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Abstract

The transmembrane-electrostatically localized protons/
cations charges (TELCs, also known as TELPs) model may
serve as a unified framework to explain a wide range of
bioenergetic phenomena. Transient transmembrane-
electrostatically localized protons (TELPs) and trans-
membrane potential in a laser flash-energized bacteri-
orhodopsin (bR) purple membrane (PM) open flat sheet
are now better analyzed. Under the Heberle et al. (1994)
experimental conditions, the number of bR molecules is
now calculated to be 8200 per PM open flat sheet with
a diameter of 600 nm. With a single-turnover laser flash
intensity of 3 mJ/cm? to photoexcite 10% of the bR mol-
ecules, the laser flash-induced peak TELCs density is cal-
culated to be 2900 per pm? of PM, which translates to a
peak transient transmembrane potential of 50 mV. The
bR protonic outlet protrudes into the liquid phase out-
side the putative “potential well/barrier”. The observation
is in line with the TELPs model, but does not support the
“potential well/barrier” model. The author encourages re-
search on more relevant protonic capacitor cell systems
that have transmembrane potential with TELCs compris-
ing excess positive charges at one side and excess anions
at the other side of the membrane.

Introduction

The recently developed “transmembrane-electrostatical-
ly localized proton(s)/cation(s) charge(s) (TELC(s)) mod-
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el” [1] [2] [3] provides a theoretical framework that can
help explicate protonic cell energetics, including many
experimental observations, and elucidate bioenergetic
systems, including both delocalized and localized pro-
tonic couplings [4] [5] [6]. The term TELCs represents the
“total transmembrane-electrostatically localized positive
charges,” including the “charges of both the transmem-
brane-electrostatically localized proton(s) (TELP(s)) and
the associated transmembrane-electrostatically localized
non-proton cations after the proton-cation exchanging
process reaching equilibrium” [5] [6]. TELCs are immedi-
ately related to transmembrane potential, which is now
known as a function of TELCs population density within a
TELCs-membrane-anions capacitor [1] [6]. Consequently,
the excess positive charges of TELCs at one side of the
membrane are balanced by the excess negative charges
of transmembrane-electrostatically localized hydroxide
anions (TELAs) at the other side of the membrane. The
“formation of TELPs-membrane-TELAs capacitors has
been experimentally demonstrated using a biomimetic
anode water-Teflon membrane-water cathode system”
[7]1 [8] [9] through two PhD thesis research projects [10]

[111.

According to the TELCs model [2] [1] [12] [13], trans-
membrane potential (A) is a function of TELCs surface
density, as shown in the following protonic membrane
capacitor-based equation with a voltage unit (V in volts):

Se(TELC)se

Transmembrane potential (Ap) = c 1)
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where C/S is the specific membrane capacitance per unit
surface area; TELC is the number of positive charges per
unit membrane surface area, which is the sum of TELPs
and transmembrane-electrostatically localized non-pro-
ton cations after cation exchange with TELPs; and e is a
proton (or cation) charge of 1.60 x 107" Coulomb.

Accordingly [21[1]1[12] [13], when a transmembrane pro-
tonic pumping process—which is an electrogenic (i.e.,
electrically non-compensated) charge transport across a
bacteriorhodopsin purple membrane open flat sheet—
is energized by a single-turnover pulsed laser flash [14]
[15], a transient transmembrane potential (A) will form
and then decay as the pumped excess charges return to
the other sides of the membrane. That is, the formation
of a transient transmembrane potential (A) will result
from a protonic capacitor formation with TELPs on the
positive (extracellular) side and with transmembrane-
electrostatically localized hydroxide anions on the nega-
tive (cytoplasmic) side along a bacteriorhodopsin purple
membrane open flat sheet, at least, transiently. There-
fore, during its protonic capacitor formation, according to
Eqg. 1, there is at least a transient transmembrane poten-
tial (A # 0), in contrast to Silverstein's claim of no “tran-
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sient non-zero AY": “where Ay = 0" [16] [17].

In this article, we will first calculate the bacteriorhodop-
sin (bR) population density in a bacteriorhodopsin purple
membrane open flat sheet that was tested in the experi-
ment of Heberle et al. (1994) [15]. Then, the transient
TELCs population and transmembrane potential in a la-
ser flashed bacteriorhodopsin purple membrane open
flat sheet will be calculated. The analyzed results will be
discussed with commentary in the context of Silverstein's
recent argument [17] and the putative “potential well/
barrier” model proposed by Junge and Mulkidjanian [18,
19] and advocated by Silverstein [17].

Calculation of Transient TELCs and
Transmembrane Potential in a Laser
Flashed Bacteriorhodopsin Purple
Membrane Open Flat Sheet

The experiment of Heberle et al. (1994) [15] employed
a piece of well-characterized purple membrane (PM) of
H. salinarium, which is “a two-dimensional crystalline ar-
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Figure 1. a) X-ray crystallographic structure of bacteriorhodopsin shows its protonic outlet injecting a proton (H*) into
the bulk liquid phase of the extracellular space at least about 1 nm away from the membrane surface. Reproduced
with permission from Ref. [22]. b) Structural model of bacteriorhodopsin based on a resolution of 0.23 nm ([23]; data
retrieved from the protein data bank, PDB entry: 1BRX). View is approximately parallel to the membrane plane.

