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s Isolated proteins have recently been observed to transport charge and reactivity over very long
distances with extraordinary rates and near perfect efficiencies in spite of their site. This is not the
case if the peptide is in water, where the efficiency of charge hopping to the next site is reduced to
approximately 2 %. Here, water is not an ideal solvent for charge transport. The issue at hand is how
to explain such enormous charge transfer quenching in water compared to another typical medium,

o lipids. We performed molecular dynamics simulations to computationally substantiate the novel
long-distance charge transfer yield of the polypeptides in lipids. This is characterized by the charge
transfer persistent-distance decay constant and not by the rate, which is seldom, if ever, measured and
hence not directly addressed here. This model can encompass an extremely wide range of yields over
very long distances in peptides in various media. The calculations here demonstrate the good charge

is transport efficiency in lipids in contrast to the poor efficiency in water. The protein charge transport
also exhibits a very strong anisotropic effect in lipids. The peptide secondary structure effect of
charge transfer in membranes is analyzed in contrast to that in water. These results suggest that this
model can be useful for the prediction of charge transfer efficiency in various environments of

interest and indicate that the charge transfer is highly efficient in membrane proteins.

20

Abbreviations:

DPPC: Dipalmitoylphosphatidylcholine, DMPC: Dimyristoylphosphatidylcholine, 7.: Phase

Transition Temperature, MD: Molecular Dynamics, FPTD: First Passage Time Distribution.
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A Introduction

Protein charge-transfer is a fundamental process in a variety of biological systems, such as
respiration, photosynthesis and the nitrogen cycle."” This process strongly depends upon protein
< motion, which is inevitably influenced by the environment of the protein. Weinkauf et al.*” revealed
that for isolated short peptide chains, which are ionized at the C-terminus, the charge and reactivity
travel on an extremely rapid time scale through each of the 6-8 residues to the N-terminus.

1.1%12 showed that the electron transfer of

Reactivity was only observed at the N-terminus. Gray et a
the Ru-modified proteins, such as a-helix myoglobin and B-sheet azurin, in water is distance-
1w dependent but of low efficiency. The experiments on short peptides showed that the charge transfer
process in isolated molecules is very efficient, whereas the same process in water is approximately

114 Hence, water is not an ideal solvent for charge transport.

two orders of magnitude less efficient.
The transport inefficiency in water raises the interesting question of whether a lipid environment is
friendlier for charge transfer, as many of these peptides are constituents of membrane proteins.

is Membrane proteins, such as ion channels, ion pumps, cytochrome ¢ oxidase, photosynthetic

15-22

reaction centers, etc., are highly structurally and functionally diverse. Typically, charge transfers

are photo-induced or redox potential-driven; for example, photo-induced electron transfer occurs in
the photosynthetic reaction center, and redox-driven electron transfer occurs in metalloproteins®*
and voltage-driven membrane proteins.25 Electron transfer in membrane proteins has attracted

232639 For example, time-resolved experiments

» extensive experimental and computational studies.
show that the voltage changes in the redox-driven proton pump cytochrome ¢ oxidase can induce
electron transfer reactions within the enzyme.”® DsbD-mediated electron transfer reactions are
driven by multistep redox reactions and the electrons flow from cytoplasm thioredoxin to
periplasmic substrates.*’ In quinol-nitrate oxidoreductase NarGHI, the electrons are transferred

» from the oxidation site of FAnGHI in the periplasm to the reduction site of NarGHI in the
cytoplasm.*®** It is well known that the photosynthetic reaction center has a very high efficiency (>

90 %) of charge transfer and a fast rate (< 10710

We then interpret these widely varying environmental systems in terms of a bifunctional
model* that uses a special ratchet and hopping model. The coupling between the amino acid sites in
» the bifunctional model requires a critical configuration of the adjacent carbonyl groups. These
transition states are obtained by rotation of the Ramachandran angles. Molecular dynamics (MD)

calculations show that the time required to obtain such critical configuration is 140 fs.*’
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Interestingly, this value completely agrees with recent 2D-IR measurements of a tripeptide carried

