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Abstract

Cytochrome ¢, (cyt. ¢,) is a major element in electron transfer between redox proteins in
bioenergetic membranes. While the interaction between cyt. ¢, and anionic lipids abundant in
bioenergetic membranes has been reported, their effect on the shuttling activity of cyt. ¢, remains
elusive. Here, the effect of anionic lipids on interaction and binding of cyt. ¢, to cytochrome bc;
complex (bcy) is investigated using a combination of molecular dynamics (MD) and Brownian
dynamics (BD) simulations. MD is used to generate thermally accessible conformations of cyt. ¢
and membrane-embedded b¢;, which were subsequently used in multi-replica BD simulations

of cyt. ¢, diffusion from solution to bcy, in the presence of various lipids. We show that,
counterintuitively, anionic lipids facilitate association of cyt. ¢, to bc; by localizing its diffusion
to the membrane surface. The observed lipid-mediated bc;-association is further enhanced by the
oxidized state of cyt. ¢ in line with its physiological function. This lipid-mediated enhancement
is salinity-dependent, and anionic lipids can disrupt cyt. ¢, - by interaction at non-physiological
levels of salt. Our data highlight the importance of the redox state of cyt. ¢, the lipid composition
of the chromatophore membrane, and the salinity of the chromatophore in regulating the efficiency
of the electron shuttling process mediated by cyt. ¢,. The conclusions can be extrapolated

to mitochondrial systems and processes, or any bioenergetic membrane, given the structural
similarity between cyt. ¢, and b¢; and their mitochondrial counterparts.
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Supporting Information. Detailed description of the methodology and Figures S1-S17.
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Anionic lipids enhance cytochrome c, f

interaction with its redox partners

f
il

1 Introduction

The phototrophic purple bacterium is a photosynthetic microorganism commonly found

in aguatic habitats.! It uses a cytoplasmic membrane vesicle rich in proteins, termed the
chromatophore, to perform photosynthesis, thereby converting solar energy into chemical
form that can be used by the cell.23 As summarized in Fig. 1, major components of the
chromatophore are the light harvesting LH1 and LH2 proteins, where the solar energy is
absorbed. This energy migrates to the reaction center (RC) via excitation transfer, where it
is used for charge separation via electron transfer processes.*® The outcome is the reduced
form of the cofactor quinone (quinol) that leaves the RC and diffuses to the cytochrome
bey complex (bey), where a proton-motive force is generated for biosynthesis of ATP.6-2
Abstraction of an electron from bcy by the shuttle protein cytochrome ¢, (cyt. &), and
docking of the reduced cyt. ¢, to the RC fills the electron hole and resets the system for
another round of charge separation.>10

Kinetic studies on the photosynthetic process of the chromatophore suggests a turnover time
on the order of 25ms for electron transport mediated by quinol and cyt. ¢,.31112 Within this
time, rate measurements38:11 infer that cyt. ¢, spends around 11.5ms close to b¢y, including
the time for association and dissociation of the two proteins; whereas, only ~1.25ms is spent
by cyt. ¢, at the RC site. The remaining 12ms, which is close to 50% of the total turnover
time (25ms), is used by cyt. ¢ to diffuse between b¢; and RC. The diffusion of cyt. & is
thus a substantial component of the electron-shuttling process mediated by the protein (Fig.
2).

The distributions of ¢y and RC in the chromatophore are not even.2:3:13.14 Using the
chromatophore models (Fig. 1) constructed by our group?3 based on data from atomic
force microscopy and negative stain electron microscopy, ¢, homodimers are typically
located in an expanded lipid buffer apart from the reaction center (RC); the typical nearest-
neighbor distance between a ¢y and an LH1-RC dimeric complex is approximately 5-
10nm. However, many LH-RC dimers do not have nearby bc; complexes, thereby requiring
cyt. ¢ diffusion distances to the nearest bc; of up to 20-30nm.
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Cyt. ¢, possesses an intrinsic electric dipole moment, due to the protein’s diametrically
opposed positive and negative sides.16:17 This property is believed to enable the protein

to more efficiently associate with electronegative faces of its redox partners or with other
charged macromolecules. Because of this property, the diffusion of cyt. ¢, can be sensitive
to the electrostatic features of the chromatophore, most prominently the extensive presence
of anionic lipids,2-13:18.19 which are consistently present in all bioenergetic membranes, as
well as fluctuations in the chromatophore’s salinity.1420 As a matter of fact, in our earlier
simulations of the chromatophore membrane, using phosphatidylglycerol (PG) to represent
anionic lipids, we observed frequent binding of cyt. ¢ to lipids at low salinity, resulting in
an inaccurate calculation of binding behavior of cyt. ¢ to bcy.14

Interaction with anionic lipids can also have other potential effects on the structural stability
of the protein. Studies on cytochrome ¢, the counterpart of cyt. ¢, in mitochondria (Fig. S1),
have reported deformation of the protein upon its interaction with cardiolipin (CL),2122 a
major anionic lipid found in the chromaotophore and mitochondrial membranes.2:13:18.19

The solvent-exposed surfaces of b¢; (Fig. S2) and RC,17 the two redox partners of cyt. o,
are negative on the periplasmic side. Upon association, cyt. ¢ uses its positive side to dock
to the surface of its redox partners, followed by additional stabilization through hydrophobic
interactions,8:16.17.23 3 process also reported for the homolog protein, cytochrome ¢.24:25
For this reason, anionic lipids, which increase the negative charge density of the membrane
surface, can potentially present an undesirable competition, distracting cyt. ¢, from its redox
partners. Notably, anionic lipids such as PG and CL have their own functional roles in the
chromatophore, e.g., facilitating proton translocation and maintaining structural stability of
transmembrane proteins.26-29 Nevertheless, their negative charges can in principle interfere
with the shuttling activity of cyt. ¢,.

In this study, the impact of anionic lipids on diffusive behavior of cyt. ¢, and its encounter
and association with by are investigated using a combination of molecular dynamics (MD)
and Brownian dynamics (BD) simulations. MD was used to generate thermally accessible
conformations of cyt. ¢, and membrane-embedded bcy, followed by multi-replica BD
simulations of cyt. ¢, diffusion on the surface of membranes with and without anionic
lipids, at varying salinity levels, and with all possible combinations of oxidized and reduced
cyt. ¢ and bey. Both PG and CL were included in the membranes studied here to provide

a more realistic representation of the membrane and its charge. Earlier studies on soluble
protein elements of bioenergetic systems,39 such as cytochrome ¢,31 cyt. ¢,,14 cytochrome
5,32 and plastocyanin,32:33 have demonstrated BD simulations as an effective approach to
characterize protein diffusion and complex formation in an environment-dependent manner.

