Exploring O Diffusion in A-type Cytochrome c¢ Oxidases: Molecular

Dynamics Simulations Uncover Two Alternative Channels towards the Binuclear Site.

A. Sofia F. Oliveira, Jodo M. Damas, Antonio M. Baptista, Claudio M. Soares

Supporting Information

1. Parameterization of the redox centers

Since the GROMOS 54A7 force-field [1] lacks the parameterization for the reduced bis-
histidine heme a group, for the copper center and for the BNC, we had to determine,
using quantum chemical (QM) methods, atomic partial charges for the three Ccox’s
redox centers: Cup center (Figure S1), heme a (Figure S2) and BNC (Figure S3). For
all centers, the models were built based in the reduced structure from R. spharoides
(pdb code: 3FYE [2]). These models include the metal atoms and, in general, the side-
chains of the centers coordinating residues up to Cg. The only exception was for the
Cua center (Figure S1), where the main-chain down to C, was considered for E254,
and L255;;, and the side-chain down to C, was used for M263;;.

In the case of heme groups, both the propionates and the aliphatic tail were not
included in the QM calculations and were both substituted by methyl groups (see
Figures S2 and S3 for details). All protons were energy optimized using the software
GAUSSIANO9 [3] by fixing the positions of all hetero-atoms. The optimizations were
performed using B3LYP and the basis sets 6-31G(d) for hetero-atoms and 6-31G(3df)
for metal ions. Afterwards, single-point calculations were carried out on the resulting
optimized structures using B3LYP and the cc-pVTZ basis sets. The calculations
included the solvent effects (using PCM) in a medium of dielectric constant of 4. The
electrostatic potentials in space derived were then fitted using the restrained
electrostatic potential (RESP) method [4] in order to derive the atomic partial charges
for the atoms of interest (united atom approach, with the exception for the polar and
aromatic hydrogens). Since the RESP method has a problem when dealing with
heavily buried atoms (such as the metal atoms in our centers), the atomic partial
charges for the metals were constrained to the value of their Mulliken charge found
previously. This procedure avoided unphysically high values for the partial charges like
the ones obtained in an unconstrained fitting. The final partial charges for the centers
are described in Tables S1, S2 and S3.



The van der Waals parameters for the Fe atom (located in the heme groups) were
taken from the universal force field [5], whereas the remaining bonded and van der
Waals parameters for the metal centers were adapted from the GROMOS 54A7 force
field [1].
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Figure S1- Schematic representation of the Cua center in the reduced form. In our

parameterization only the polar and aromatic hydrogens were considered explicitly.

Table S1- Atomic partial charges for the Cua center in the reduced state.

Atom Atomic Atom Atomic Atom Atomic
number partial number partial number partial
charge charge charge




Cu; 0.300 S12 -0.653 Cas -0.215
Cu, 0.476 Cis 0.075 N24 0.017
N3 -0.163 O14 -0.419 Cos -0.416
Cs 0.080 Cis 0.408 Cos 0.150
Ns -0.173 Cie 0.040 Cor 0.069
Ce -0.379 Cir 0.248 Has 0.221
Cs 0.134 Nig -0.520 Hao 0.284
Cs 0.051 Hio 0.310 Hao 0.221
Ho 0.224 S20 -0.681 S -0.400
H1o 0.331 Cos 0.071 Cs 0.157
Hiq 0.101 N2z -0.160 Css 0.208
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Figure S2- Schematic representation of the Heme a center in the reduced state.

Table S2- Atomic partial charges for the Heme a center in the reduced state.
Atom Atomic Atom Atomic Atom Atomic
number partial number partial number partial
charge charge charge
Fe4 0.673 Ca1 0.066 Ha1 0.139
4