4 Despite the fact that the time scale is found to be similar in water and in vacuum,

out by Hamm.
the efficiency drops by two orders of magnitude. Hence, the difference between the mediums is not
due to rates but due to efficiencies. Note that the dynamic motion of water is by far the fastest and
. includes librational (rotational) and diffusive motion with time scales of 126 fs and 880 fs,”
respectively. The water molecular translation is longer; compared to the amino acid torsion motion,
the molecular motion in water is relatively rigid.”® In vacuum, the torsional mobility is assured;
hence, the charge transport is very efficient. This indicates the innate facility of charge transport in
an unencumbered peptide structure over a distance. If this motion is impeded either
o intramolecularly or by the environment, the charge transport yield is severely suppressed. Several
studies have successfully supported this model for isolated polypeptide chains and similar
molecules in water.*”'* Nevertheless, the efficiency in a lipid system has not been studied, and the

role of the warping membrane protein in charge transfer is still unclear. Herein, we predict that this

bifunctional model could be improved in certain lipid systems.

is Previous work has explored membrane participation in many vital transport processes in
biological systems. From a fundamental point of view, the membrane has a pseudo-phase transition
close to room temperature because of the tilt change of the lipid chain axis. Lipids have two
inherent properties different from those of water: the dielectric constant and the pseudo-phase
transition. The dielectric constant of water is approximately 80, but it is 2-10 for the alkyl region of
»the lipids, which is quite different from that of the water system. For example,
dipalmitoylphosphatidylcholine (DPPC) and dimyristoylphosphatidylcholine (DMPC) are among
the most widely used lipids in computation. The fluid-to-gel phase transition temperatures 7. for
DPPC and DMPC are 303 K and 296 K, respectively.”>° Above the phase transition temperature T,
lipid molecules are free to rotate and turn in a fluid structure with a more random configuration. On
» the contrary, below T, the motion of the lipid molecule is slow and the lipid bilayer forms a gel-like

structure.

In the present study, we pursue the bifunctional model to investigate the effect of a lipid
environment on the peptide charge transfer by using local heating MD simulation. Our results show
that when the principal axis of an embedded peptide is orthogonal to the lipid chain, there is no

» charge transfer. When the peptide aligns with the lipid chain, the charge transfer efficiency becomes
very high and is even higher than in vacuum or in water. This appears to warrant two conclusions:

(1) charge conductivity of the peptide in a membrane environment is highly anisotropic; and (2) the

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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membrane greatly enhances the charge transfer efficiency and thus becomes an important

environment of choice in charge transfer that is far more preferable than water.

B Theory

s Bifunctional model. It has been shown that the bifunctional model can successfully explore charge
transfer in a polypeptide chain.*’ This model describes the charge transport from the C-terminus to
the N-terminus along a polypeptide chain involving two coupling regimes at Ramachandran angles
(¢, w) (Fig. 1). The coupling between the amino acid sites requires a critical configuration of the

46,57

neighboring carbonyl groups with energy degeneracy, where the O and O atoms of the carbonyl

w groups on the adjacent amino acids come close to the critical distance d,_, .= 2.8 A. This is also

called a rest and fire mechanism. Intriguingly, the charge transition occurs in femtoseconds.

A direct timing measurement has shown the electronic energy jump between the neighboring
amino acids ranging from 0.07 eV to 0.5 eV.® 4b initio computations*® show that even a pair of two
identical amino acids will have an ionization energy asymmetry of 0.6 eV due to the natural

is asymmetry of the C-side and the N-side of each amino acid. For the ionic species in a small range
of ¢ and v, the electronic energy degeneracy approaches a minimum. From a symmetric perspective,
an isoenergetic state exists in both carbonyl groups, where the two states are strongly correlated and
form one hybridized state. The successful “charge transfer” is counted as the adjacent carbonyl
groups collision. Accordingly, the transition probability is denoted as the yield, i.e., successful
» charge hopping, in mass spectroscopy. Hence, the charge transfer is determined in terms of

efficiency instead of rate.