Our results show that anionic lipids confine diffusion of cyt. ¢ to the surface of

the membrane. Interestingly, and despite what might be assumed intuitively about the
competition between anionic lipids and b¢;, surface-confined diffusion of cyt. ¢, promotes
its association to bcy, and, as importantly, it does not seem to interfere the redox-dependence
of their association, allowing the two partners with complementary redox states to bind more
frequently. These properties allow anion-rich bioenergetic membranes to provide a favorable
environment for the electron-shuttling role of cyt. ¢,. Lastly, we show that the role of anionic
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lipids in mediating more effective cyt. ¢ - bc; association is tunable by the salinity of
the system. Variations in salinity can modulate the electrostatic interactions between cyt.
¢, and both anionic lipids and b¢y, likely to different extents given the heterogeneity in
the distribution of charges in these species. Such a tunable role of anionic lipids may be
of importance in regulating electron-shuttling efficiency of the chromatohpore and other
bioenergetic systems under different living conditions of the cell.

2 Methods

In this part, the procedures to set up, execute, and analyze the simulations are outlined (Fig.
S3). First, in Sec. 2.1, MD simulations necessary to generate /n-vivo-like conformations

for different redox forms of cyt. ¢, and membrane-embedded b¢; are described. Then, in
Sec. 2.2, we explain rigid-body modeling of cyt. ¢, based on structural information from
MD simulations. Next, in Secs. 2.3 and 2.4, the construction of mean-field representations
that describe long-range (electrostatic) and short-range (van der Waals (vdW)) forces

from membrane-embedded bc; acting on cyt. ¢, is discussed. Lastly, in Sec. 2.5, a

brief description is provided on how the cyt. ¢, model together with the mean-field
representations for membrane-embedded b¢; are used in BD simulations. Protocols for
various analyses on the resulting BD trajectories are described in Secs. S1.3, S1.4, and S1.5.

2.1 Modeling and MD simulations of cyt. c, and membrane-embedded bcq

The initial structure for bc; was adopted from the PDB: 2QJY.3% By assigning proper redox
states to the heme prosthetic groups associated with the protein (Fig. S4(B)), suitable models
for MD simulations of the redox forms of b¢; were constructed, namely the oxidized b¢y
(Clox) and the reduced becy (Cleq). Model preparation was performed using the AUTOPSF
plugin of VMD38 with the CHARMM36m force field3” and parameters obtained by earlier
quantum chemical calculations.38 The protonation states of protein residues were set to their
default states at pH 7.

Each redox form of bc¢; was uploaded to the Orientations of Proteins in Membranes

(OPM) database3? to determine the protein alignment in a lipid bilayer. Each aligned redox
form was then embedded in a lipid bilayer using the MEMBRANE BUILDER tool of
CHARMM-GUI.40-43 |n this study, two types of lipid bilayers were employed. The first was
a control bilayer only consisting of phosphatidylcholine (PC) phospholipids. The second
adopted a lipid composition similar to that of the chromatophore membrane and consisted
of 19% PC, 17% phosphatidylethanolamine (PE), 35% phosphatidylglycerol (PG), and 29%
cardiolipin (CL).13 Both PG and CL carry negative charges. This anionic bilayer is referred
here as the chromatophore-like (ChP) bilayer. In total, four membrane-embedded bc; were
constructed for MD simulations, namely (1) C1,y with a ChP bilayer, (2) Cl,eq with a ChP
bilayer, (3) C1,x with a control (PC) bilayer, and (4) C1,¢q With a control bilayer.

Determining the pKa for CL at physiological pH and within a membrane environment has
been an active area of research.*4-47 The protonation state of CL lipids can be dynamically
coupled to other charged lipids and proteins within the membrane, and even affected by the
movement and conformational changes of the CL molecules within their local environment
of the membrane. Recent data point to an even lower pKa for some CL lipids, and thus
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an overall charge of —2,46:47 compared to earlier studies suggesting an overall charge of
-1.4445 Since the net charge of CL cannot change during our classical simulations, we opted
an overall charge of -1 for CL.

Models of cyt. ¢, for MD simulations were constructed in a manner similar to 6c;. The
initial structure for the reduced cyt. ¢, (C2,¢q) Was adopted from PDB: 1L.9B,8 which
featured a complex of C2,.q with RC. The initial structure for the oxidized cyt. ¢, (C2y)
was adopted from a previous MD simulation,8 which featured a stable complex of C2,y
with bc;. These two structures were converted into models ready for MD simulations using
AUTOPSF plugin of VMD?38 and with the same parameter set employed for 4c;. The
resulting C2,q is with a net charge of —2 while C2,y is with a net charge of —1. The
oxidation state of the heme group of cyt. ¢ follows the redox state of the protein.

All redox forms of membrane-embedded bc¢; and cyt. ¢, were solvated and ionized at 0.15M
salinity using VMD.36 The solvated and ionized system for each redox form of cyt. ¢, was
simulated for 150ns using NAMD 2.13.49:50 Both redox forms reached equilibrium after
100ns exhibiting stable fluctuations in root mean squared deviation (RMSD) of the protein
backbones and their electric dipole moment (Fig. S5). The last snapshot of each trajectory
was employed as the model of cyt. ¢, for the BD simulations (Sec. 2.2). Each solvated

and ionized membrane-embedded b¢; was simulated for 300ns to reach equilibrium. For
each membrane type, extending from the last snapshot of the corresponding trajectory,

5 independent 5ns-long MD simulations were performed. These trajectories sampled the
structural fluctuation of the membrane. Their use are discussed in Sec. 2.3, Sec. 2.4. The
explicit protocols for equilibrating membrane-embedded b¢; and cyt. ¢ are described in
Sec. S1.1.