The thickness of the surrounding membrane is about 4 nm. The protein backbone is shown as ribbons. The
chromophore retinal (Ret) and amino acids are represented as sticks. Three water molecules are shown as spheres.
The arrow indicates the direction of proton translocation. Reproduced with permission from Ref. [21]
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ray of the integral membrane protein bacteriorhodopsin
with lipids” that is also called a bacteriorhodopsin purple
membrane open flat sheet. The natural PM is composed
of 75% bR (w/w) and 25% lipid (w/w) [20]. As shown in Fig-
ure 1, each bacteriorhodopsin (bR) molecule consists of
approximately seven helical segments transversing the
membrane [21]. Upon photo-energization, a bR molecule
can vectorially pump a proton across the membrane pro-
tein complex and thus can transiently result in a charge-
separated pair of bRH* and bROH-.

The naturally-forming crystal structure of PM is a trimer
of bR molecules within one hexagonal unit cell (a = 6.2
nm), as shown in the AFM images (Figure 2) [24]. That is,
the bR trimers (encircled with the triangles) are arranged
in a hexagonal lattice with a unit cell dimension of ~6.2
nm [24]. Using this information, as shown in Table 1,
we have now calculated the number of bR molecules to
be 8200 bR molecules per PM open flat sheet with a di-
ameter of 600 nm that was tested in the experiment of

Heberle et al. (1994) [15].

In the Heberle et al. (1994) experiment, the bR PM open
flat sheet was transiently energized by use of a single-
turnover pulsed laser flash. The laser wavelength was
532 nm and the pulse width was 8 ns. A pulsed laser flash
(8 ns) energy density of 3 mJ/cm? was used to photoex-
cite only about 10% of the bR molecules to ensure sin-
gle-turnover conditions [14]. Therefore, a single-turnover
laser flash energization at the intensity of 3 mJ/cm? will
transiently generate 820 charge-separated pairs of bRH*
and bROH- across the bacteriorhodopsin PM disk (diam-
eter 600 nm). This constitutes 820 TELCs per PM disk,
which is equivalent to a peak TELC density of 2900 per
pm? of PM. From the peak TELC density of 2900 per um?
of PM, we employed Eq. 7 to calculate its peak transient
transmembrane potential. Based on experimentally-
measured cell membrane capacitance data [11], we used
a specific membrane capacitance C/S of 9 mF/m? and cal-
culated the peak transient transmembrane potential to

Figure 2. AFM image of the crystal edge of bacteriorhodopsin (bR) in purple membrane. The bR molecules
encircled by the dotted-line golden triangles indicate the bound bR trimers. The AFM images were taken at 3.3
frames/s (scale bar, 10 nm). The bR molecules encircled by the red dotted lines (at 0.6 s) indicate a newly bound
bR trimer. The white triangles (at 2.1 s) indicate the previously bound trimers. The bR trimers (encircled with the
triangles) are arranged in a hexagonal lattice with a unit cell dimension of ~6.2 nm. Reproduced with
permission from (Yamashita et al., 2009) [24].

Peak Transient Lifetime (ps) of
Laser Flash bR molecules Peak TELCS Peak TELCs transmembrane transient TELCs and
Intensity per PM dis per PM disk per um?of PM) potential (A in mV) transmembrane potential
0 8200 0 0 0 NA
3 mJ/cm? 8200 820 2900 50 152
6 mJ/cm? 8200 1640 5800 100 152

Table 1. Calculation for the number of bacteriorhodopsin (bR) molecules per purple membrane (PM) disk (with a diameter of
600 nm) employed by Heberle et al. (1994). The laser wavelength was 532 nm, and its pulse width was 8 ns. A pulsed laser
flash (8 ns) energy density of 3 mJ/cm? was used to photoexcite only about 10% of the bR molecules to ensure single-turnover
conditions [14]. Peak transient transmembrane potential (A) was calculated from peak TELC density through Eq. 7 using
specific membrane capacitance C/S of 9 mF/m? based on experimentally measured cell membrane capacitance data [25].
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be about 50 mV (Table 1).

If the laser flash intensity is doubled to 6 mJ/cm?, then
the peak TELCs density may double to 1640 TELCs per
PM disk—equivalent to a peak TELCs density of 5800 per
pm2—which will give rise to a peak transient transmem-
brane potential of about 100 mV, as shown in Table 1.

As listed in Table 1, the lifetime of the transient transmem-
brane potential is expected to be the same as the associ-
ated transient TELCs lifetime (152 ps) that was calculated
from the experimental data of Heberle et al. (1994).

Transient TELC Activity Along a Laser
Flash-Energized Bacteriorhodopsin
Purple Membrane Open Flat Sheet

As previously discussed [12], the bR PM open flat sheet in
liquid water can be regarded as a special protonic capaci-
tor disk with its edge (rim) connected through a protonic
conductor (liquid water), as shown in Figure 3a. Thus,
when protons are actively pumped across the membrane
through the membrane-embedded bR photochemistry
mechanism from the cytoplasmic side to the extracellu-
lar side, it will create excess protons (bRH*) on the extra-
cellular surface while leaving an equal number of excess
hydroxide anions (bROH") on the cytoplasmic surface.

The charge-separated pairs of excess protons (bRH*) and
excess hydroxide anions (bROH") created by the pulsed
laser energized bR photophysical chemistry across the
PM represent the initial (peak) population of the laser
pulse-induced TELPs (TELCs), which can translate to a
peak transient transmembrane potential through £Eq. 7
as shown in Table 1.