L-efficiency and decay constant (B-value). A peptide can be modeled as a sequence of residues on
a string. At the residue juncture, we assume a rate constant for the charge transfer, &k, and a rate

constant for loss to the bath, k,. The fraction that continues on in charge transfer is thus

» a=k /(k +k,), referring to the local efficiency (L-efficiency); after n residues, the survival fraction

of the charge is a”. Because the typical inter-residue distance is 3.7 A per unit, the full length of the
chain is R = 3.7 n. Thus, by expressing in exponential form ¢""™* =e ”* (a" =¢""*), the following
is given

Ina
-value =— —. 1
B 7 (1)

4 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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where the B-value is the distance-dependent decay constant of charge transfer in unit of A”. Here,

our simple model connects the -value and the L-efficiency.

The PB-value was obtained based on classical mechanics without considering the super-
exchange model.”® For example, for a rapid decay process, one obtains a large B-value. If the
s primary structure of peptide chain is homogeneous, the a-value is constant and the L-efficiency of
all the residues is the same. On the other hand, if it is heterogeneous, the a-value is no longer a
constant in equation (1) and the L-efficiency at each site is different. Therefore, the relationship of
the a-value and the B-value in the electron transfer of a heterogeneous peptide becomes more
complicated. Moreover, we also have to consider the influences of the protein dynamics and the
0 solvent dynamics on the -value that are usually not considered in electron transfer theory. Notably,

our bifunctional model takes these effects directly into account.

Local heating: Molecular dynamics simulation. The typical C=0....0=C distance (d, , )
between two nearby amino acids of a helical protein is approximately 3.8 A. A local heating MD
simulation is adopted to carry out the torsion motion inside the Ramachandran plot. A certain

s amount of the rotational energy is provided to a specified site with a local heating energy, E; ,,

where the energy is in units of thermal energy, kg is the Boltzmann constant and T is temperature.

This heating energy is initially introduced to the rotational degrees of freedom of the C,C axis at

the C-side of the C,-hinge of the chosen residue. In fact, the rotational energy is propagated along
the peptide chain with a shorter time scale (~100 fs), until it is scattered by the phonons. The
» evidence that this model produces far slower results was confirmed by Lifshitz in dipeptides.”
Eventually, the vibrational modes dissipate the heat energy with a longer time scale (~ 1.0 ps) and

the charge transport efficiency decays gradually.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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7

Fig. 1 Mechanism for charge transfer along a polypeptide chain from the C-terminus to the N-

terminus. At each C,-atom, there are two torsion angles, y and ¢. This constitutes the so-called
Ramachandran plot for each amino acid (upper part). In the lower part, we show that the torsion
s motions of y and ¢ correspond to a trajectory inside the Ramachandran plot phase space. One can
picture a pseudo particle moving inside the box but with a specific angle as a gate for this particle to
escape. Once this particle escapes out of the gate, it hops to the nearby Ramachandran plot or box

and continues the same process until it reaches the N-terminus.

10 In addition to the local heating site, the temperature of rest is kept at the background
temperature. The transition probability for a successful charge transfer between two nearby amino

acids can be calculated by

(the successful configurations of the C=0 .... O=C collisions)

L-efficiency = (2)

(total configurations)

where the successful configuration of the C=0....0=C collisions is counted at d, , = d,_, .. Only a

s fraction of configurations fulfills the transition and leads to the L-efficiency being less than unit.
We are able to calculate the first passage time distribution (FPTD) of the C=0....0=C collision, in
which the energy dissipation time can be obtained and the mean value is reflected at the peak

position of the FPTD. Furthermore, the global efficiency (G-efficiency) can be obtained by taking

6 | Journal Name, [year], [vol], 00—-00 This journal is © The Royal Society of Chemistry [year]
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the product of L’; , where x is the local heating site and L, denotes the L-efficiency at the y residue.

