J Membrane Biol (2015) 248:443-453
DOI 10.1007/s00232-014-9732-2

@ CrossMark

Dynamics of the Plasma Membrane Proton Pump

Federico Guerra - Ana-Nicoleta Bondar

Received: 15 June 2014/ Accepted: 18 September 2014 /Published online: 2 October 2014

© Springer Science+Business Media New York 2014

Abstract Proton transfer over distances longer than that
of a hydrogen bond often requires water molecules and
protein motions. Following transfer of the proton from the
donor to the acceptor, the change in the charge distribution
may alter the dynamics of protein and water. To begin to
understand how protonation dynamics couple to protein
and water dynamics, here we explore how changes in the
protonation state affect water and protein dynamics in the
AHAZ2 proton pump. We find that the protonation state of
the proton donor and acceptor groups largely affects the
dynamics of internal waters and of specific hydrogen
bonds, and the orientation of transmembrane helical seg-
ments that couple remote regions of the protein. The pri-
mary proton donor/acceptor group D684, can interact with
water molecules from the cytoplasmic bulk and/or other
protein groups.

Keywords Proton transfer - Protein dynamics - Dynamics
of internal waters - Hydrogen-bonding - AHA2 proton

pump

Introduction

Proteins such as the membrane-embedded proton pumps or
the Photosystem II complex transport protons over long
distances by using titratable protein sidechains and protein-
bound water molecules as intermediate carriers for the
proton. Flexibility of the protein and rearrangements of the
water molecules may be required to establish paths for
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proton transfer. That protein and water dynamics are
important for proton transfer is illustrated, for example, by
observations on the bacteriorhodopsin proton pump: there,
direct proton transfer from the primary donor to the proton
acceptor has a rate-limiting barrier of ~ 12 kcal/mol in a
flexible protein environment, as compared to ~ 23 kcal/
mol when the protein is fixed (Bondar et al. 2006), the
energetics of proton transfer is largely shaped by electro-
static interactions (Bondar et al. 2004; Braun-Sand et al.
2008), and active-site water molecules have a significant
impact on the proton transfer path (Bondar et al. 2008). To
probe the coupling between protonation state, protein and
water dynamics, here we used as model system the P-type
plasma membrane proton pump from Arabidopsis thaliana,
AHAZ2 (Figs. la, 2a), for which we performed extensive
all-atom molecular dynamics simulations with five differ-
ent protonation states.

P-type ATPases are membrane proteins whose func-
tioning involves hydrolysis of adenosine triphosphate
(ATP) with formation of a phosphorylated (P) intermediate
state. Proteins from this family, which includes cation
pumps and phospholipid flipases (Kiihlbrandt 2004; Morth
et al. 2011; Palmgren and Nissen 2011), constitute
important drug targets (Schubert and Peura 2008; Yatime
et al. 2009). The plasma membrane proton pump couples
the cleavage of ATP on the cytoplasmic side with protein
conformational changes and proton transfer at the trans-
membrane domain, such that one proton is pumped across
the membrane for each ATP molecule that is cleaved (for
reviews see, for example, (Bublitz et al. 2010; Morth et al.
2011).

In the AHA2 plasma membrane proton pump, the pri-
mary proton donor is thought to be D684 of helix 6 (Pe-
dersen et al. 2007; Buch-Pedersen et al. 2000; Buch-
Pedersen and Palmgren 2003) (Figs. la, 2a). Mutation of
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Fig. 1 Polar and charged groups of the transmembrane region of
AHA?2. a The transmembrane domain of AHA2 from the crystal
structure of Pedersen et al. 2007 showing amino acid residues that
may be particularly important for proton transfer. Oxygen atoms are
colored red, nitrogen—blue, and carbon—cyan. b Charged and polar
groups of the transmembrane domain of AHA?2. For clarity, only the
Co atoms are depicted as small spheres colored as follows: Asp/
Glu—red, Arg/Lys—blue, Ser/Thr—green, and other hydrogen

