounding environment, facilitated by the presence
of water or specific proton-conducting materials (11, 12).

It is important to note that proton hopping is accompanied by changes in the electron
distribution in its vicinity, generating an electric polarization (11, 13). This polarization
is enhanced by vibrations—phonons, and hence the proton transfer is facilitated by
phonon-assisted jumps (14-16). The activation energy for these jumps is determined by
the frequencies of the phonons, meaning that specific phonon modes can influence the
extent of proton motion (14, 17-19).

In recent years, proton transfer is considered to be coupled to a electron transfer (PCET)
mechanism (20, 21). This process involves the transfer of electrons and protons from one
atom to another (22). It is important to note that in chiral systems, this electron polari-
zation is generated in the chiral environment.

It was shown that chirality is related to electron spin and angular momentum preser-
vation through the chiral-induced spin selectivity (CISS) effect (23). Within the CISS
effect, an electron has a preferred spin state upon motion through a chiral structure (24).
Since life is homochiral, electron transfer in biology is occurring in homochiral environ-
ments and is susceptible to CISS effects. Combining the PCET mechanism and the CISS
effect should result in spin-related proton transport.

Also, in chiral structures, one chirality of the phonons is preferred. Chiral phonons have
angular momentum, and in chiral structures, they produce a magnetic field (25, 26). These

PNAS 2025 Vol.122 No.19 2500584122

, Jean-Philippe Ansermet®

Ron Naaman™ ),

accepted April 3, 2025

Significance

This research uncovers a
groundbreaking link between
electron spin and proton
transport in biological
environment, using lysozyme as
a model system. Proton transfer,
vital in many life processes, is
shown to couple with electron
spin polarization, a discovery
aligned with the Chiral Induced
Spin Selectivity (CISS) effect.
Specifically, we show that proton
conduction through the lysozyme
crystal is selective to the
polarization of injected electrons,
highlighting a synergy between
spin polarization and information
transfer in life. This mechanism
provides insights into proton-
coupled electron transfer (PCET)
processes, emphasizing the role
of chirality in biological
processes. These findings bridge
quantum physics with
biochemistry enabling better
understanding and opening the
possibility of controlled
information transfer in biological
environments.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2025 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons  Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).

"Present address: Department of Hydro and
Electrometallurgy, Council of Scientific & Industrial
Research Institute of Minerals and Materials Technology,
Bhubaneswar, Odisha 750103, India.

2To whom correspondence may be addressed. Email: ron.
naaman@weizmann.ac.il, nurita@bgu.ac.il, or paltiel@mail.
huji.ac.il.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2500584122/-/DCSupplemental.

Published May 8, 2025.

https://doi.org/10.1073/pnas.2500584122 1 of 7


https://orcid.org/0000-0001-5628-563X
https://orcid.org/0000-0001-6453-4501
https://orcid.org/0000-0002-7356-8831
https://orcid.org/0000-0002-1307-4864
mailto:
https://orcid.org/0000-0003-1910-366X
mailto:
https://orcid.org/0000-0003-2880-9293
mailto:
https://orcid.org/0000-0002-8739-9952
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ron.naaman@weizmann.ac.il
mailto:ron.naaman@weizmann.ac.il
mailto:nurita@bgu.ac.il
mailto:paltiel@mail.​huji.ac.il
mailto:paltiel@mail.​huji.ac.il
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2500584122/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2500584122/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2500584122&domain=pdf&date_stamp=2025-5-6

20f7

phonons can have unique effects on electronic and thermal transport
properties, including modulating electron—phonon interactions and
inducing topologically protected states. Chiral phonons are embed-
ded in the basic mechanism of the CISS effect by the connection
between spin, nuclear motion, and electronic structure (27-30).