Therefore, according to the protonic capacitor model [2]
[1]1 [12], the excess protons in this case will be held, at
least transiently, at the liquid-membrane interface along
the extracellular surface by the transmembrane-electro-
static attractive force from the excess hydroxide anions
at the liquid-membrane interface along the cytoplasmic
surface, as illustrated in Figure 3a. Subsequently, the
excess protons will rapidly move along the liquid-mem-
brane interface on the extracellular surface and through
the PM rim to return to the cytoplasmic side; meanwhile,
the excess hydroxide anions can also quickly translocate
on the cytoplasmic surface towards the rim of the bR PM
flat sheet.
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The formation of an “excess hydroxide anions-mem-
brane-excess protons” [12] capacitor due to the photo-
chemically-driven transmembrane proton pumping (Fig-
ure 3a) is immediately relevant to the formation of trans-
membrane potential. Other anions and cations such as
carbonate and phosphate existing before photochemical
energization likely have little relevance to protonic capac-
itor bioenergetics. Here, the “excess hydroxide anions”
may be regarded as “protonic holes”, which are somewhat
analogous to the concept of “electron-hole pairs” arising
when an electron is excited from a lower energy level to
a higher energy level, leaving behind a “hole”. That is, the
concept of protonic holes is rooted in protonic transloca-
tions (through the “hops and turns” protonic conduction
mechanism in liquid water) rather than hydroxide ions, in
a way analogous to the electronic conduction through a
metallic conductor. Therefore, from the negative charge
point of view, hydroxide anions (protonic holes) are trans-
ferred in the opposite direction of proton conduction.
Consequently, the translocation of the excess hydroxide
anions on the cytoplasmic surface towards the rim of
the bR PM open flat sheet is equivalent to the transloca-
tion of excess protons from the rim towards the center
of the cytoplasmic surface in filling the “protonic holes”
there. When the excess protons finally recombine with
the excess hydroxides in forming water molecules, the
transient transmembrane potential (A) decays to zero.

Therefore, to observers who monitor the translocated
protons using both localized protonic sensors (such as
pH-indicating dye fluorescein) along two sides of the bR
PM open flat sheet and a delocalized pH probe (pyranine)
in the bulk liquid phase, they would observe that the ex-
cess protons pumped through bR appear to be moving
along the extracellular membrane surface and then pass-
ing through the liquid around the rim to the cytoplasmic
surface, but without getting into the bulk liquid phase,
as shown in Figure 3a. These predicted features were
exactly demonstrated in the bR PM open flat sheet ex-
periment performed by Heberle et al. (1994) [15], where
they employed a pulsed laser flash to suddenly energize
bacteriorhodopsin-driven H* pumping and monitored
the flash-induced transient absorption changes of the
protonic molecular probes. Therefore, as recently re-
ported [12], the prediction from the TELPs model can
now well explain the experimental results of Heberle et
al. [15] that suggest “protons can efficiently diffuse along
the membrane surface between a source and a sink (for
example H*-ATP synthase) without dissipation losses into
the aqueous bulk.”
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Figure 3. a) Formation of a transient protonic capacitor with transmembrane-electrostatically localized protons (blue, H*) at

the liquid-membrane interface on the extracellular side (bottom) and the transmembrane-electrostatically localized hydroxide
anions (blue, OH") on the cytoplasmic side (top) along a bacteriorhodopsin purple membrane open flat sheet. Adapted from Ref
[12], which is modified from Ref [15]. b) Silverstein’s “particle-like” drawing with a single bR molecule that he apparently intended
to represent a purple membrane open flat sheet (that is now known to have 8200 bR molecules): (a) light-driven pumping across
the membrane, through bacteriorhodopsin “BRho"; (b) surface diffusion; and (c) release from the surface into the bulk phase.
The three proton detection sites are (1) bR lys129 at the P surface; (2) bR cys36 and cys161 at the N surface; and (3) aqueous

pyranine. Reproduced with permission from Silverstein 2023 [17]
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Discussion and Commentary in
Response to Silverstein (2023)
Argument

Recently, Silverstein (2023) [17] tried again to defend his
notion that “Ay = 0" (9) using a bR membrane “particle-
like” drawing (less than 10 nm in size, as judged by the
size of liquid molecules with a single bR molecule) as
shown in Figure 3b to represent the 600 nm diameter flat
PM disk (Figure 3a) of Heberle et al. 1994 [15]. Note, the
600 nm diameter (geometric size) of a flat PM disk and
the number of 8200 bR molecules per disk (see Table 1)
are relevant parameters that may affect the TELC-asso-
Ciated transport activities and thus the lifetime and am-
plitude of transient transmembrane potential. Probably
trying to favor his argument, Silverstein’s “particle-like”
drawing (Figure 3b) shows only a single bacteriorhodop-
sin molecule with a few lipid molecules. According to the
length of a lipid molecule—which is known to be about 2
nm—and a typical biomembrane thickness of 4 nm, his
drawing (Figure 3b) appears to inappropriately portray
the 600-nm diameter PM disk (containing 8200 bacte-
riorhodopsin molecules) as a single bR membrane par-
ticle with a size of 10 nm. Since his article [17] does not
mention anything about the 600 nm diameter of the flat
purple membrane disk, his 10-nm “particle-like” drawing
with a single bR molecule (Figure 3b) could misrepresent
the Heberle et al. (1994) experiment [15] and cause con-
fusion in the scientific community.