2.2 Deriving parameters for BD simulations of cyt. ¢c»

After being equilibrated, each redox form of cyt. ¢, represented by the last snapshot of
the corresponding MD trajectory (Sec. 2.1), was modelled as a rigid body for the BD
simulations of its diffusion on the surface of the membrane. This rigid-body model, as a
coarse-grained representation, used a set of parameters and grids to describe the response
of cyt. ¢, to hydrodynamics, electrostatics, and vdW forces. The parameters and grids, and
the approach used to determine them are explained below in Sec. 2.2.1, Sec. 2.2.2, and
Sec. 2.2.3. On the other hand, potentials that served as mean-field representations for the
environment that cyt. ¢ diffuses in are discussed in Sec. 2.3 and Sec. 2.4.

2.2.1 Frictional coefficients of cyt. c,—The hydrodynamic response of cyt. ¢, was
described by setting coefficients for translational and rotational frictions. For each redox
form of cyt. ¢, its principal axes were first determined in VMD.36 The protein was then
orientated to let the top three principal axes align with the x, , and zaxes, respectively.
This orientation gave a diagonalized moment of inertia tensor for the protein. A pdb file

of the protein with this orientation was then fed into the program, Hydropro,®! to estimate
its diffusion tensor. The diagonal components of this diffusion tensor were then converted
to translational friction coefficients and rotational friction coefficients using Stokes-Einstein
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relation, 1451 together with the mass of the protein and its pre-determined moment of inertia
tensor.

2.2.2 Charge distribution of cyt. c,—The electrostatic response of cyt. ¢, to any
electrostatic potential is described through its charge distribution. For each redox form of
cyt. &, a continuum representation of its charge distribution was computed using its partial
atomic charges with the VOLMAP plugin of VMD.3% These representations were stored by
VMD3 as grids, which were 3-dimensional volumetric maps that contained a value at each
grid point. During BD simulations, these grids were utilized with electrostatic potentials
derived from different bci-embedding membranes to determine electrostatic forces on cyt.
¢. The determination of electrostatic potentials for b¢;-embedding membranes and the
corresponding forces on cyt. ¢, are discussed in Sec. 2.3.

2.2.3 Representation of vdW forces on cyt. co—The vdW forces acting on cyt. ¢
were constructed from its environment using the CHARMM force field description of the
vdW interaction energy between atom pairs, 7and /.

L7 rimin 12 rlmin 6
Ui = eij|| = -2[-| | @
r. . r .
L L
where 7;;is the distance between atoms 7and j, r/}'" = E(r{’”" + r;'“"), and ¢;; = ,/ee;. The

Lennard-Jones (LJ) parameters for atom 7were " and €;; and those for atom jwere r;-"i"
and e;. The vdW force on atom /from atom jwas derived from Eq. 1 as

— -
Fi<—j= —ViUIS'J. (2)

Using Eqg. 2, a coarse-grained representation that describes the response of cyt. ¢, to vdW
forces form its environment was developed. First, K-mean clustering®2>3 was applied to
the LJ parameters of every atom of cyt. ¢,. Atoms with their LJ parameters belonging the
same cluster were then classified into the same atom group. The 4 resulting atom groups
were: (1) heavy atoms for the pyrrolidine of each proline; (2) all other heavy atoms except
sulphur atoms; (3) sulphur atoms; and (4) hydrogen atoms. Each atom group denoted a
representative atom type with the centroid (<, ;4 €centroid)) Of the corresponding cluster

being its LJ parameters (Sec. S1.2). Then, a continuum representation of the particle
distribution for each atom group was computed by the VOLMAP plugin of VMD.36 These
representations were stored as grids. During BD simulations, these grids were utilized
with the potential of mean force (PMF) derived from different 6c;-embedding membranes
to determine vdW forces acting on cyt. ¢, using Eq. 2. The determination of PMF for
ber-embedding membranes is discussed in Sec. 2.4.
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2.3 Electrostatic potentials of bci-embedding membranes

For each redox form of cyt. ¢, its charge distribution (o) and the electrostatic potential of
the environment (V) determined the translational electrostatic force on it during the BD
simulations as

F&')= [ ailoct 7475 ven(7 + 7)) 0

where 7 is the center of mass (COM) of cyt. ¢. This integration was performed over the
entire protein, as denoted by /.. Similarly, the torque on cyt. ¢, about any of its principle

axes, T, which passes through 7, was given by

—
e 7)= [t
C2
.

x [ reo T+ 7TV ien(7 + 7)) T

O

Charge distribution of cyt. ¢, was determined as outlined in Sec. 2.2.2.

The electrostatic potential, Vg, was determined for each bc;-embedding membrane, as

the environment that cyt. ¢, interacted with during BD simulations. To determine Vep,
multiple MD trajectories for each bc;-embedding membrane (Sec. 2.1) were employed.
First, along each trajectory, snapshots describing the partial charge distribution for the
membrane were selected at 1-ns intervals. These snapshots were aligned with the COM of
bey located at the origin. Then, the partial charge distribution for each of these snapshots
was input to the program, Adaptive Poisson-Boltzmann Solver (APBS),>*%5 to determine
the corresponding electrostatic potential at the temperature 300K. Electrostatic screening
effects from water molecules and ions were modeled in APBS by specifying different salt
concentrations: 0.02M, 0.15M, and 0.40M. Lastly, these potentials were averaged to produce
the electrostatic potential for the corresponding b¢;-embedding membrane at the specified
salinity. This electrostatic potential was then used to produce the corresponding electrostatic
forces acting on cyt. ¢.

2.4 Mean-field representation for vdW forces acting on cyt. ¢, from bciembedding

membranes

The vdW forces acting on cyt. ¢, from a bc;-embedding membrane was determined through
the potential of mean force (PMF) of the later one. For each bci-embedding membrane, the
corresponding set of MD trajectories (Sec. 2.1) were used to compute its PMF through

a free energy perturbation technique, Implicit Ligand Sampling (1LS),>6 based on the
representative atom types described in Sec. 2.2.3. First, each of the MD trajectories was
aligned with the COM of b¢; located at the origin. Then, using VMD,38 ILS calculations
were performed on each of trajectory at 1-ns intervals and at a temperature of 300K with
the use of each representative atom type as a probing point particle. Each ILS calculation
determined a 3-dimensional PMF for the corresponding trajectory based on vdW interaction
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energy between the probing particle, characterized by ™" - and e.ensroia (S€C. 2.2.3), and

the bci-embedding membrane. Lastly, the 3D PMF calculated for individual trajectories
were averaged and assigned to the corresponding bc¢;-embedding membrane as its PMF for
the respective representative atom types.