While the influence of the CISS effect on electron transport has
been extensively studied in the context of electron conductivity
(31-33), its implications for proton conduction remain unexplored.
In this work, we probe the efficiency of proton transport processes
through proteins. We use Hen egg white lysozyme crystals that tend
to crystallize easily in a tetragonal space group symmetry as a model
system (34). Lysozyme, a well-known and extensively studied gly-
coside hydrolase enzyme, originates from various biological sources,
including egg whites and human tears, saliva, and mucus (35). Such
crystals were recently used as a chiral environment to demonstrate
an electronic CISS effect in carbon nanotubes (36).

The electric properties of the chiral lysozyme crystals have been
widely investigated (37—40) due to their significance in various bio-
logical processes, such as the protection from bacterial infections
(41). Lysozyme’s dominant charge carrier are protons (37, 38); its
conductivity is controlled by proton transfer at humidity above 10%

A B

(38). The conductivity drops dramatically at low humidity when
proton transfer is reduced to a residual electron conductance that
is orders of magnitude smaller (38). At very high humidity levels
(above 60%), the crystal structure becomes flexible, reducing the
interactions of the crystal phonons with the proton current (42, 43).
Here, we demonstrate that the proton transfer process in
Lysozyme crystals is coupled to electron transfer. By the injection
of spin-polarized electrons into the crystal, we show a relations
between the efficiency of proton transport in the biological crystals
and the chirality of the crystal and of the electron spin. The proton
transfer process is coupled with electron spin injection that induces
excitation of chiral phonons. As a result, phonon excitation
enhances the proton transfer in a spin-selective manner.

Results

Lysozyme crystals were grown by the hanging-drop vapor-diffusion
method (44). A single crystal was positioned on a device consisting
of Ni and Au electrodes spaced approximately 2 pm apart on a
Si/SiO, substrate (Fig. 1). Details regarding the crystallization
process and device fabrication are provided in the Methods section.
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Fig. 1. Experimental setup and IV characterizations. (A) SEM image of a lysozyme crystal. More SEM images including dimension measurements can be found in
Sl Appendix, Fig. S1. (B) Schematic illustration of the device setup: The lysozyme crystal is positioned atop alternating Ni and Au electrodes electrically connected. A
constant magnet is placed beneath the device, allowing to magnetize the Ni layer out-of-plane using the North (N) and South (S) poles, or leaving it unmagnetized
by removing the magnet (WO). (C) Microscope image of the device, with a scale bar of 100 um. (D) IV measurements using Ni-Au electrodes under S, N, and
WO magnetizations, shaded area denotes the measurement error. Additional measurements from different crystals are presented in S/ Appendix, Fig. S10. (E)
The difference in the current in the S and N magnetizations extracted from IV measurements under different electrode configurations with fixed North pole
magnetization. Measurements were conducted at 70% RH and a temperature of 23 °C, with each condition repeated 10 times; the shaded area denotes the
measurement error. Additional measurements from different crystals are presented in S/ Appendix, Fig. S11. A closer look at the small voltages under 1V is
presented in S/ Appendix, Fig. S12. At low current, a nonlinear effect is measured, suggesting a secondary effect of the current. We will address this point later.
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Representative images of the lysozyme crystal are shown in Fig. 14.
Fig. 1 Band C present a scheme and an optical micrograph of the
device, respectively. Additional measured crystals are presented in
SI Appendix, Fig. S7.

Investigating the interplay between electron spin and proton
transport, current—voltage (IV), and impedance spectroscopy (IS)
measurements were performed under varying environmental and
magnetic conditions. The easy axis of the Ni electrode lies in-plane.
A constant magnetic field of approximately 80 mT was applied
using a fixed magnet positioned beneath the device, sufficient to
saturate the Ni magnetization in one direction, toward the crystal
(N), or away from the crystal (S).

Initial IV measurements were performed using the configuration
shown in Fig. 1B, confirming adequate contact between the crystal
and electrodes and providing a preliminary device characterization.
During these measurements, the device was maintained in an envi-
ronment of about 70% relative humidity (RH) and a temperature
of 23C. A voltage sweep ranging from -2 V to 2 V was applied
while recording the current response. All measurements were per-
formed under identical ambient conditions, with minimal time
between successive measurements to ensure consistency.