N2 -0.492 Ca -0.230 Hao 0.383
N3 -0.279 Cas -0.343 Na3 0.173
N4 -0.524 Cos -0.231 Cus -0.438
Ns -0.440 Cos -0.803 Css 0.095
Ce 0.091 Cos 0.086 Nas -0.268
Cr 0.006 Cyor 0.081 Ca7 -0.088
Cs -0.359 Cos 0.529 Cus 0.101
Co 0.384 Oa9 -0.552 Hao 0.336
Cio 0.080 Caso 0.053 Hso 0.185
Cu -0.122 Cs4 0.290 Hs1 0.269
Ciz 0.042 Oa -0.630 N5 0.152
Cis 0.027 Has 0.396 Css -0.501
Cis -0.052 Cas -0.016 Cosas 0.130
Cis 0.109 Css 0.086 Nss -0.317
Cis -0.468 Css -0.069 Cse -0.011
Cir 0.749 Csr 0.061 Cs7 0.097
Cis 0.353 Cas 0.073 Hss 0.298
Cig -0.146 Hag 0.146 Hso 0.347
Cao -0.085 Hao 0.215 Heo 0.162
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Figure S3- Schematic representation of the BNC center in the reduced state.



Table S3- Atomic partial charges for the BNC center in the reduced state.

Atom Atomic Atom Atomic Atom Atomic
number partial number partial number partial
charge charge charge
Feq 1.046 Ca1 0.365 Ce1 0.000
N, -0.644 O3 -0.593 Ce2 -0.140
N -0.531 Has 0.365 Ces 0.000
N4 -0.796 Cas -0.023 Ceas -0.140
Ns -0.727 Css 0.022 Ces -0.140
Ce 0.259 Css 0.159 Ces 0.203
C; -0.041 Ca7 0.023 Oe7 -0.611
Cs -0.355 Cas 0.131 Hes 0.408
Co 0.524 Hso 0.134 Hso 0.140
Cio 0.462 Hao 0.197 Hzo 0.140
Ci1 -0.246 Ha1 0.142 Cr 0.000
Ci2 -0.071 Hao 0.183 H.> 0.140
Cis 0.236 N3 -0.282 N73 -0.272
Cia 0.360 Cua -0.141 Cra 0.048
Cis 0.146 Cus -0.024 N7s -0.175
Cis -0.593 Nass -0.179 Crs -0.059
C7 0.714 Ca7 0.062 Crr -0.064
Cis 0.459 Cus 0.138 Crs 0.124
Cio -0.161 Hao 0.325 Hzo 0.124
Co -0.241 Hso 0.106 Hso 0.325
Co 0.471 Hs1 0.159 Ha+ 0.150
Cax -0.350 Cus; 0.470 Ns2 -0.438
Cos -0.450 Ns3 -0.560 Css -0.097
Cos -0.433 Csa 0.212 Caas -0.036
Cos -0.572 Nss 0.132 Nags -0.028
Cas 0.126 Cse -0.142 Css 0.122
Cor 0.105 Cs7 0.032 Cs7 0.142
Cas 0.504 Css 0.142 Hss 0.163
Oa9 -0.480 Hsg 0.163 Hso 0.218
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2. Protonation state of protonable residues at pH=7.0

The protonation state of each individual protonable group in the protein at a given value
of pH (in this case pH=7.0) has to be specified prior to the MD simulations. He have
determined the protonation states of the protonable residues in Ccox using
methodologies for studying the thermodynamics of proton binding described in detail in
[6,7]. These methodologies use a combination of Poisson-Boltzmann (PB) calculations,
performed with the program MEAD (version 2.2.5) [8-10], and Metropolis Monte Carlo
(MC) simulations, using the program PETIT (version 1.3) [6]. The GROMOS 54A7
charge set [1] was used for the normal residues, whereas our calculated atomic
charges were used for the redox centers. The dielectric constants used for the solvent
(esat) and for the protein (gproein) Were 80 and 10, respectively [11]. An implicit
membrane was introduced in the x-y plane and modeled as a low dielectric (Ememb= Eprot)
slab of 40 A. The PB/MC calculations were done at a fixed redox state (fully reduced),
and with steps of 0.2 pH units. The N- and C-termini of both subunits T and II were
allowed to titrate. Based on the titration curves, most of the glutamic and aspartic acid
residues, propionates and C-termini were found to be negatively charged, whereas
most of the lysine and arginine residues and N-termini were found to be positively
charged. Five exceptions were observed, namely K74, K438,, E286;, D407;and K362;,
which were found to have a total charge of zero. E286;, D407; and K362, are residues
located in the interior of the protein and thus were left in the predicted neutral state. In
contrast, K74; and K438, are positioned close to the water/membrane interface, where
they can easily change their conformation and directly interact with the solvent, and
thus were considered to be positively charged. Histidine residues were found to be in
different protonation states (Table S4). It should be noted that the histidine residues
coordinating the redox centers were not allowed to titrate.