The PMF for each representative atom type was utilized to determine the vdW forces on a
cyt. ¢. For atoms corresponding to each representative atom type in cyt. ¢, the vdW forces
were given by Eq. 3 and Eq. 4; with the charge distribution in the equations replaced by

the particle distribution of these atoms and with the electrostatic potential replaced by the
corresponding PMF. The vdW forces on atoms of each representative atom type were then
summed up to give the total vdW forces on cyt. ¢,. The same protocol was used for the
torques on cyt. ¢, that arose from vdW forces.

2.5 Setup of BD simulations of cyt. ¢,

BD simulations were performed at salt concentrations of 0.02M, 0.15M, and 0.40M using
the code, Atomic Resolution Brownian Dynamics (ARBD).14>7 In ARBD, each diffusing
cyt. ¢ was represented as an atomistic rigid body, with its particle and charge distributions
characterized by pre-computed grids (Sec. 2.2). Each bc¢;-embedding membrane, represented
by its PMF (Sec. 2.4) and its electrostatic potential at the specific salinity (Sec. 2.3),
mimicked a static environment that interacted with cyt. ¢,. During the BD simulations,
ARBD summed up the interaction energy between individual grids and the corresponding
potentials and derived forces and torques on cyt. ¢, from the total interaction energy. These
forces, together with coefficients of friction (Sec. 2.2.1), described the Brownian dynamics
of cyt. ¢, in the presence of a bc-embedding membrane.

For each level of salinity, four sets of BD simulations, denoted as C1,4C2¢4-ChP,
CledC20x-ChP, C13xC2(eq-PC, and C1,¢4C2,x-PC, were performed. The indices X and Y
in "C1xC2y” are used to describe the redox states of the partners, b¢; (X) and cyt. &

(), with the abbreviations "ox” and "red”, referring to the oxidized and reduced states,
respectively. The suffixes, ”-ChP” and ”-PC”, indicate the lipid bilayer employed for the
simulations, with the former representing a chromatophore-like bilayer (Sec. 2.1) and the
latter a control (PC only) bilayer. Each set of BD simulations consisted of 400 replicas of
a 1s-long simulations. These simulations were run in parallel on 20 gpus, with each gpu
hosting 20 replicas. At the beginning of these simulations, copies of cyt. ¢, were placed
randomly on the periplasmic side of the bc;-embedding membrane, with the COM of each
cyt. ¢, set above the maximum height of the cyt. ¢-bey binding interface by 50 A (Fig.
S6). Simulations with the two different bilayers are here termed as ChP and PC simulations,
respectively. Collectively, the BD simulations have accumulated (4x400x0.001 =) 1.6ms
sampling of cyt. ¢, diffusion in the presence of a membrane.

It is worth mentioning that a living organism is very unlikely to undergo such a wide
variation in their intracellular salt concentration, from 0.02M to 0.40M. The conditions that
we used are to replicate /in vitro experiments reported,8 to theoretically test the response
of the system to extreme salt concentrations. Also, the effective ion concentration in a
cellular environment depends on its level of protein crowding.>® A recent study has shown
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that the effective ion concentration for Escherichia coli (E. coli) can be as low as 0.02M
despite the system having a concentration of 0.15M for cations. In our current set of
simulations, we do not have a representation for cellular crowding that may complicate the
electrostatic effects. Each cyt. ¢, was simulated individually, with a net charge of only -1

to —2, depending on the protein’s redox state. Thus, the electronegativity presented in the
bulk in our simulations is substantially less than that in £. coli, which includes a large copy
number of electronegative macromolecules.>® However, under such conditions, effective ion
concentration are expected to likely drop, weakening ionic screening of electrostatic forces.
Under such condition, attraction between cyt. ¢, and bcy as well as lipids will increase.

3 Results and Discussion

In what follows, first, we demonstrate that anionic lipids confine the diffusion of cyt. ¢, to
the surface of the membrane. Then, we show that this confined diffusion is beneficial to

the association of cyt. ¢, and bey. We also illustrate that the likelihood and lifetime of cyt.
¢y-bey association can change with the redox states of the two proteins. Finally, we describe
how varying the salt concentration modulates the interaction of cyt. ¢ with both the anionic
lipids and with b¢y.

3.1 Anionic lipids confine diffusion of cyt. ¢, to the surface of membrane.

Cyt. ¢ has an intrinsic electric dipole,16:17 which helps aligning it with the negatively
charged surface of bc; on the periplasmic side of the chromatophore.8 At the same time, this
dipole can also mediate association of cyt. ¢, with the chromatophore membrane, which is
overall negatively charged due to abundant anionic lipids.13.14

Compared with the control simulations employing a POPC bilayer, cyt. ¢, - lipid
associations with the chromatophore-like (ChP) bilayer (Sec. 2.1 of Methods) was found
to be 2-8 times more frequent (2 and 8 folds for the reduced (C2,.q) and oxidized cyt. ¢,
(C24x%), respectively) (Fig. S7). As a consequence, the number of cyt. ¢, - bey binding events
mediated by cyt. ¢ - lipid association, referred to as Lipid-Mediated Association of cyt. ¢
to by (LMAGo—c1; Fig. 3A), turns out to be at least 20 times larger for the ChP bilayer
compared to control (Fig. S8). Among the 400 cyt. ¢, simulations with the ChP bilayer,
~100 display instances of LMAco>_.c1, sometimes multiple times (Fig. S9). In contrast, in
control simulations, only less than 10 cyt. ¢, display LMAc,—.c1. These results suggest
that the presence of anionic lipids facilitate the binding of the two redox partners, and that
LMAco—c1 seem to constitute a major mechanism for cyt. ¢, association with ¢ in the
chromatophore.