A difference in current was observed when the ferromagnetic
Ni contact was magnetized either north or south, as compared to
a nonmagnetized in-plane configuration (Fig. 1D). These results
indicate that the conduction in the crystal, where protons serve
as the primary conduction carriers (37, 38), is coupled with the
electron spin of the electrode (45). This unexpected phenomenon,
which links spin polarization to proton transport, is a core obser-
vation of this work and further addressed in the discussion section.

To confirm that the observed difference in the current between
N and S magnetization originates from the magnetic contact, the
Ni electrode was replaced with an Au electrode (Fig. 1E). In this
Au—Au contacts configuration, the difference between the current
measured with S and N polarization was diminished, verifying
that the effect observed is due to the spin injection and not due
to the magnetic field per se.

'The proton conduction observed in the IV measurements could
originate from water splitting occurring at the electrodes, which in
return may be affected by the direction of magnetization (46, 47).
To differentiate between the contribution of spin to proton con-
duction through the crystals and interfacial effects, IS measure-
ments were carried out using a low voltage in a humidity-controlled
environment and were chosen for its ability to probe the dynamic
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behavior of proton transport. More details on the setup and meas-
urements are presented in the Methods section. To address the
potential issue of water splitting at the electrodes, we note that DC
measurements in S Appendix were conducted under smaller volt-
ages, well below the threshold for water splitting reactions. In these
measurements, we also observed the CISS effect. It is also important
to note that even if water splitting occurs, ions still need to move
from one electrode to the other, meaning they must still be trans-
ported through the crystal.

Fig. 24 displays the Nyquist plots of a lysozyme crystal placed
between two Ni contacts under the different magnetization states.
'The shape of the curve with a nonclosed semicircle appended by an
inclined line is typical to proton-conducting materials (48, 49). The
alteration of the radius of the semicircle with the magnetization of
the nickel contacts clearly indicates that spin polarization of the
contacts influences the transport of the protons through the crystal.
The impedance spectra were analyzed using an equivalent circuit
model consisting of R1 + (R2 || CPE) + CPE depicted at the Znser
of Fig. 2A. In this model, R1 represents a negligible series resistance
from the external measurement setup (The iDE resistance and the
leads), R2 corresponds to the bulk resistance of the crystal, a con-
stant phase element (CPE1) parallel to R2 indicates a nonideal
capacitive behavior of the crystal, likely arising from space charge
polarization, and CPE2 accounts for interfacial effects at the metal—
crystal interface. This model was used to extract the relaxation time.

A typical bell-shaped loss tangent spectra was observed for the
crystals, shifted in the frequency range depending on the magnetic
polarization of the contacts (Fig. 2B), indicating that spin polariza-
tion induces a change in the charge carriers’ relaxation time (48).
Relaxation times of 13, 18, and 60 ms were extracted from the
frequency of the maximal loss tangent value for the nonpolarized,
N-polarized, and S polarized conditions, respectively. Similar results
were obtained from a simplified fit of the Nyquist plot (SI Appendix,
Fig. S2). The change in the carriers relaxation time indicates that
the proton mobility depends on the electrodes spin polarization
with N polarization leading to three times larger mobility than the
S polarization. It should be noted that the maximum value of the
loss tangent did not change for the different polarization conditions,
indicating that the charge carrier screening length (48), and hence
their concentration, is not affected by the magnetization of the
nickel contacts, as could be expected.

Fig. 3 A-C present several experiments in which IS measure-
ments were used to validate the observed magnetization effects.
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Fig. 2. IS of a single crystal of lysozyme placed between two nickel electrodes, under 60% RH and different polarizations. (A) Nyquist plot. /nset shows the
equivalent circuit used to extract resistance values (R,) for calculation of the %CISS in Fig. 3 A-C. (B) Loss tangent spectra of these measurements.
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These experiments involved varying the RH, altering the connec-
tion configurations, and changing the hydrogen isotope of the

humidity source. The percentage of the CISS effect, defined as

% CISS = 100 = I;N — RS was calculated with Ry and Rg represent-
S+Ry

ing the resistances measured when the North and the South poles
facing the crystal, respectively.