Y288; is a tyrosine residue that is cross-linked to one of the BNC histidines via its N¢;
atom. This chemical modification is known to alter the phenol pK,.s (the pK, of the
group when it is completely solvated and in the absence of other interactions) [12]. A
procedure similar to the one describe in [13] was used for the parameterization of the
pKmog Of this cross-linked tyrosine residue. The pKpoe Value that mimic the experimental
titration [12] was 8.599 for €,in=10. These values were calculated considering that

Y288, has two possible tautomers [6].

Table S4- Protonation state of Ccox free histidines. HisA refers to the neutral residue

protonated at the N; position, while HisB corresponds to a neutral residue protonated at N.. The

HisH represents the protonated histidine both at N5 and N, and with the overall charge of +1.
9



H102;, H333,, H334,, H419,, 421,, H217;; and H260; are coordinating the redox centers (see
Figure S1, S2 and S3) and were not allowed to titrate in our PB/MC calculations. H284, is
coordinating the Cug copper ion and is cross-linked to Y288, and by this reason it is not

protonated in N5 norin N..

Residue Subunit | Protonation State
26 I HISA
67 I HISH
93 I HISB
102 I HISA
127 I HISB
195 I HISB

223 I HISA
277 I HISB
284 I n.a
300 I HISA
333 I HISA
334 I HISA
411 I HISA
419 I HISA
421 I HISA
456 I HISB
472 I HISA
534 I HISB
549 I HISB
55 I HISB
84 I HISB
96 I HISA
217 I HISB
260 I HISB
282 I HISH
283 I HISH
284 I HISH
285 I HISH
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3. Ccox inserted in a lipid membrane with explicit O,

Figure S4- Side view of the simulated system with explicit O, in the beginning of the simulation
for one replicate. All O, molecules (pink spheres) were initially randomly placed in the solvent.
The protein is rendered as a carton while the nitrogen and the phosphate atoms from the lipid

head groups are represented as blue and orange spheres.
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4. Ccox conformational drift during the MD simulations

In order to study O, diffusion into Ccox, we simulated the protein inserted into a DMPC
membrane together with 84 O, molecules. These simulations are called “O,
simulations”. In order to reduce the sampling problems, 5 replicas, each 100 ns long,
were simulated. At the beginning of the simulations, all O, molecules were placed in
the solvent.

In addition, and as a control, we have also simulated Ccox inserted into a DMPC
membrane without O, (named “O.-free simulations”). For this set, 5 replicates were
performed, each 100 ns long.

The behavior of Ccox was carefully examined during the 100 ns for the two sets of
simulations, by visual inspection and by monitoring several system properties (Figure
S5), such as the root mean square deviation from the X-ray structure (Figure S5A and
S5B), the secondary structure content (Figure S5C and S5D) and the solvent
accessible surface (Figure S5E and S5F). As can be seen in Figure S5, no significant
differences were found between the two set of simulations, which indicate that the high

concentration of O, used in our simulations does not affect the conformational stability

of Ccox.
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Figure S5- Comparison between the simulations with (orange line) and without (black line) O,.
A and B- Average (over the five replicates) C, RMSD evolution along the simulation time for
subunit T (left side) and II (right side). The C, RMSD was calculated relative to the X-ray
structure and was determined after fitting each subunit separately. Due to a high amplitude rigid
body motion of helix 31, (which will be discussed in the following paragraph), the RMSD was
calculated disregarding that region. C and D- Percentage of residues with conserved
secondary structure relative to the X-ray structure (calculated using DSSP [14]) for subunit I and
I1. The regular secondary structures considered for this measure were the a-helix, the B-sheet,
the 349 helix and the B-bridge (DSSP classification [14]). E and F- Time evolution of the Solvent
Accessible Surface (SAS) for subunit I and II. All the averages represented in this figure were

obtained over all 5 replicates.