Upon binding to anionic lipids, cyt. ¢, continues its effective diffusion on the surface of the
membrane, a necessary condition for binding to bcy, even though one might expect binding
to lipids to limit its lateral motion (Fig. 3B). While diffusing, cyt. ¢, spends around 30 -
40% of its time, on average, in the vicinity of the lipid bilayer (Fig. 3C). Even when cyt. &
diffuses in the bulk solution, it maintains a closer distance to the lipid bilayer (Figs. 3C and
S10)). Therefore, it can be concluded that anionic lipids, by confining diffusion of cyt. &
closer to the membrane surface, promote its binding and interaction with the redox partner.
A representative trajectory for this confined diffusion is shown in (Fig. 3D).
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For cyt. ¢ copies engaged in LMAco—,c1, the distance between their first membrane
encounter point and b¢; follows a Gaussian-like distribution (Fig. S11). This distribution has
amean value around 110 A, and a standard deviation of ~ 20 A. A membrane-associated
cyt. ¢ positioned this far from bey (Fig. 3E), is unlikely to feel any electrostatic forces
(attraction) from bc;. However, because of the membrane-mediated confined diffusion, the
likelihood for cyt. ¢, to be in the vicinity of the lipid bilayer is higher, which in turn results
in a higher likelihood to locate and associate with b¢;. This mechanism, mediated by the

the anionic lipids potentially applies to any transmembrane redox partner of cyt. ¢,. For
example, the cyt. ¢, - RC association can be expected to also be improved in the presence of
anionic lipids.

During our simulations, regardless of its redox state, cyt. ¢, associates more likely with

PG than CL (Fig. S12). This phenomenon might be attributed to the higher head-group
charge density in PG, when compared with CL. As a result, PG is more recognizable by

the basic residues in cyt. ¢ as it approaches the lipid bilayer. In our current study, no stable
complex between cyt. ¢, and PG or CL was observed. Cyt. ¢,-lipid associations that led to
cyt. &-bey associations were dominantly transient (Fig. 3B). However, complex formation
with either PG and CL can trigger peroxidase activity in cytochrome ¢,%0 a homolog of cyt.
¢. This activation, which is attributed to modulations of cytochrome ¢ dynamics without
major denaturation, was found to be more pronounced upon CL binding. Thus, potential
adverse effects for complex formation with either PG or CL remain a concern for cyt. ¢,.
However, CL has been reported to have clear binding pockets in the vicinity of integral
membrane proteins, including those involved in electron-transfer reactions.51-63 In contrast,
PG lipids are more free to diffuse in bioenergetic membranes and less likely to have specific
interactions with proteins. The reported differential behavior of PG and CL, along with our
simulation results (Fig. S12), suggest electron-shuttling proteins like cytochrome ¢ may be
more likely to encounter PG than CL /in vive.

3.2 Redox dependence of the association between cyt. ¢, and bcq

The impact of the redox states on the likelihood of cyt. ¢, - bey association was probed

in two sets of BD simulations. In the first, reduced cyt. ¢ (C2,¢q) Was simulated in the
presence of oxidized bc; (Clgy); in the second, oxidized cyt. ¢ (C2,x) was simulated with a
reduced bc; (Clyeq). For each set, simulations were repeated either with the ChP bilayer or
with the control bilayer (pure POPC).

Regardless of the lipid bilayer used, BD simulations showed consistently higher cyt. ¢
association with bcy for C2,y than C2,¢q4 (Fig. 4A). Thus, the association likelihood between
cyt. & and be; seems to be dependent on the redox states of the two proteins. This result
favors the physiological direction of electron transfer between the redox partners; C2qx
association with Cleq is needed for electron uptake while C2,q needs to depart from Clgy
for the next round of electron shuttling. We note that in our models the surface area of lipids
is ~ 5 times of that of ¢, (Fig. S2A), providing abundant opportunities for lipids to compete
with bey for cyt. ¢, binding. With this in mind, the observed redox dependence appears to
represent a robust feature.
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Regardless of the redox states of the two proteins, cyt. ¢, association with bey is slightly
higher with the ChP bilayer than the control membrane (Fig. 4A). This observation is
consistent with our speculations in Sec. 3.1. To further examine the role of LMAcy—.c1 in
this enhancement, cyt. ¢ trajectories were divided into two groups. In the first group, cyt. &
associated with bc; without any prior encounter with lipids. This mechanism is termed here
as Direct Association of cyt. ¢, to be; (DAc2—c1)- On the other hand, cyt. ¢, in the second
group associated bc; through LMAco—.c1. Our grouping of cyt. ¢ trajectories for the case
of Cl,eq and C2,x shows that the enhancement to cyt. ¢, - be; association from LMAco—c1
is not necessary straightforward. For the case of Cl,eq and C2,y, the fraction of cyt. ¢
associated with b, through DAco—.¢1 is similar to that recorded with the control membrane
at the early half of the simulation (¢ <500ns). However, at the later half of the simulation (¢
> 500ns), this fraction drops and becomes appreciably below that with the control membrane
by the end of our simulations (Fig. 4B). One possible explanation for this drop is that C2qy
may have a high association affinity with lipids, and thus some C1,q - associated C2qy

are lost to lipids as the time passes. However, this affinity also facilitates C2,, association
with lipids, then with C1,¢q through LMAco—.c1. In fact, our simulations show that the
above-mentioned drop is made up by cyt. ¢ - bey associations from LMAg,—.¢1, allowing
the fraction of cyt. ¢, associated with 6¢; with the ChP bilayer to be overall higher than

that with the control membrane. This observation shows that the role of LMAco—c1 in
enhancing cyt. ¢ - bey associations can be sensitive to the affinity of cyt. ¢ to lipids, which,
while allowing the presence of LMAc,—.c1, can also compete against bcy in recruiting cyt.
0. This sensitivity suggests that the actual role of anionic lipids in the chromatophore, rather
they are facilitating or interrupting cyt. ¢ shuttling of elections, can be quite dependent on
the condition of the vesicle, such as local variations of lipid compositions.

Lastly, the distributions for the minimum heme-to-heme distance between the heme group
of cyt. ¢, (oxidized) and the reduced heme of reduced bc; were computed (Fig. S13).