Thus, the G-efficiency is fitted by Ae ”* and the B-value can be extracted from

acceptor
Geefficiency = || L, = 4" 3)

y=donor
where the G-efficiency characterizes the global efficiency of charge transfer from the donor to the
sacceptor along the polypeptide chain, 4 is a pre-factor, and the B-value quantifies the persistence
length of the charge transfer.”' For instance, one might have a high L-efficiency and a large B-value

(small G-efficiency) due to a quick dump of the energy into the heat bath; in contrast, a small -

value (large G-efficiency) indicates that the reactivity can persist over a distance.

0w C  Computational details

All of the MD simulations were performed with the program CHARMM® and the
CHARMMS36 force field®' with the TIP3P water model® in a box with the dimensions 60x60x100
A®. The van der Waals radius of O atom is 1.4 A. We constructed the lipid bilayer structures with
Roux’s method.”® A detailed procedure was described in our previous work.”® The initial structures

s of two a-helical membrane proteins, KcsA a-chain and melittin, were taken from the Protein
Databank using accession codes 1bl8 and 2mlt, respectively; then, energy minimization was
conducted. A parallel membrane protein system was built by inserting the minimized KcsA a-chain
into a 90 DPPC lipid bilayer (Fig. 2a), and the orthogonal system comprised the melittin embedded
in a DMPC lipid bilayer (Fig. 2b). Furthermore, each system was subjected to energy minimization,

» heating, and 100 ns equilibration. More than 3000 configurations were generated for analysis by
performing local heating MD simulations. The SHAKE algorithm® was applied to constrain the
bonds involving hydrogen atoms and the non-bonding interaction was truncated at 12 A. All the
detailed local heating procedure was described in our previous work.”' The local heating energy was
provided to the local site with a corresponding temperature of 2667 K (~ 0.23 eV). We choose the

» local heating residue arbitrarily, but it should not be close to the boundary of the polypeptide chain
to prevent the boundary effect. MD simulations were performed at four background temperatures:

200 and 250 K (below T¢) and 310 and 350 K (above T).

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 7
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Fig. 2 Structures of the membrane proteins. (a) KcsA a-chain is parallel to the lipid layer. (b)
Melittin is orthogonal to the lipid layer. The peptides are represented by the secondary rendering

s and colored yellow. The membrane and water molecules are colored blue and red, respectively.

D Results and discussion

Lipid-phase effect. Lipids have two typical phases: a fluid-like phase and a gel-like phase. In the
fluid-like phase (T > T.), the lipid molecules move more freely than in the gel-like phase (T < T,). It
wwould be quite interesting to know whether the peptide charge transfer is dependent on the lipid
phase transition. We have shown that a first-order lipid phase transition was accurately calculated
by our previous MD simulations.>® Therefore, it is appropriate to apply this method to investigate

effect of the lipid phase transition on the peptide charge transfer.

We adopt one a-helix from the ion channel KcsA a-chain embedded in DPPC membrane
s system (Fig. 2a) to perform the local heating MD simulation. The local heating sites are Leugs and

Thrgs, separately. We display the L-efficiencies at each site in Fig. 3. Other efficiencies are

8 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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relatively small and are not shown. Comparing Figs. 3a and 3b, the L-efficiency drops abruptly until

the fourth site away from the local heating site. Hence, the L-efficiency drop is independent of the

type of residue. According to equation (3), the G-efficiency ratio of these two different local heating

site situations gives a -value. Across the phase transition temperature, the result exhibits an abrupt

schange in the L-efficiency at the local heating site and the L-efficiency decreases when the

background temperature is increased. Remarkably, both the L-efficiency and B-value are somewhat

smaller in the fluid-like phase than in the gel-like phase (Table 1). The trend of the L-efficiency

drop supports the argument that in the fluid-like phase, the motion of the lipid molecule is fast so

that the high collision frequency between the peptide and the lipid enhances the random motion of

w the C=0 groups and the rotational energy is eventually dissipated to vibrational modes or thermal

motion. However, below T¢, the peptide-lipid collision frequency is low, where the L-efficiency is

slightly higher than that above T,. Due to the tilt and rigid structure of the lipid molecules blocking

the rotational motion of the peptide and throttling the charge transfer over a distance in the gel-like

phase, we found a slightly larger B-value compared to that in the fluid-like phase. Obviously, the L-

s efficiency depends on the lipid phase transition.
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Fig. 3 Efficiency of each site for the parallel KcsA-A chain in the membrane. The local heating site

is (a) Leugs and (b) Thrgs. The local heating energy is 2667 K. The background temperatures are 350,