D684 to asparagine, alanine, valine or arginine amino acid
residues abolishes proton pumping (Buch-Pedersen and
Palmgren 2003; Buch-Pedersen et al. 2000), and even the
conservative D684E mutation reduces proton pumping to
~ 8 % of the wild-type level (Buch-Pedersen and Palmgren
2003). The observation of reduced proton pumping in
D684E is somewhat counter-intuitive: a longer Glu side-
chain, being more flexible, should allow the formation of a
proton-transfer geometry with a lower energetic cost than
an Asp sidechain (Bondar et al. 2006). The reduced
pumping of D684E thus suggests that D684 has an
important local interaction that is compromised when
lengthening the carboxylate sidechain. This local interac-
tion may be an inter-helical hydrogen bond with N106 on
helix 2: in the crystal structure of AHA2 (Pedersen et al.
2007), the D684 carboxylate and the N106 carboxyamide
group are within hydrogen bonding distance (Figs. 1a, 2a).
The relevance of the N106/D684 interaction for the func-
tional mechanism of the pump is further highlighted by the
observations of perturbed proton pumping in N106 mutants
(Ekberg et al. 2013).

The interaction between N106 and D684 may be
dynamic: These two groups are close to an opening at the
cytoplasmic side, where bulk water molecules are likely to
visit transiently and interact favorably with, for example,
E113/E114 (Fig. 1) (Buch-Pedersen et al. 2009). The pre-
sence of water molecules close to the proton-binding site
was also inferred based on the 8 A electron microscopy
map of the Neurosphora crassa H"-ATPase (Kiihlbrandt
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bonding sidechains—purple. Co atoms of Cys groups are shown in
dark yellow. Note the numerous charged and polar groups in the both
cytoplasmic and extracellular halves of the transmembrane domain.
The primary proton donor/acceptor group, D684, is close to N106.
Upstream N106 there are two carboxylates, E113 and E114, which in
N. crassa and S. cerevisiae are present as Gln and Glu, respectively.
For all molecular graphics we used VMD (Humphrey et al. 1996)
(Color figure online)

et al. 2002). Upstream N106, helix 2 contains three Ser/Thr
groups (S107, T108 and S110 in Fig. 1b); this NSTxS
motif is observed in some other plant H" P-type ATPases
(Fagan and Saier 1994). On helix 6, 2-3 positions upstream
the aspartate residue that acts as primary proton donor
group, there is a Thr group—T686 in AHA2, and T733 in
N. crassa and S. cerevisiae. These Ser/Thr groups may be
important for the local dynamics and water interactions at
the proton-binding site: the hydroxyl groups of Ser/Thr can
have intrahelical hydrogen bonds (Gray and Matthews
1984; Presta and Rose 1988; Richardson and Richardson
1988) and alter the local dynamics of the helix (del Val
et al. 2012).

We know little about the mechanism by which a proton
released from D684 is translocated across the protein.
Based on the crystal structure, it was suggested (Pedersen
et al. 2007) that proton pumping may involve the D92/D95
carboxylate groups on the extracellular side (Fig. 1a). The
distance between the putative proton donor and acceptor
sites (17 A between the Cy atoms of D95 and D684 in
Fig. 1a), is too large for a direct proton transfer, suggesting
that proton transfer requires the assembly of a protein/
water hydrogen bonded network. Although water coordi-
nates have not been solved in the crystal structure, the
significant number of polar groups within the transmem-
brane domain of the pump (Fig. 1b) suggests that numer-
ous waters may visit the interhelical region of the protein at
least transiently. Examples of groups that may be particu-
larly important for water dynamics inside the
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Fig. 2 AHAZ2 in a hydrated lipid membrane patch. a Cut-away view
of the simulation system from the end of Siml. The protein is
depicted as magenta cartoons, water oxygen atoms as blue dots, and
lipid molecules are shown as van der Waals spheres with the alkyl
chains in ochre and the headgroups in ice blue. Important protein
groups are depicted as van der Waals spheres using the color code
from Fig. la. b Close view of the transmembrane region of AHA2
illustrating locations sampled by water molecules at the end of Siml.

transmembrane domain include E74, which is part of the
first transmembrane helix, and R655, which is at the middle
of helix 5 (Fig. 1). In the crystal structure (Pedersen et al.
2007), the positively charged sidechain of R655 is close to
a cavity that might be filled with water (Buch-Pedersen
et al. 2009). The suggestion that R655 likely interacts with
water is compatible with the absence of nearby pro-
tein sidechains for hydrogen bonding. Instead, R655 is
within hydrogen-bonding distance (3.4 A) from the back-
bone carbonyl of S762.