Silverstein’'s recent argument [17] centers on the claim
that “the circuit is ‘shorted out’ by the free flow of ions be-
tween the two sides of the membrane, around the rims
of the membrane fragments.” However, his own state-
ment “Once a proton is released on the P side and a tran-
sient Ay is generated, ions in solution will respond: K* will
move from the P side toward the N side, and CI~ will move
in the opposite direction” professes that “a transient A
is generated” [17].

There is no evidence for Silverstein’s proposed vectorial
ion flow: “K* will move from the P side toward the N side,
and CI~ will move in the opposite direction” at the PM flat
sheet rim as he tried to portray with his 10-nm particle-
like drawing with a single bR (Figure 3b) [17]. Even if the
proposed vectorial ions flow were true, that would still
have to be driven by an electrical field from the transient
transmembrane potential Ay, in accordance with the
Fick's laws of diffusion; this again indicates the presence
of transient membrane potential (transient peak Ay = 50
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mV, as calculated in Table 1) in contrast to his notion [16]
that “Ay = 0",

Silverstein [17] repeatedly argued that the photo-driven
bR proton pump “is 56,000 times slower than proton dif-
fusion in bulk aqueous solution”. This argument seems
to be irrelevant, since the pulsed laser-induced forma-
tion of transient membrane potential (transient peak A
=50 mV) is the first and primary step (1) because of the
photo-driven bR proton pump, which is an active trans-
port process. All the other steps are passive processes,
including (2) proton translocation along the liquid-mem-
brane interface (and around the PM flat sheet rim) and
(3) slow (1.29 ms) partial (17%) proton release into the
bulk liquid phase, likely as a result of cation-proton ex-
change associated with ion and proton diffusion in bulk
aqueous solution [12]. Processes (2) and (3) happen later
than the primary active transport step (1) since the pas-
sive transport processes (2 and 3) must be driven, at least
transiently, by the pulsed laser-induced bR photophysical
proton-pumping charge separation process (1) that cre-
ates a transient membrane potential (transient A # 0) as
the driving force.

By now, readers can probably identify the mistakes in Sil-
verstein's arguments “Given D = 2 nm?/ns for K* and Cl-in
bulk water [26], it would take only 0.002 ps (= (5 nm)¥
(6 x 2 nm?/ns) = 2 ns) for one of these ions to cross the
5 nm around the rim of the membrane fragment from
the P and N side ... So, light-driven H* pumping via bac-
teriorhodopsin across the purple membrane fragment is
not electrogenic; in the 76 ps it takes to pump a proton
across the membrane, it is easily electrically compensat-
ed by K* and CI- diffusion around the fragment rim. Thus,
one would not expect to find even a transient non-zero
Ay in this system.”

As mentioned previously, the pulsed laser-induced 76-ps
photo-driven bacteriorhodopsin active proton pump and
transient transmembrane potential formation is the pri-
mary (active) transport step (1) that drives the sequence
of the subsequent transport events (2 and 3). The pas-
sive transport processes—including (2) proton translo-
cation along the liquid-membrane interface and around
the rim plus (3) slow (1.29 ms) partial (17%) proton re-
lease, likely through cation-proton exchange associated
with ions and proton diffusion in bulk aqueous solution
[12]—all happen later, after the laser pulse-induced pri-
mary (active) transport step (1). In his arguments above,
Silverstein seems to assume that the passive transports
(2 and 3) could occur simultaneously or before the laser
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pulse-induced primary (active) transport step (1), which
seems to be a fundamental mistake. Therefore, readers
may now be able to see four mistakes in Silverstein's ar-
guments [7]:

1) Improperly mixed up the sequence of events from the
primary event of the 76-ps photo-driven bR active pro-
ton pump and transient transmembrane potential for-
mation (1) to the passive transport processes includ-
ing: (2) proton translocation along the liquid-mem-
brane interface and around the rim plus (3) slow (1.29
ms) partial (17%) proton releasing associated with ions
and proton diffusion in bulk aqueous solution [12];

2) Wrongly assumed a passive vectorial “flow of K* and
Cl- cross the 5 nm around the rim” to occur simulta-
neously or before the laser pulse-induced 76-ps bR
proton-pump event that resulted in the formation of a
transient membrane potential (peak transient A = 50
mV, as calculated in Table 1);

3) Inaccurately assumed a passive vectorial “flow of K*and
Cl- cross the 5 nm around the rim” could instantaneous-
ly (t =0) reduce transmembrane potential to zero;

4) Improperly claimed “2 ns” for a passive vectorial ion
flow to cross the 5 nm around the rim as a decay life-
time for the transient transmembrane potential; even
if the claimed “2 ns” decay time were true, it would still
have to admit the transient transmembrane potential
(transient Ay # 0) during its lifetime.

Note, the decay lifetime (t) for a transient transmem-
brane potential (transient peak Ay = 50 mV) is expected
to be correlated with the amount of time that the excess
protons at the extracellular side take to translocate from
the center area of the 600-nm diameter bR PM open
flat sheet through the rim to the center area of the cy-
toplasmic side to recombine with the excess hydroxides
to form water molecules. According to the Heberle et al.
(1994) experimental data [15] that employed a mean dis-
tance for the two-dimensional diffusion of 240 nm, we es-
timated the decay lifetime (t) for the transient membrane
potential (transient Ay # 0) to be about 152 ps (t =228 ps
- 76 ps), as listed in Table 1.