» 310, 250 and

200 K.

Furthermore, the FPTD of the d,_, close to 2.8 A versus the background temperature is shown

in Fig. 4. When T is above T, the FPTD is broad and decays slowly with a long time tail (Figs. 4a

and 4b). At T < T,, it decays more steeply (Figs. 4c and 4d). The L-efficiency is clearly reflected in

This journal is © The Royal Society of Chemistry [year]
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the sparsity of points and the noise in the FPTD. Because the lipid reaction field and the peptide-
lipid interactions are weak, the energy dissipation is less during the collision process. The intra-
peptide hydrogen bond could also be reduced by the lipid reaction field, whereas the intra-peptide
hydrogen bond energy above 7T, is slightly lower than 7. The reduction of the hydrogen bond
s strength in lipid is attributed to the dynamic similarity with the lipid medium. Therefore, the

possibility of the C=0...0=C collision still exists even at the long time.
In principle, the carbonyl group rotational fluctuation and the collision time scale correspond

to the standard deviation ¢ and the mean value g of the FPTD, respectively. We obtain

o’ = | dt(FPTD(t)— 1)’ , where ¢ is the width at the half-height of the FPTD and ¢ is the time.

S ey 8

o Based on Fig. 4, the ¢ and ¢ values are estimated about: (164, 436) at 350 K, (152, 267) at 310 K,
(120, 73) at 250 K, and (115, 73) at 200 K, and the values are in unit of fs. We find that both  and
o values increase as the background temperature increases. This clarifies that in the gel-like phase,
the peptide-lipid collision frequency is low and the rotational fluctuation is depressed. In this
scenario, the peptide motion is similar to that of an isolated molecule, and the g value is smaller.

s However, in the fluid-like phase, the motion of the lipid molecule is fast enough to obstruct the
carbonyl group to rotate freely, and one obtains a high y value. Hence, the fluid-like phase could
promote charge transfer over a longer distance with high efficiency, even better than would the gel-

like phase. This observation strongly supports the lipid-phase effect on protein charge-transfer.

10 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Table 1. The B-value of the peptide in various media.

B-value

Peptide (medium) experimental data (A™")  |bifunctional model (A™)
a-helix (water) 1.3 1.31

(vacuum) 1.16
[-sheet (water) 1.0 1.0
a-helix (DPPC)
T>T.(T=310K) 0.79
T <T. (T =250 K) 0.84
B-sheet(DPPC)
T>T. (T =310K) 0.92°
T <T. (T =250K) 0.94"

* The B-value of the B-sheet peptide is calculated using a geometric sum, which is based on the

s assumption of the azurin consisting of three linear chains. We followed the same method adopted in

our previous paper,’’ i.e., p-value of p-sheet = (B-value of a-helix)

173
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Fig. 4 The FPTD vs. time at the local heating site Leug; with the energy 2667 K. The systems
correspond to the background temperatures: (a) 350 K, (b) 310 K, (c) 250 K, and (d) 200 K. The

distribution is normalized with the successful configuration of the C=0....0=C collision.

5

Medium effect. Our previous studies have shown a near unit of the L-efficiency for an isolated
peptide.”’ However, for an a-helix in lipids, one obtains a smaller L-efficiency than in vacuum (Fig.
3). Our results show that the L-efficiency at the local heating site in the medium follows the order

~1.0 (in vacuum)’' > ~ 0.3 — 0.6 (in lipid) > ~ 0.4 (in water).”* This is due to the reaction field

12 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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effect. The dielectric constant of lipids is approximately 2-10 times higher than that of vacuum.
Because the reaction field effect of lipids is much weaker than that of water, the strength of the
intra-peptide hydrogen bond in lipids is stronger than in water.”> The hydrogen bond flexibility in
the medium follows the order water > lipid > vacuum. In comparison, for an isolated peptide, the
s intra-peptide hydrogen bond is more rigid and hinders the C=0...0=C collision, so there is a high
intensity peak of the L-efficiency at the local heating site. In water, the water barrel surrounding the

peptide is expected to seriously impede the C=0...0=C collision, having a g value of

approximately 190 fs.’* In vacuum and in water systems, the FPTD long time tail is almost absent
before the vibration modes turn up. Hence, the solvent effect depresses the occurrence of the

w carbonyl group collisions.