The dependence of the CISS effect on the contact composition
is presented in Fig. 34. The results show a significant difference
between %CISS for Ni/Ni contacts and those with Au/Au con-
tacts, similar to the results shown in Fig. 1E, obtained with DC
measurements. The CISS effect was stronger with the ferromag-
netic electrodes, suggesting that the observed behavior is related
to the magnetization of the contacts. Transport measurements
were performed under varying RH (60 to 80%). The typical
decrease in the resistance of the crystal with increasing RH
(SI Appendix, Fig. S3) was accompanied by a decrease in the CISS
effect (Fig. 3B). Similar results were achieved for DC measure-
ments as seen in S/ Appendix, Fig. S4. This trend is consistent with
the expected relaxation of the crystal structure at elevated humidity
levels (42, 43). In higher humidity, the structure is less stiff.
Additionally, at higher humidity, protons are more likely to trans-
fer through water molecules rather than along the chiral crystal
lattice, reducing their sensitivity to the crystal’s chirality.

Measurements using D,O instead of H,O for humidification,
presented in Fig. 3C, show likewise a reduction in the CISS effect
when using D, 0. The higher resistance observed in the D,0O envi-
ronment (8] Appendix, Fig. S8) is consistent with the involvement
of proton transport, further supporting the role of proton mobility
in the observed conduction mechanism (50, 51). The strongly sup-
pressed dependence of conduction on spin polarization in the
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presence of D,O may provide evidence of the role of phonons in
the observed charge transfer process. This is because of the lower
phonon energy in D,O environment (52, 53), which diminishes
electron polarization and subsequently weakens the CISS effect. In
this scenario, the higher energy of the H,O phonons can be coupled
better with the large difference in energy between the transport of
the two electron spin directions.

To probe the role of phonons in charge conduction, we measured
the DC resistance of the device at various temperatures. The DC
setup is the same as the configuration shown above (Fig. 1B), with
the addition of a thermoelectric cooler pad to control the device’s
temperature. Measurements were performed while keeping the
humidity at 70% RH. The CISS effect increased with temperature
(Fig. 3D). This trend can be consistent with a phonon-based con-
duction mechanism, following many recent CISS-related studies
(54). However, the overall reduction in conduction with tempera-
ture (SI Appendix, Fig. S5) suggests a reduction of the local humidity
in the crystal at elevated temperatures that can also explain the
increase in the CISS with increasing temperature.

To investigate further the connection between lattice vibrations
and the induced polarization, second harmonic current measure-
ments were performed while locally heating the sample using a
532 nm laser focused on one side of the crystal (Fig. 44). The
asymmetrical heating generates a nonsymmetric nonlinear
response between the two sides of the crystal, measurable through
second harmonic transport measurements (Fig. 4B). It is impor-
tant to note that the second harmonic of the AC signal demon-
strates that the response to an increase or a decrease in the applied
voltage is not symmetric. This suggests a nonuniform flow along
the crystal. Notably, the asymmetric response strongly depends
on the injected spin, as seen in Fig. 4C where the changes in the
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Fig. 3. The CISS effect under various conditions. %CISS is defined as % CISS = 100 = (Ry — Rs)/(Ry + Rs) (A) Dependence of CISS on the type of electrode, measured
by IS under 60% RH and constant magnetic field. (B) Humidity dependence of CISS for Ni/Ni electrodes under constant magnetic field, measured by IS across a
range of RH levels, see also S/ Appendix, Fig. S3 for averaged resistance values. A similar effect was seen for DC measurements (S/ Appendix, Fig. S4). (C) Effect of
the humidity source on CISS, comparing H,0O and D,0 at 60% RH with Ni electrodes and under constant magnetic field, measured by IS. The average resistance
values compared between H,0 and D,O are presented in S/ Appendix, Fig. S8. (D) Temperature dependence of CISS, measured by DC IV measurements at 70%
RH with Ni electrodes. Panels (A-C) are derived from IS measurements, while panel (D) is based on DC IV measurements.
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2nd harmonic signal under heating were compared for the
two-spin injection.