To begin to understand the dynamics of AHA2 and how
protein groups and waters respond to changes in its pro-
tonation state, we performed extensive all-atom molecular
dynamics simulations of AHA2 for five different proton-
ation states. We find that the transmembrane domain of
AHA2 can host numerous water molecules. The

The water locations are illustrated as an isosurface (isovalue 0.48)
computed using 15 equally spaced coordinate snapshots from the last
6 ns of Sim1. ¢ Summary of the simulations performed. For details on
the protonation state, see Fig. 3. d Normalized probability distribution
of water molecules and specific protein groups. For clarity, the water
density profile is shown only for the transmembrane region of the
protein (Color figure online)

protonation states of D95 and D684 appear important for
inter-helical hydrogen bonding in the transmembrane
region. The R655A mutant, which has drastically reduced
proton pumping (Buch-Pedersen and Palmgren 2003), has
altered water dynamics.

Methods

Protein Structure

For the starting protein coordinates we used chain A of the
AHA?2 crystal structure from Ref. (Pedersen et al. 2007)

(PDB ID: 3B8C). This crystal structure indicates coordi-
nates for a magnesium ion bound at the ATP site, and for a
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Fig. 3 Protonation states

2
studied with Sim1-Sim5. A >
a Image based on the crystal x'S7
structure of AHA2 (PDB / cytoplasm B
ID:3BS8C, chain A) (Pedersen D372
et al. 2007) with carboxylate R . L D1 5% Protonation Protonated Asp/Glu (¥)
sidechains whose protonation ‘ 'D329 . <
state was considered here. e “ T, Ry %f p-1 E15,D95, D165, D372
b Carboxylate groups whose i B ,»’ p D165 ET5
protonation distinguishes Sim1- T p-2 D684
SimS5. In all simulations ¢ v B6n7
performed, E74, D152, E258, - W p-3 E15, D165, D372, D684
E318, D329, D617, D670, E752 L E318:. P S
2\, > p- , D165,
and E808 are protonated S 4 :“ D 684
@ E74 p-5 D95

{M E258 -
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nonhydrolysable ATP analogue, 5'-(B,y-methylene)-tri-
phosphate, AMPPCP. To model ATP, we replaced the C;B
carbon atom of AMPPCP by oxygen. We constructed
coordinates for the hydrogen atoms using CHARMM
(Brooks et al. 2009; Brooks et al. 1983), and used VMD
(Humphrey et al. 1996) to align the protein with its prin-
cipal axes along the xyz axes. We then embedded the
protein into a palmitololeoyl phosphatidylcholine (POPC)
lipid bilayer such that the protein was oriented with its
principal axis along the membrane normal, and its trans-
membrane domain was in the center of the lipid bilayer.
The lipid bilayer was solvated by 84,779 water molecules,
and chloride ions were added for charge neutrality. The
simulation system consisting of the protein, bound ATP
and magnesium, hydrated lipid bilayer and neutralizing
chloride ions, contained ~ 332,000 atoms.

To prepare the R655A mutant we used the crystal
structure of wild-type AHA2 (Pedersen et al. 2007) and
replaced the sidechain of R655 by Ala.