Interestingly, in the KcsA a-chain membrane system, the peptide retains its native structure due
to the weak peptide-lipid interaction; thereby, its local heating energy could be effectively
transferred over a longer distance and has a high G-efficiency. Our results show that the pB-value
follows the order 0.79 — 0.84 (in lipid) < 1.16 (in vacuum)’' < 1.31 (in water)*? (see Table 1). These

is findings highlight that lipids could be an excellent medium for peptide charge transport.

Peptide-lipid orientation effect. Moreover, we consider whether the protein charge-transfer in
lipids depends on the relative peptide-lipid orientation. Here, two systems are built: the parallel
KcsA (Fig. 2a) and the orthogonal melittin (Fig. 2b) in lipids. The results show that there is no
charge transfer in the orthogonal system. However, the charge transfer in the parallel system is
» highly efficient with a small B-value, which is even smaller than in vacuum and in water (Table 1).
In the orthogonal system, the lipid tail structure could block the peptide motion no matter whether it
is in the fluid-like phase or in the gel-like phase. For the parallel system, the influence of the charge
transfer efficiency was discussed in the preceding section. This constitutes a most interesting
anisotropy for a peptide charge transfer in a lipid system and again demonstrates that protein

» motions are required for charge transport.

Secondary structure effect. For an a-helical KcsA a-chain in lipid, the B-values at 250 K (< T,)
and 310 K (> 7,) are 0.84 and 0.79 A", respectively (Table 1). In comparison with the B-sheet in the
same phase, the a-helix always has a somewhat smaller B-value, implying that the charge transfer
efficiency of the a-helix is superior to that of the B-sheet in lipids. However, the B-sheet has slightly
» higher efficiency than the a-helix in water. This is because the intra-peptide hydrogen bond strength

of the B-sheet is about two times stronger in lipids than that in water and the number of hydrogen

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 13
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bonds is not reduced, as they are in water.®” Thus, there is a strong solvent effect on the strength of
the hydrogen bond. The solvent effect differs considerably depending on the protein secondary
structure. It explicitly confirms that the secondary protein structure effect on the charge transfer in

lipids contrasts that observed in water.

E Conclusion

Polypeptide chains in membranes show a new distal reaction scheme. Charge transfer along
polypeptide chains can be generally described by a distance-dependent decay constant -value. For
the gas phase, we have discovered a highly efficient and extremely fast long-distance transport of

0 charge and reactivity, a process unique to polypeptides and not found in typical molecules. Such a
rapid charge and energy transfer outruns statistical distributions of vibrational degrees of freedom,
such as in any RRKM theory. The charge transfer yield was throttled by two orders of magnitude in
water because the slow-moving water medium on the outside of the peptide interferes with the very

50,66
7 In our

fast dihedral motions of the peptide — on this timescale, the water acts as an iceberg.
s model, lipids are again seen to constitute a very different environment. Most interestingly, our
calculations even predict phase transitions in the lipid with excellent accuracy. The peptide charge
transport is again observed to be highly efficient in lipids, particularly in certain orientations and
phases. This constitutes a third environment for our model of very rapid charge transport in proteins,
a process open to new dimensions due to these environmental factors. These results highlight an
» excellent persistence of charge transfer in a membrane environment, even better than in vacuum and
certainly much better than in water. Hence, lipids are an excellent medium for charge and reactive

transport, as is perhaps expected. In this manner, the environment constitutes an additional

important parameter influencing protein reactivity and engineering.
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