The clear second harmonic peak observed in the AC current
signal indicates the nonlinear nature of the conduction (55, 56),
consistent with the involvement of phonons in the process (57,
58). The more pronounced second harmonic peak observed with
laser heating (Fig. 4B) supports the role of phonons in the con-
duction mechanism, consistent with phonon-mediated electron—
proton coupling (59). The dependence of the second harmonic
signal on the magnetization direction (Fig. 4C) relates the heat-
ing and proton transport to electron spin polarization, consistent
with phonon-mediated electron—proton coupling (59). The
proton current profile is sensitive to the local heating and the
injected electron spin. These results highlight the influence of
the injected spin on phonon-mediated conduction.

Discussion

It is accepted that protons move through a medium by hopping
between neighboring water molecules or other suitable carriers.
Protons primarily carry the conduction current in lysozyme, sus-
tained by coupling with electron flow. The gradual current decay
over time (S/ Appendix, Fig. S9) reflects the limits of proton trans-
port, leading to eventual saturation. The energy of the protona-
tion—deprotonation process is governed by the electrostatic
potential generated by the proton electrochemical gradient and
the intrinsic pKa values of the system.

In many cases, including biological systems such as in respiratory
and photosynthetic complexes, electron and proton conduction are
interconnected, playing vital roles in energy transfer and chemical
reactions (60). Here, we provide evidence for proton-coupled elec-
tron transfer (PCET) mechanism in Lysozyme crystals by demon-
strating that the proton transfer rate depends on the spin of the
injected electrons. It is also demonstrated here that spin polarization
affects the conductance at different temperatures and humidity
conditions in the lysozyme crystals due to the coupling between
spin polarization and chiral phonons (29, 61).

A sketch of the suggested model is presented in Fig. 5. We
propose that proton transfer in the crystal generates electron polar-
ization. The polarized electrons have a specific spin due to the

chiral environment. The spin-polarized electrons interact with
phonons during the proton transfer process, increasing the local
temperature. This effect is enhanced by chiral phonons that are
critical in preserving angular momentum. In chiral systems, these
phonons can be chiral with a preference to specific chirality, and
therefore, the phonons can carry angular momentum (29).

Another possible explanation for the observed mechanism is
hydrogen atom transfer (HAT), a specific case of PCET, in which
both a proton and its associated electron are transferred together
(62-65). In a chiral environment, such as lysozyme crystals,
chiral water wires could form (66), potentially facilitating
long-range charge transport through coupled proton and elec-
tron motion. This mechanism aligns with theoretical studies
suggesting that water-mediated HAT can contribute to efficient
charge transport in biological and enzymatic systems (42, 67,
68). HAT could be regarded as a specific case of the PCET we
discuss, where the electron and proton move together along the
same pathway.

The HAT mechanism does not require a third particle (phonon)
to explain the phenomenon. However, it does require the presence
of specific amino acids that can participate in HAT, such as tyros-
ine, cysteine, tryptophan, and possibly histidine. Temperature
dependence measurements, 2nd harmonic measurements (Fig. 4),
as well as the new nonlinearity in the IV (S Appendix, Fig. S11),
may point to the involvement of phonons in the process.

As a control, we used Au electrodes that inject electrons having
both spin states. Indeed, in this case, the observed CISS effect of
proton conductivity in the chiral system is reduced, showing that
the observed CISS effect is correlated with the spin polarization
of injected electrons. The proposed transport mechanism is also
supported by the observed differences in conductivity at different
humidity. In D,O environment, the CISS effect is lower than in
H,O environment, a phenomenon that can be related to lower
coupling to phonons at the relevant energies. When the crystal
becomes softer because of an increase in water content in the
crystal, the interactions with the chiral environment are reduced
and so does the CISS effect.