Silverstein [17] recently also tried to argue for the pres-
ence of “porins and ion channels” in the 600-nm diam-
eter bR PM open flat sheet (Figure 2a) employed in the
Heberle et al. (1994) [15] experiment. This argument also
seems to be moot since the PM open flat sheet is com-
posed of 75% bR (w/w) and 25% lipid (w/w) [20]; there
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is no evidence for his claimed “porins and ion channels”
in the 600-nm diameter bR PM open flat sheet that was
used in the Heberle et al. (1994) experiment [15].

As recently reported [12], it can be shown through Ohm'’s
law that the voltage V = I-R # 0, where / is the total current
of protonic and ionic conduction through the bR PM rim
plus through “the porins and ion channels” (if present)
and Ris the protonic and ionic resistance of the liquid me-
dium which has a non-zero resistance. Therefore, Silver-
stein’s argument [17] and notion [16] that “Ay = 0" for a
laser-energized flat bacteriorhodopsin membrane sheet
was apparently misconceived and it could not withstand
even a quick test by Ohm's law. Under the experimental
conditions of Heberle et al. (1994) [15], the peak transient
transmembrane potential (Ay) has now been numerically
calculated to be 50 mV (Table 1) based on the numbers of
the charge-separated pairs of excess protons (bRH*) and
excess hydroxide anions (bROH") created by the laser-en-
ergized bR photophysical chemistry across the PM sheet.

Protonic Outlet of bR Structure
Rejecting the “Potential Well/Barrier”
Model

Silverstein [17] presented a quite interesting plot for the
putative “potential well/barrier” model's Gibbs free en-
ergy profile for moving protons from the water/decane
interface to the bulk aqueous phase (Figure 4a). He wrote
“AG for the depth of the potential well near the water/
decane interface (4-8 RT at 1-2 A) was calculated by ab
initio free energy molecular dynamics [27]. The activation
barrier, AG°t = 20-30 RT is calculated from Arrhenius/Ey-
ring plots [27] [28]."

At the experimental temperature of 20 °C (293 K) [15],
Silverstein’s claimed “AG°F = 20-30 RT " (+ 25 RT ?) in the
liquid water phase at a location of 0.4 nm away from the
decane surface would be equivalent to an activation bar-
rier of about 60.9 kJ/mol; that is likely to be questionable
since he has never explained how it could be possible for
water molecules to form an activation barrier that is so
much higher than their hydrogen bond energy. Accord-
ing to an independent study [29], the water hydrogen
bond Gibbs energy AG is 2.7 kJ/mol (with AH® = 7.9 kJ/mol
and TAS® = 5.2 kJ/mol). For the mechanism of proton mo-
bility, the activation energy EA is known to be 11.3 kJ/mol
[29] [30], in contrast to Silverstein’s claimed “AG°t = 20-30
RT " (around 60.9 kJ/mol).

170



2] transition
state¥
20 e
G |
16
(RT)
12
8
o H*puik
0 t - : - f
4 _\.AGIZ/ ’1 o 8 1% pistance from interface
[ B (A)
-8 surface

b) -0 S04
O‘I‘l P

"0;8 L

0,8 s0;° hv

-0

(]

P

0,8

Figure 4. a) Free energy profile for moving protons from the water/decane interface to the bulk aqueous phase. AG for the
depth of the potential well near the interface (4-8 RT at 1-2 A) was calculated by ab initio free energy molecular dynamics [27].
The activation barrier, AG°f = 20-30 RT is calculated from Arrhenius/Eyring plots [27] [28]. Reproduced with permission from
Silverstein 2023 [17]. b) Proton transfer reactions across bR and along the PM surface. Sketch of bR molecules (RH*, protonated
Schiff base) in the PM with fluorescein (F) covalently bound to the amino acid K129 at the extracellular side and to C36 at the
cytoplasmic side. Pyranine (P) resides in the aqueous bulk phase. Reproduced with permission from Ref. [20].

\&T-Eé 171



Furthermore, even assuming the putative “potential well/
barrier” model were true, it still could not explain the rel-
evant bioenergetics. As shown in Figure 4a, the bottom of
its putative Gibbs free energy potential well (-6 RT, if true)
would be located about 0.15 nm away from the decane
surface and the peak of the activation barrier (+25 RT, if
true) would be located 0.4 nm away from the decane sur-
face. Consequently, if the “potential well/barrier” model
(Figure 4a) were correct, it would imply that the protonic
outlet of the bR molecular structure would have been lo-
cated precisely inside the “potential well” that would be
within 0.4 nm from the alkane surface of the membrane.
Otherwise, the bR protonic outlet (which protrudes into
the liquid phase at least about 1 nm away from the hydro-
phobic core membrane surface) will be outside the puta-
tive “potential well/barrier.” If the protonic pump outlet
protrudes more than 0.6 nm away from the hydrophobic
core membrane surface (so that it is outside the putative
potential well/barrier), the “potential well/barrier” model
(even if it exists) would not work.

The proton (H*) transfer processes from the active cen-
ter of bR to the extracellular side (Figure 4a, reaction 1)
and from there along the membrane-water interface to
the cytoplasmic side of bR (reaction 2) are kinetically and
spatially resolved [20]. The pH indicator fluorescein (F)
that was bound to K129 at the extracellular surface of bR
demonstrated the bR protonic outlet activity at a posi-
tion well above the lipid head groups, which is at least 1
nm away from the alkane surface of the membrane. As
shown in Figure 4b, bR protonic outlet (K129) apparently
protrudes into the liquid phase at least 1 nm away from
the lipid bilayer's alkane membrane surface. That is, the
bR protonic outlet is located at the liquid phase outside
the “potential well/barrier” (Figure 4a).