In the two sets of simulations, we observed a large movement of helix 31, towards the

membrane region (see an illustrative example of this movement in Figure S6).

Figure S6- Representative example of the helix 31; movement in the O,-free and in the O,

simulations. The left side image shows the X-ray structure, while the middle and the right
images represent the protein structure (for one of the five replicates) obtained after 100 ns of
simulation for the O, free (middle) and for the O, simulations (right side). In this image, subunits
I and II are colored in green and cyan, respectively. Helix 31y, is highlighted in magenta. The
yellow spheres represent the Cu atoms, whereas the N and P atoms from the lipid head groups

are represented as blue and orange spheres. The rest of the lipid atoms are omitted for clarity.

This large movement resulted in a high RMSD for the helix 31, region (see Figure S7).

In some of the replicates, this rotation started early in the simulations (in the first ten

nanoseconds) and it was fast (e.g replicate 2 and 4 in the O, free and in the O,

simulations, respectively), while in other replicates the rotation started later in the
13



simulations (after several tens of nanoseconds) and it consisted in a mild and
progressive movement (e.g replicate 3 and 4 of the O, free simulations and replicate 3
in the O, simulations). Nevertheless, and despite this large amplitude movement, the
overall Ccox tri-dimensional fold was maintained intact during the 100 ns of simulation,
as can be seen by the small percentage of secondary structure loss (<10%) and by the

low RMSD values measured (Figure S5).
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Figure S7- Time evolution of the C, RMSD of helix 31;; with respect to its position in the crystal

structure, after fitting to the subunit IT C, atoms, for the (A) O, free and the (B) O, simulations.

Helix 31y is a small a-helix formed by 10 residues and is located in the water-soluble
globular domain of subunit II. Upon rotation, some of the helix 31y residues establish
new interactions (such as H-bonds and van der Waals interactions) with the polar
phosphocholine lipid headgroups (Figure S6). This new observed conformation for
helix 31 and its direct interactions with the membrane is not present, at least to our
knowledge, in any of the crystallographic structures available for the A-type Ccoxs (e.g.
[2,15-21] ) nor has been previously reported in any of the MD studies using Ccox (e.g.
[22-39]). In the majority of the computational studies available, no membrane was

simulated and/or spatial restrictions were imposed on the protein in order to maintain
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its structural integrity and avoid severe deviations from the X-ray structures (like in
[22,24,28,29,32-36]). In the cases were a lipid membrane was explicitly simulated,
sometimes the simulated time was smaller than the time needed to observe such a
movement (e.g. [23,25-27,30,31,37]) and/or the simulation conditions were different
from the ones used in this work (force-fields, lipids used to built the membrane, X-ray

structure used as a starting structures for the simulations), like in [38,39].

We consider that the high amplitude conformational change observed for helix 31y is a
natural adaptation of the protein to the membrane moiety, which may be different from
the crystallographic environment. By the analysis of the crystallographic contacts of
helix 31;;, we were able to see that this helix interacts strongly with its symmetry mates
in the crystal. By this reason, the conformation for helix 31, observed in the X-ray
crystals may be strongly influenced by these contacts and may not reflect the real

situation when the protein is inserted in a lipid membrane.

15



5. O, diffusion in a DMPC membrane

t=100 ns

Figure S8- Snapshots of the simulated system (Ccox, membrane and O) in the beginning (t=0

ns) and after 100 ns of simulation for the five replicates performed. The protein is rendered as a

cartoon while the nitrogen and the phosphorous atoms from the lipid head groups are

16



represented as blue and orange small spheres. The O, molecules are highlighted as pink

spheres. For clarity purposes, the solvent molecules were not represented in this image

17



6. O, molecules inside Ccox
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Figure S9- Number of O, molecules inside the protein throughout the simulation time.
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