Notably, the observed CISS effect is due to changes to the
proton transfer rate and hence the proton mobility (Fig. 2B). This
observed change in the relaxation time is supported by a simplified
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Fig. 4. Second harmonic measurements. (A) Schematic illustration of the measurement setup. Laser is focused on one side of the crystal, generating a temperature
gradient across the crystal. AC voltage is applied, and the current signal is recorded by an oscilloscope. (B) Second harmonic peak and fundamental peak (/nset)
of the AC signal, measured under a North magnetic field configuration, averaged over 30 measurements. A similar measurement was done for the south
magnetic field, see S/ Appendix, Fig. S6. (C) Difference in the second harmonic peak (A2nd Peak) with and without laser heating, comparing North and South
magnetization directions, averaged over five measurement sets with 30 repetitions each. This surprising difference connects the spin electron spin polarization

to phonons and to proton transfer.
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Fig. 5. A schematic proton transport toy model. The proton transport is
accompanied by electron polarization. In chiral media, due to the CISS effect,
this electric polarization is producing spin polarization. Preserving angular
momentum generates chiral phonons that induce spin-selective proton
transfer.

model of the Nyquist plots that have very common features found
in many IS data (69). To characterize the magnetic field depend-
ence, we describe this model within the equivalent circuit, describ-
ing the impedance data are composed of a Warburg element in
series with a resistance R and a capacitance C in a parallel com-
bination that defines a time constant 7 = RC. The impedance Z
is normalized to a resistance R, and the pulsation w to a reference
pulsation w,, = 1/7,,. Thus, the normalized impedance is given by,

l_jwnTn Pn I_ﬂ]
n =R, 2t ’ [1]
l+wo,7, \/wn\/1+ﬂ2

The Nyquist plots generated according to Eq. 1 (S7 Appendix,
Fig. $2) match the data of Fig. 24. The resistance and the time
constant were chosen so that the capacitance C, = 7,/ R, stays the
same. This corresponds to the assumption that the dielectric prop-
erties of the crystal do not change when a magnetic field is applied.
The Warburg parameter f of 2 is often observed when using
porous electrodes (70). Comparison of S Appendix, Fig. S2 and
Fig. 2 implies that the resistance R, ~ 1.4 MOhm. The nser of
SI Appendix, Fig. S2 allows us to estimate that @, ~ 200 MHz
(w = w,w,). The Warburg coefficient p,, was adjusted so that the
phase data peaked at the same value as the data. The large difference
between 7, for the different magnetization conditions shows that the
proton transport strongly depends on the electronic spin injection.

The relation between heat and phonon transfer on the one
hand, and the electron spin on the other hand, is evidenced by
the nonuniform laser heating of the crystal that triggers a second
harmonic generation, practically only in the case when the North
magnetization is applied (Fig. 4).

Conclusions

The present work highlights the intricate relationship between
electron and proton transport. Since proton transfer in life typi-
cally occurs through chiral systems, like proteins and membranes,
the electrons that are coupled to proton transfer are spin polarized.
Spin polarization, besides enabling efficient electron transfer, also
causes chiral phonon excitation that influences the proton transfer
rate in a spin-selective manner. The present study supports the
PCET mechanism in lysozyme crystals and provides insight into
the mechanism of proton transfer in these crystals. In that picture,
the electron generates a polarization wave that accompanies the

https://doi.org/10.1073/pnas.2500584122

proton transfer, changing the proton effective mass. The results
emphasize the role of chirality in biological processes. These find-
ings bridge quantum physics with biochemistry, enabling a better
understanding and controlling information transfer in the biolog-
ical environment.