Due to the rigid representations used in the BD simulations, the eventual heme-heme
distance after each encounter, which would depend on conformational relaxations of the
two proteins,? is not sampled here. Yet, our computed distributions show that, compared
with PC simulations, ChP simulations offer slightly closer cyt. ¢, association to b¢; with

heme-to-heme separations within physiologically observed values (8.4A to around 9.4A).
8,24,48

3.3 Redox states of cyt. c, modulate residence on electronegative association partners.

In Sec. 3.2, we see that the redox states of cyt. ¢, and bc; modulate the affinity of the

two proteins, even under an abundant presence of anionic lipids. To examine how this
modulation may arise, especially for cyt. ¢,, which also associate with lipids, we quantify
the association of cyt. ¢, to its association partner, namely bc; or lipids, by a 2-parameter
model (Sec. S1.4). The first parameter, coined the recognition probability, is the likelihood
for cyt. ¢, to recognize and associate to an association partner when approaching it. The
second parameter, coined the residence probability, is the likelihood for cyt. ¢ to remain
associated with a partner after binding to it. These probabilities were then determined by
fitting®4 our 2-parameter model to the respective distributions of residence time between
each redox form of cyt. ¢, and each of its association partners. Our results (Table 1) show
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that C2,x has only a marginally higher recognition probability than C2,.q, regardless of
whether the association partner is bc¢y or lipids. On the other hand, the residence probability
of C2,4y is noticeably higher than that of C2,¢q, ranging from 0.07 ( 20% higher) to 0.09
(26% higher), depending on whether the association partner is b¢; or lipids. Thus, the
different redox states of cyt. ¢, predominantly affect the likelihood for cyt. ¢, to stay with its
association partners after associations.

To explore how the redox state of cyt. ¢, affects the protein residence on its association
partners, we examine the probability for individual residues of cyt. ¢, to make contacts

with association partners after cyt. ¢, associated with them. These probabilities, coine as
association probabilities, were determined for each redox form of cyt. ¢, (Fig. 5A). Residues
with non-zero association probabilities are generally conserved between the two redox
forms. The individual probabilities are, however, largely redox-dependent. To illustrate this
dependence, residues with probabilities >0.25 were identified for each redox form, i.e, the
residues that make contacts with binding partners over 1/4 of the time of the association.
These residues serve as representative hotspots for which the protein associations with b¢;
or lipids occur (termed hotspot residues and are visualized in Fig. 5B). The hotspot residues
for C2,¢q are almost all basic (R32, K35, K55, K88, K97), but also include one polar (T101)
and one non-polar (A34) residue. Those for C2,, are partitioned roughly equally to basic
residues (K10, R32, K95, K97, K103, K105) and polar residues (N13, Q14, T17, N33,
T101). The larger number of basic hotspot residues in C2,y indicates a stronger electrostatic
attraction over C2,¢4 Upon association with electronegative lipids or proteins. Also, the total
number of hotspot residues for C2, is around 1.5 times of that for C2,.4 Fig. 5B). Thus,
upon association, C2,y is more likely than C2,q to have multiple residues simultaneously
making contacts with an association partner, which, subsequently, allows C2,, to develop

a stronger vdW attraction with its partner than C2,¢4. Our results here are in line with and
substantiate C2,y higher residence probability with any association partner than C2,.q. These
results also suggest variations in the positions of residues at the electro-positive side of cyt.
&, which can arise upon a change of redox state, can underlie the modulations on cyt. ¢,
affinity with electro-negative association partners.

The overall conformation of cyt. ¢ is barely affected upon changes in its redox state (C,
RMSD = 1.4A). However, some residues display noticeably higher displacement than the
others (>4A) (Fig. 5C), including K95, a hotspot residue in C2,y. These residues are all
located at the flexible outermost coil region of cyt. ¢,. Their positional change likely affects
the initial encounter of cyt. ¢, with its partners, and subsequently alter the likelihoods for
other residues to come close to the association partners. Thus, subtle structural differences
between C2,, and C2,q in this flexible coil region may underlie the observed difference in
the observed residence probabilities. It is worth noticing that the above observation, where
changes in the redox state of cyt. ¢, can only give rise to structural variations in flexible
regions, is in line with NMR experiments on cyt. ¢, a homologue of cyt. ¢, from human®>
and other species.66-69
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lonic strength modulates the impact of anionic lipids in cyt. co-bcq association.

Anionic lipids participate in the associations of cyt. ¢, with b¢; by confining the diffusion

of cyt. ¢ in aregion close to the membrane (Sec. 3.1). The cyt. & - lipid interaction is
electrostatic in nature, and thus, should be susceptible to variations in the salinity, which
often emerges when bioenergetic systems are under stress.14:20 The impact of such a
variation on the role of lipids in mediating cyt. & - bey association was probed by comparing
BD simulations at 0.40M and 0.02M salinity, representing a high and a low salt environment
for the chromatophore, respectively.>®

At high (0.40M) salinity, the time evolution of the fraction of cyt. ¢, associated with b¢;
along BD simulations with the ChP bilayer is remarkably similar to that for the control
(Fig. 6A). In particular, the fraction of LMAc,—.c1 is practically negligible when compared
to that at 0.15M salinity (Fig. 4B). Also, the fraction of cyt. ¢, associated with b¢; for

C2,y is hardly distinguishable from that of C2,.q. These observations are in line with the
strong screening of charges at high salinity, which diminishes substantially the electrostatic
attraction between cyt. ¢, and anionic lipids, making the electrostatic attraction from the
ChP bilayer much less effective at the long range (Fig. S14).

Also, upon weakened attraction, lipid-associated cyt. ¢ can dissociate from lipids more
easily due to thermal fluctuations. Thus, the electrostatic attraction of the ChP bilayer
towards cyt. ¢, has become a weak force only acting at short-ranges. In other words, the ChP
bilayer acts like the electroneutral control bilayer. Similarly, differences between C2,, and
C2,¢q in terms of their attraction to bc¢y or lipids becomes negligible upon charge screening.
In fact, the failure to differentiate C2,, from C2,oq impedes the ability of b¢; to recruit C2,5
and release C2,¢4 Upon a change of the redox state, and subsequently reduces the likelihood
for bey to form productive association with cyt. ¢. A high salt environment is therefore
undesirable for energy transduction in the chromatophore.

At low (0.02M) salinity, the fraction of cyt. ¢, associated with b¢; in BD simulations with
C2,y is noticeably higher than C2,4. This situation is in contrast to BD simulations at
0.40M salinity (Fig. 6(A)), and reflects the ability of bc; to differentiate C2,y from C2¢q
at low salinity. However, the enhancement to cyt. ¢, - bey association upon the presence of
anionic lipids, which is present at 0.15M salinity, is absent. At 0.02M salinity, the fraction
of cyt. ¢, associated with by in BD simulations with the ChP bilayer is either similar to
(in the case of C2,q) or significantly lower than (in the case of C2,y) the control (Fig. 6B).
Thus, at low salinity, the presence of anionic lipids does not seem to facilitate cyt. ¢, - bey
association.