This observation (Figure 4), which is consistent with the
known bR structure and function [23] [21] [22], is well in
line with the TELPs model, but it does not support the
putative “potential well/barrier” model. As more clearly
shown in the X-ray crystallographic structure of bacteri-
orhodopsin (Figure 1a), its protonic outlet protrudes and
injects protons (H*) into the bulk liquid phase of the ex-
tracellular space at least 1 nm away from the membrane
surface [22]. Another independent study [21] (Figure 1b)
also showed that the membrane-embedded bacteri-
orhodopsins translocate protons (H*) into the bulk liquid
phase of the extracellular space at least about 1 nm away
from the membrane surface. Note, the Heberle et al.
(1994) experiment [15] demonstrated the laser-induced
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bR proton release (t =76 ps) atits K129, which apparently
protrudes into the bulk liquid phase (bottom left, Figure
1b). Therefore, the structure and function of bacteriorho-
dopsin (Figure 1) quite clearly reject the putative “poten-
tial well/barrier” model (Figure 4a).

In addition to the bR structure with regard to its proton-
ic outlet position that apparently rejects the “potential
well/barrier” model, many other known protonic pump
outlets such as those of complexes |, lll and IV in mito-
chondria also apparently protrude into the liquid phase
at least 1-3 nm away from the membrane surface [4] [3]
[31] [32]; they thus do not support the “potential well/
barrier” model either. Therefore, it is now again quite
clear that the putative “potential well/barrier” (Figure 4a)
as proposed by Junge and Mulkidjanian [18, 19] and ad-
vocated by Silverstein [17] does not really exist, or the
putative potential well/barrier (even if it exists) is irrele-
vant to explaining the results of the Heberle et al. (1994)
experiment [15].

Note, recently, Silverstein repeated similar types of mis-
conceived arguments [33] [34] [35]. An independent re-
searcher has now also pointed out that “Silverstein’s cri-
tiques are untenable” [36]. It is important for us to pres-
ent clarification for the scientific community while wel-
coming constructive scientific discussions and feedback.

Present TELCs Research Progresses
and Directions for Future Research

The TELCs (TELPs) model [1] [2] [3], which may represent
“a complementary development to Mitchell's chemios-
motic theory,”, is highly useful in helping to elucidate
“real-world bioenergetic systems with both delocalized
and localized protonic coupling” [3]. For instance, the
TELPs model has been successfully employed in “eluci-
dating the decades-longstanding energetic conundrum
[37-39] of ATP synthesis in alkalophilic bacteria” [5, 40-44]
and in “bettering the understanding of energetics in mi-
tochondria” [2, 3]. Its application has recently led to the
discovery of the TELPs-associated “thermotrophic func-
tion” as the “Type-B energetic process” [45, 46] [47] [48]
[311 which can isothermally utilize environmental heat
energy to do useful work in helping drive the synthesis
of ATP [3, 49]. As discussed in a recent review article [9],
protonic (TELPs) membrane capacitors have been ex-
perimentally demonstrated well beyond any reasonable
doubt, and certain scientists—such as Prof. Lan Guan, “a
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special Collection editor for the Nature research journal
Scientific Reports"—can well understand and appreci-
ate the TELPs theory. In the journal editorial [50], Prof.
Guan clearly acknowledged that the progresses of TELPs
research “refined and improved our knowledge of trans-
port bioenergetics”, including the discovery of the TELPs
thermotrophic feature. More independent researchers
have started to recognize the value of the TELPs theory in
their publications [50-54]. For example, the TELPs mod-
el has now been successfully employed in an excellent
elucidation of their independent experimental observa-
tions [55], including the “unexpected result” in a “cellu-
lar membrane ion transport protein complex (melibiose
transporter MelB) [56] that could not be explained by any
other existing models and/or theories.”

There are more research opportunities with the TELCs
theory in both bioenergetics and neurosciences. Re-
cently, through studies [6-13] based on the TELCs model,
the physical origin of neural resting and action potential
has been better elucidated as the voltage contributed by
TELCs in a neuron “localized protons/cations-membrane-
anions capacitor” system. Consequently, it is now un-
derstood that neural transmembrane potential has an
inverse relationship with TELCs surface density, which
may represent a transformative progress in bettering
the fundamental understanding of neuroscience [6] [13].
Application of the TELCs model enables calculation of
TELCs surface density as a function of transmembrane
potential [13], which may represent a complementary
development to both the Hodgkin-Huxley classic cable
theory and the Goldman-Hodgkin-Katz equation. Using
the TELCs model, the neural touch signal transduction re-
sponding time required to fire an action potential spike
has now, for the first time, been calculated to be as fast
as 0.3 ms [57], which led to a better understanding on
the question of “how the transient ion transport activity
of touch receptors (PIEZO) could change the graded po-
tential to stimulate an action potential firing” [57]. Many
more research efforts with the TELCs model are needed
in neurosciences to better elucidate how action poten-
tials propagate along a remarkably long axon (such as
from head to hand) and to better understand how the
human brain and memory works. Future research with
the TELCs-membrane-TELAs capacitor model may also
help to better understand how the brain recognizes and
processes neural “pain or joy” signals.