Methods

Lysozyme Crystallization. Tetragonal lysozyme crystals were obtained utilizing
the hanging-drop vapor-diffusion method (44, 71). In particular, Hen egg white
lysozyme tends to crystallize easily in a tetragonal space group symmetry [a = 76.5
A, ¢ = 37.0 A]. This crystal form has a Mathews Coefficient value (V,,) of 1.85 A%
Da with a corresponding solvent content of 33.7%. A 6 L drop, comprising equal
volumes of protein solution (30 to 46 mg/mLin 100 mM NaAcetate, pH 4.8) and
reservoir solution (1 M NaCl, 0.1 M sodium acetate, pH 4.2), was employed. Prior
to cross-linking, the crystals underwent three washes with reservoir solutions to
eliminate noncrystallized lysozymes. For cross-linking, the crystals were immersed
in a solution containing 5% glutaraldehyde in 1 M NaCl, 0.1 M NaAcetate, pH 4.2.
Afteran incubation period of 24 to 30 h, the crystals were retrieved and transferred to
distilled deionized water.The size of a single crystal is approximately 300 um in each
dimension. An image via scanning electron microscopy (SEM) is shown in Fig. 14
and S/ Appendix, Fig. S1. Hen egg white lysozyme, used in these experiments, is
regularly purchased commercially and is in a high grade of purity and no further
purification protocol is required. Tetragonal lysozyme crystals are being analyzed at
X-ray facilities (mainly ESRF, Grenoble, France) and their three-dimensional struc-
ture solved to substantiate its characteristics. The crystal preparation procedure fol-
lows that described in ref. 71, and the X-ray scattering analysis performed at ESRF
(for crosslinked at pH 4.8) corresponds to the crystals used in our study.

Device Preparation. A Si/Si0, substrate was used as the base for device fabrica-
tion. Standard photolithographic techniques were employed to pattern electrodes,
followed by metal evaporation and lift-off procedures. Four gold electrodes (10
nm Ti and 50 nm Au) and three nickel electrodes (50 nm Niand 10 nm Au) were
deposited alternately, with electrode widths ranging from 2 pm for the Ni electrodes
to 5 pm for the Au electrodes. Spacing between electrodes was approximately 2
pm. Subsequently, a single lysozyme crystal was manually positioned on the device.
Fig. 1B shows the device schematic,and Fig. 1Cshows the lysozyme crystal situated
on Niand Au electrodes, as used forimpedance and IV measurements.

An 80 mT field strength was used to magnetize the Ni. The field was deter-
mined by directly measuring the magnetization of the Ni sample using a gauss-
meter, positioned at the same distance from the magnet as the sample in our
experiments. Additionally, vibrating sample magnetometry measurements were
performed on the substrates showing a coercive field of about 25 mT.This is shown
in S/ Appendix, Fig. S13.

Electrical Characterizations. DC |V measurements were done on a bondage
sample with standard two-probe configuration.

Impedance measurements were performed in a probe station (ST-500, Janis,
USA) using a frequency response analyzer and a dielectric interface (1260b
and 1296, Solartron Metrology, UK). Spectra were recorded over a frequency
range of 32 to 3.2 MHz, using AC voltage with an amplitude of 100 mV. The
spectra were recorded for four Ni-Ni devices, three Au-Au devices, and two
Ni-Au devices under N, S, and WO magnetization in 60 to 80% RH range at
room temperature. Measurements were performed using both H,0 and D,0, to
test for the kineticisotope effect. The collected impedance data were fitted with
an equivalent circuit model using the EC lab software to extract the resistance.
The charge carrier relaxation time was extracted from the frequency of the
maximal loss tangent values.

Second Harmonic Measurements. An AC 0.1V voltage of 850 kHz was applied
to the crystal placed on Au-Ni electrodes, and the current response was meas-
ured by recording 100,000 data points using an oscilloscope. The fundamental
peak of the signal and the second harmonic peak are shown in Fig. 4B. A 532
nm green laser of 5 mW was focused by a lens on the crystal side to locally heat
the sample. The laser was calibrated on a thermal resistor, confirming that it
induced a temperature increase of approximately 1 to 2 °C. Experiments were
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performed in a high-humidity environment of about 80% RH, with a constant
magnet placed beneath the sample as before. Measurements were conducted
in different magnetization directions (North and South), both with and without
the laser to assess the effect of local heating. Each configuration was measured
30 times and analyzed using Fast Fourier Transform, with each magnetization
configuration repeated five times for consistency.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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