The presence of anionic lipids fails to improve cyt. ¢, - bey association at low salinity

when compared with the control. This phenomenon was further analyzed by visualizing the
electrostatic potential of bc; at 0.15M and 0.02M salinity. As can be seen clearly, with low
salinity, contour surfaces representing negative electrostatic potential can extend noticeably
further (Fig. 6(C)). These expansions allow bc; to reach cyt. ¢, located at farther distances
and subsequently attract it. For these cyt. ¢, associating to b¢; through LMAc,—.c1 appears
to be unnecessary. A reduced salinity also strengthens the attraction between cyt. ¢, and
anionic lipids, likely lengthening the time that cyt. ¢, resides on the ChP bilayer. In fact, the
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fraction of C2, associated with lipids comes as high as making up the difference between
BD simulations with the ChP bilayer and that with the control in their respective fractions
of C2,4 associated with b¢; (Fig. S15). These observations suggest that, when the attraction
between cyt. ¢, and bc; is long-rang, as in a low salt environment, the presence of anionic
lipids is unnecessary and distracts the associations of the two proteins. However, anionic
lipids have their own functional roles in the chromatophore,2’~29 as in other bioenergetic
membranes.2%70 Removals of anionic lipids for the potentially over-fitting cyt. ¢, - bc;
association at low salinity will disrupt the overall function of the chromatophore.

4 Conclusion

Anionic lipids are a common feature in all bioenergetic membranes.”? The present study
establishes a diffusion model for cyt. ¢, in the chromatophore, highlighting the influence of
anionic lipids on the efficiency of interaction between the redox partners, cyt. ¢ and bcy,
which in turn determines the rate of electron transfer in the whole photosynthetic activity of
the organelle.

Our model clearly shows that anionic lipids confine the diffusion of cyt. ¢, to the surface

of the membrane, thereby increasing the probability of finding the protein close to the
membrane. The resulting localization of cyt. ¢ to the vicinity of the lipid bilayer enhances
its likelihood to locate and bind to b¢y, which is an integral protein embedded in the
membrane. As a result, despite what might be expected from the potential competition of the
lipids with the redox partner for cyt. ¢, the level of association between cyt. ¢, and be is
found to be promoted in the presence of anionic lipids.

This phenomenon, which is observed for both redox forms of cyt. ¢, does not alter the
redox-dependence of cyt. ¢ - bey association. Our results suggest that the association of
cyt. & to either bey or lipids is also redox-dependent, with the oxidized form of cyt. ¢,
exhibiting a stronger binding probability to both b¢; and lipids. The observed dependence
may be attributed to structural differences between the two redox forms of cyt. ¢, which
dictate the likelihood for cyt. ¢, - bcy association when the protein comes close to b¢y.
Preferred association of b¢; with oxidized cyt. ¢, (compared to reduced cyt. ¢,), which is
maintained in the presence of anionic lipids, is aligned with the physiological direction of
electron transfer mediated by cyt. .

The contribution of anionic lipids to the electron transport process is, however, susceptible
to changes in the electrostatic environment, e.g., to the system’s salinity. At high salinity
(0.4M), the effect of lipids is largely diminished due to screening effects of the salt on cyt.
&, bey, and anionic lipids. Similarly, at very low salinity (0.02M), the enhancement effect
of anionic lipids on cyt. ¢ - bey association seems to be largely attenuated. Therefore, for
anionic lipids to promote the electron transport process, there seems to be a need for a
particular balance between the density of the lipids and the salinity of the environment, and
any deviation from this balance can reduce the effect.

Based on the high structural similarity between cyt. ¢,/bcy and their counterparts in
mitochondrial and other bioenergetic membranes, these observations reported here can be
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applied to other redox proteins in which electron transfer is mediated by the shuttling of a
protein between two integral proteins embedded in an anionic-lipid-rich membrane.
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Figure 1: Therole of cyt. ¢y shuttling in the photon-induced ATP production in the
chromatophore.

Cross-sectional view of a molecular model2-314 for the chromatophore in the purple bacteria
is shown on the left, with bc; (PDB: 2QJY), LH2 (PDB: 1NKZ), and ATP synthase (PDB:
3VR2)1° colored in purple, light green, and light brown, respectively. For the RC-LH1-PufX
(PDB: 6ET5) sites, where RC and LH1 form complexes, RC are colored in light purple

and LH1 in magenta. Cyt. ¢, (PDB: 1L9B) proteins, colored in blue, are mobile and shuttle
inside the chromatophore. On the right, processes of light energy transfer and electron
transport are summarized. Proton (H*) translocation across the chromatophore membrane

is indicated by blue arrows, with the side of the membrane facing the exterior (interior) of
the chromatophore represented by a red (blue), dashed line. Reprinted with permission from
ref.14 Copyright 2019 CELL Press.
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Figure 2: Interplay of transmembrane redox proteins, soluble electron-shuttling proteins, and
lipidsin bioenergetic membranes.

(A) Respiratory and photosynthetic membranes employ soluble, shuttling proteins (yellow)
to mediate electron (e7) transport between transmembrane redox protein complexes (purple
and blue). During this process, the shuttling protein diffuses between the electron-donor
(magenta) and -acceptor (blue) proteins frequently. The lipid phase of the membrane, which
is often rich in negative charges (red circles) in bioenergetic membranes,3* can both confine
the diffusion of the soluble protein to the surface of the membrane and/or directly affect

its mobility. Diffusing without interaction with membrane lipids (largely diffusing in bulk
solution) is denoted as Path 1. In the case of diffusion on the surface of the membrane while
interacting with anionic lipids (Path 2), the soluble protein remains close to the membrane
surface, and its motion can be described as a 2D diffusion. Surface-bounded diffusion has
been hypothesized to exist as a result of the ubiquitous presence of negative charges in
bioenergetic membranes. In purple bacterial chromatophore, cyt. ¢, the soluble protein,
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shuttles between bcy, the e~ donor, and RC, the e™ receptor. (B) Molecular representations
of cyt. ¢ (yellow) and bey (purple), and the two types of cyt. ¢, diffusion (Paths 1 and 2)
to bind to bcy. The phosphorus atoms of lipid molecules in the membrane are shown as red
spheres for anionic lipids and as white spheres for other lipids.
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Figure 3: Lipid-Mediated Association of cyt. co tobcy (LMAco—c1)-
(A) Snapshots depicting an example of LMAc>—.c1. The process involves initial association