Notably, in protonic bioenergetics, Wolf et al. (2019) [58]
discovered that “cristae within the same mitochondri-
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on behave as independent bioenergetic units.” Further
studies revealed that cristae undergo continuous cycles
of membrane remodeling [59]. Quantification of cristae
architecture revealed time-dependent characteristics of
individual mitochondria [60]. All these exciting new ex-
perimental observations could be better explained with
the TELCs-membrane-TELAs capacitor model [1] [2] [3]
as well. For instance, future research with the TELCs-
membrane-TELAs capacitor model may be able to better
elucidate how the transmembrane potential in mitochon-
dria is localized in the cristae, with each crista exhibiting
different transmembrane potentials based on the mito-
chondria’s energy demands. Therefore, “the model of a
protonic capacitor would represent a more local event on
demand” [58] [59] [60].

The remarkable computer simulations recently pub-
lished by Mallick and Agmon (2025) [61] further support
the potential role of multi-proton interactions in forming
a “protonic front” effect [62] [63] [64]. However, Mallick
and Agmon (2025) [61] employed a quite small mem-
brane system that consisted of only “8 lipids in each leaf-
let, along with 458 water molecules, resulting in a total of
3518 atoms”. The system was in “a rectangular box with
edge lengths of 22.4 x 22.4 x 65.2 A.” Mallick and Agmon
(2025) [61] put as many as 3 excess protons into such a
small system (2.24 x 2.24 x 6.52 nm), far exceeding the
expected TELC density range from 5.62 x10"2to 1.12 x10"
excess charges per um? of membrane surface area that
has recently been calculated [64]. According to the mean
membrane surface area of 178 nm? per TELC that has now
been calculated at a moderate transmembrane potential
of 100 mV [64], to properly simulate the collective activ-
ity of 3 excess protons, a much larger membrane system
(ideally 3 x 178 nm?) may be needed, also requiring much
larger computational powers. Furthermore, the simula-
tion system that Mallick and Agmon (2019) [58] employed
comprises a single water body without any consideration
of transmembrane potential, which thus may not repre-
sent a good mimic of any living cell systems that typically
have transmembrane potential; this problem is similar to
that of the single water-droplet experimental system of
Pohl's group, [27] which, strictly speaking, does not qual-
ify to be considered as any reasonable biomimetic sys-
tem, as pointed out in my recent publications [63] [64].
The identified needs for improvements here also indicate
new opportunities for future research.

Therefore, | hereby again encourage further research ef-
forts in more relevant protonic cell systems that should

173



have a transmembrane potential associated with a TELCs-
membrane-TELAs capacitor comprising excess positive
charges at one side and excess anions at the other side
of the membrane.
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Discussion with Reviewers

Reviewer 1: | have a few questions that would be good
to point out in the manuscript. A photoexcited state would
create a local charge distribution across the membrane,
specifically at the boundaries of the bR region; however, it
would be good to state that the excess of protons bRH+ and
bROH- proposed is a simplified model that fits well with the
experiments proposed by Heberle et al. Conceptually, “pro-
tonic holes” as hydroxide anions may be combining two
different concepts, which is rather difficult for a chemist to
grasp. However, in the field of physical chemistry, it makes
more sense to read about holes and excitons. It would be
good to explain the concept of protonic holes in more detail
for an average reader.

Author: Thank you. To better explain the concept of pro-
tonic holes, we have now added the following statement
in the revised manuscript:

“Here, the ‘excess hydroxide anions’ may be regarded as
‘protonic holes’, which are somewhat analogous to the
concept of ‘electron-hole pairs' arising when an electron
is excited from a lower energy level to a higher energy

"

level, leaving behind a 'hole’".

Reviewer 1: The negative charge of phospholipids facilitates
the movement of protons across and along membranes.
However, it is quite challenging to understand how hydrox-
ide would translocate. | guess the concept of protonic holes is
rooted in protonic translocations rather than hydroxide ions,
as stated. Why hydroxide ions and not some deprotonated
anion from the cytosol? Such as some buffering species e.g.,
carbonate, phosphate, etc.

Author: Thank you. Yes, as stated in the manuscript, the
concept of protonic holes is rooted in protonic transloca-
tions (through the “hops and turns” protonic conduction
mechanism in liquid water) rather than hydroxide ions,
in a way somewhat analogous to the electric conduction
through a metallic conductor. Excess hydroxide ions that
are created as a result of the photochemically-driven
transmembrane proton pumping are relevant to the for-
mation of transmembrane potential. Other anions such
as carbonate and phosphate existing before photochem-
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ical energization are likely to have little relevance to pro-
tonic bioenergetics. To better clarify this, we have now
added the following statement in the revised manuscript:

“The formation of “excess hydroxide anions-membrane-
excess protons” capacitor created as a result of the pho-
tochemically-driven transmembrane proton pumping
is immediately relevant to the formation of transmem-
brane potential. Other anions and cations such as car-
bonate and phosphate existing before photochemical
energization are likely to have little relevance to protonic
bioenergetics”.

Reviewer 1: The model is appealing due to its simplicity,
but further studies are necessary to develop a more robust
model. For instance, it has recently been proposed that the
transmembrane potential in mitochondria is localized in the
crests, with each crest exhibiting different transmembrane
potentials based on the mitochondria’s energy demands.
Therefore, the model of a protonic capacitor would repre-
sent a more local event on demand.