of cyt. & to the lipid bilayer, followed by its hopping onto bc;. These different stages are
shown chronologically from the left to the right. The approximate surface of the lipid bilayer
and bc, are marked by cyan and red lines, respectively. The region between these lines

is considered as the vicinity of the lipid bilayer (Sec.S1.5). The quantity, dco- jjpias (Sec.
S1.5), denotes the separation of the center of mass (COM) of cyt. ¢, from the membrane’s
phosphorus plane on the periplasmic side. b¢; is shown in purple; the PC, PE, PG, and CL
lipids are shown in blue, cyan, dark green, and orange, respectively. Same coloring scheme
used in (D) and (E). (B) Distance travelled by cyt. ¢, after its first lipid association during
LMAco—c1, calculated only in the xy plane (i.e., along the membrane surface). For each
LMAo—,c1 event, the measurement starts from first binding of cyt. ¢ to the lipid bilayer
and ends when it associated with bcy. (C) Distribution of ac,-jipigs distances defined in (A),
for all cyt. ¢, cases involved in LMAc,—>c1. dc2-lipids Was measured from the time cyt. ¢,
associates with the lipids until it binds b¢;. The red and cyan lines are defined in (A). (D) A
representative trajectory of LMAco—.c1. The COM of cyt. ¢, at each time point is drawn as
a sphere, with its color indicating the time (shown in the color bar). A surface representation
for cyt. ¢, instead of just its COM, at £= 0 is shown in black. (E) An example of a
lipid-associated cyt. ¢, located ~110 A from bey, a distance that represents the average cyt.
0-bey separation at the first encounter of cyt. ¢ with lipids during an LMAg,—.¢1 event.
The electrostatic potential (red) of the bc;-embedded membrane is shown by its contour
surface at -0.54g 7.
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Figure 4: Impacts of anionic lipids on cyt. ¢, - bco associations
(A)& (B) Time evolution of the fraction of cyt. ¢ associated with bc¢y. The legend, "C1,C2y-

Z”, indicates the redox state of bcy (x), the redox state of cyt. ¢, (YY), and the type of lipid
bilayer employed in the specific set of BD simulations (Sec. 2.5 of Methods). An oxidized
state is denoted as "ox”, and a reduced state is denoted as red”. The control bilayer and

the chromatophore-like bilayer are denoted as "PC” and "ChP”, respectively. In (B), the
time evolution for BD simulations employing the ChP bilayer are shown as 2 types of time
series, one with and another without contributions from LMAc>—.c1 (Sec.3.1 of Results and
Discussions). The ones without contributions from LMAc2—.¢c1 only consist of contributions
from which cyt. ¢ diffuse to and associate with bc; completely in the bulk solution without
any lipid association. This type of associations is here coined as Direct Association of cyt.
¢ to bey (DAc2—c1). Our data for C2,¢4 reveals a straight forward enhancement to cyt. ¢, -
bey associations upon the presence of an electro-negative membrane (CL); where as a more
complicated condition is found for C2,,. This complication is discussed in the main text.
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Figure5: Effect of the redox state of cyt. ¢y on itsinteractionswith bcy and lipids.
(A) Probabilities for individual residues of cyt. ¢, to make contacts with an association

partner for C2,oq and C2,4 (Sec. S1.3). The probability threshold (>0.25) used to classify
hotspot residues is indicated by a dashed line. Basic hotspot residues are marked by a

‘+” sign. No acidic hotspot residues were observed. (B) Hotspot residues for C2,¢q (left)

and C2,x (right) are shown in licorice representations and labeled. Basic residues are in
blue, polar ones in green, and A34 from C2,.4 (non-polar) is in white. (C) Residue-based
root mean squared deviations (RMSDs) between C2,.4 and C2,, averaged over the MD
simulations (Sec. 2.1). The Ca atoms of residues with RMSDs higher than 4 A(dashed line)
are shown as glassy spheres in the molecular image. The inset displays an overlay of C2,
(blue) and C2,¢q (red) structures, obtained from the last frame of MD simulations, indicating
high structural similarity between the two redox forms.
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Figure 6: Impact of salinity on cyt. cpo-bcy association.

(A) and (B) Time evolution of the fraction of cyt. ¢ associated with b¢; for BD simulations
at 0.40M (A) and 0.02M (B) salinity. (C) Change in the electrostatic potential of b¢;

upon reduction of salinity from 0.15M to 0.02M. The potential shown is derived from the
control membranes to focus the comparison only on the electrostatic potential of b¢;. Cross
sectional views of contour surfaces corresponding to the potentials at -1 kg 7, —0.5 Ag 7, and
-0.1 kg rare shown in red, orange, and yellow, respectively. The outward expansion of the
yellow contour surface upon the decreased salinity is around 30 A, and is indicated by a
black arrow. For cyt. ¢, associating to ¢, through LMAc,—.c1, their mean separation from
bey at the beginning of respective BD simulations is 130 A (Fig. S11). This separation is
indicated by a cyan arrow in each sub-figure.
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Table 1:
" oo C2eq C2 . (. C2 C2
Recognition probabllltm(pA ed oy OX) and residence probab|I|t|$(pA 4 Pa ffA) for

The association partner, A, is chosen from reducedbc; (Clyeq), oxidizedbe; (Clgy), and lipids of the
chromatophore-like bilayer. These probabilites are shown here in the unit of percentage (%), where 1% =
0.01. These probabilities show that, the likelihood, and hence the ability, for cyt.c, to recognize an association
partner when it is in the bulk solution is only marginally affected by the protein redox state; whereas the
protein ability to stay associated with an association partner is appreciably controlled by the protein redox
state. Determinations of these probabilities are given in Sec.S1.4. ” MA” stands for not applicable.

P | a | |
A= Clyeg NA 5% + 0.3% NA 40% =+ 4%
A=Cly 4% + 0.2% NA 33% + 2% NA
A=lipids | 5% +0.1% | 6% +0.2% | 34%+1% | 43% + 2%
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