Author: This is an excellent and highly valuable point.
Therefore, in the revised manuscript, we have now added
a section “Present TELCs research progresses and direc-
tions for future research” with the following paragraph:

“Notably, in protonic bioenergetics, Wolf et al. 2019 [54]
discovered that ‘cristae within the same mitochondrion
behave as independent bioenergetic units.’ Further stud-
ies revealed that cristae undergo continuous cycles of
membrane remodeling [55]. Quantification of cristae
architecture revealed time-dependent characteristics of
individual mitochondria [56]. All these exciting new ex-
perimental observations could be better elucidated with
the TELCs-membrane-TELAs capacitor model [1] [2] [3]
as well. For instance, future research with the TELCs-
membrane-TELAs capacitor model may be able to better
elucidate how the transmembrane potential in mitochon-
dria is localized in the cristae, with each crista exhibiting
different transmembrane potentials based on the mito-
chondria’s energy demands. Therefore, ‘the model of a
protonic capacitor would represent a more local event on
demand'’ [54] [55] [56].”

Reviewer 1: Lastly, | think the rebuttal to Silverstein’s state-
ments comes across as a bit bold in my modest opinion. |
would recommend the author to tone down that section and
make it more neutral, as it is a scientific discussion, not a
political debate.

Author: Thank you for this important comment. As the
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Reviewer recommended, we have now tried again “to
tone down that section and make it more neutral” by the
following changes in the revised manuscript:

1) Changed the word “is” to soft words “seems to be”
where appropriate;

2) Removed the strong word “flawed”;

3) Minimized the use of words “Silverstein” and “his”
where possible;

4) Defined the word “mistakes” with a softer term “misun-
derstandings or errors” where possible;

5) Removed the strong sentence “The argument shall
now be over”.

Reviewer 2: The basic problem that Dr. Lee was address-
ing—how protons behave at an interface—was settled down
by Noam Agmon “multi-proton dynamics near membrane-
water interface”, as published in Nature Communications
(April 2025).

The essence of the Agmon paper is that one should consider
the system in terms of PROTONS rather than a proton. When
a surface interacts with many protons, its properties are af-
fected by the presence of nearby protons acquiring features
not common for a “single proton at the interface”. This cross
interaction was well accounted for in my mode of analysis,
where the rate of proton exchange among sites was specifi-
cally addressed. But this was a micro model and was not
expanded to macroscopic dimension.

In Phol’s analysis it appeared as an enhanced diffusion coef-
ficient and an “undefined down-gradient” flow.

As Agmon presents it, the nature/properties of the lipid mem-
brane vary with its state of protonation, a marvelous concept
that calls for further sophistication. The model of Dr. Lee ac-
counts for “gross properties” of the surface by electrostatic
terms (but the expressions are very complex). In order to put
an end to this long (and painful) discussion, it will be best for
Dr. Lee to find the linkage between his electric model and the
“proximity effect” aspects of Agmon. | am sure that Dr. Lee
will be able to make the connection between the “Micro” of
Agmon and his “Macro” system.

Author: Thank you very much for your review comments,
which are very interesting (good). The interesting comput-
er simulations recently published by Mallick and Agmon
[57] nicely add to the body of knowledge supporting the
potential role of multi-protons interactions in forming a
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“protonic front” effect. However, the simulation system
that Mallick and Agmon [58] employed was quite small
and comprised a single water body without any consid-
eration of transmembrane potential, which thus may not
represent a good mimic of any living cell systems which
typically have transmembrane potential. That also indi-
cates more opportunities for future research.

Therefore, in the revised manuscript, we have now added
a section “Present TELCs research progresses and direc-
tions for future research” with the following paragraphs:

“The remarkable computer simulations recently pub-
lished by Mallick and Agmon (2025) [61] further support
the potential role of multi-proton interactions in forming
a “protonic front” effect [62] [63] [64]. However, Mallick
and Agmon (2025) [61] employed a quite small mem-
brane system that consisted of only “8 lipids in each leaf-
let, along with 458 water molecules, resulting in a total of
3518 atoms”. The system was in “a rectangular box with
edge lengths of 22.4 x 22.4 x 65.2 A.” Mallick and Agmon
(2025) [61] put as many as 3 excess protons into such a
small system (2.24 x 2.24 x 6.52 nm), far exceeding the
expected TELC density range from 5.62 x10*2to 1.12 x10*
excess charges per pm? of membrane surface area that
has recently been calculated [64]. According to the mean
membrane surface area of 178 nm? per TELC that has now
been calculated at a moderate transmembrane potential
of 100 mV [64], to properly simulate the collective activ-
ity of 3 excess protons, a much larger membrane system
(ideally 3 x 178 nm?) may be needed, also requiring much
larger computational powers. Furthermore, the simula-
tion system that Mallick and Agmon (2019) [58] employed
comprises a single water body without any consideration
of transmembrane potential, which thus may not repre-
sent a good mimic of any living cell systems that typically
have transmembrane potential; this problem is similar to
that of the single water-droplet experimental system of
Pohl's group, [27] which, strictly speaking, does not qual-
ify to be considered as any reasonable biomimetic sys-
tem, as pointed out in my recent publications [63] [64].
The identified needs for improvements here also indicate
new opportunities for future research.

Therefore, | hereby again encourage further research ef-
forts in more relevant protonic cell systems that should
have a transmembrane potential associated with a TELCs-
membrane-TELAs capacitor comprising excess positive
charges at one side and excess anions at the other side
of the membrane.”
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