Protonation States

We explored the coupling of AHA2 dynamics to the pro-
tonation state by performing simulations with different
protonation states of specific carboxylate groups. To select
the protonation states we inspected the crystal structure and
used PROPKA 3.1 (Li et al. 2005; Olsson et al. 2011;
Sondergaard et al. 2011) to estimate the pKa values. This
led us to select five different protonation states for further
investigation with molecular dynamics simulations
(Figs. 2c, 3). Except for the carboxylate groups explicitly
listed as protonated in a specific simulation, all other
titratable amino acid residues were considered in their
standard protonation state.
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Force Field Description

We used the CHARMM (Brooks et al. 2009; Brooks et al.
1983) force field parameters for the protein (MacKerell
et al. 1998; MacKerell et al. 2004), lipid (Klauda et al.
2010) and nucleotide atoms (Foloppe and MacKerell 2000;
MacKerell and Banavali 2000), and the TIP3P model for
water molecules (Jorgensen et al. 1983).

Molecular Dynamics Simulations

All simulations reported here were performed independently
using the following protocol. We performed all-atom
molecular dynamics simulations with NAMD (Kale et al.
1999; Phillips et al. 2005). Bonds involving hydrogen atoms
were constrained using SHAKE (Ryckaert et al. 1977). We
used a switching function between 8 and 12 A for the short-
range real-space interactions, and the smooth particle mesh
Ewald summation (Darden et al. 1993; Essmann et al. 1995)
for the Coulomb interactions. To perform simulations in the
NPT ensemble (T = 300 K, P = 1 barr) we used a Lange-
vin dynamics scheme and a Nose-Hoover Langevin piston
(Feller and MacKerell 1995; Martyna et al. 1994). To inte-
grate the classical equations of motion we used an integra-
tion step of 1 fs during heating and the first ~1 ns of
equilibration without constraints, after which we used the
reversible multiple time-step algorithm (Grubmiiller et al.
1991; Tuckermann and Berne 1992) with time-steps of 1 fs
for the bonded forces, 2 fs for the short-range non-bonded,
and 4 fs for the long-range electrostatic forces.

During minimization and the initial stage of equilibra-
tion we used weak harmonic constraints as follows. Heat-
ing and the first 1 ns equilibration were performed with
weak harmonic constraints of 5 kcal/mol A2 on the protein,
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ATP, and magnesium ion, and 2 kcal/mol A? on all waters
and on lipids further than 15 A from the protein. We then
released all constraints on the lipid atoms and performed an
additional 1 ns of equilibration. In the next two steps, each
involving 1 ns equilibration, we first lowered to 2 kcal/
mol AZ? the constraints on protein, magnesium, and ATP
atoms, and then switched them off. Finally, the constraints
on the water molecules were switched off and the simu-
lation was continued without any constraints. In what fol-
lows, as origin of the simulation time we consider the
moment when all constraints were switched off. For data
analyses of the simulations we used VMD (Humphrey et al.
1996) and our own scripts. Normalized number density
profiles were computed from the last ~20 to 22 ns of the
simulations. As criterion for hydrogen bonding we used a
distance between the donor/acceptor heavy atoms <3.5 A.
To compare the sequences of H™ P-type ATPases from A.
thaliana, N. crassa and S. cerevisiae, we used Clustal W
(Larkin et al. 2007).

Results

We studied the dynamics of wild-type AHA2 on timescales
of 90-112 ns by performing five independent molecular
dynamics simulations distinguished by the protonation states
of specific carboxylate groups (Figs. 2c, 3). Test estimations
of pKa values with PROPKA 3.1 (Li et al. 2005; Olsson

Fig. 4 Dynamics of AHA2

with negatively charged D684 2/
and protonated D95 (Sim1). ‘\—/j‘ N106
a Close view of interactions at o®

the D684 site. Water molecules Deg4 5‘
within 3.5 A of D95 and D684 b

/ / y
are depicted as small purple ( 6] o0 ® 258
spheres. b Illustration of the \/ /5 Gas4
interactions at the D95, R655 N683
and D684 sites. c—e Time series R sti/

of distances from Siml (in ,&) 7 R655 ™ 4
indicating that R655 hydrogen ( ) N\
bonds to G283 (¢), N683 (d) and N /s
S762 (e). In Figs. 4b, 5a—c, 6d, 5762
and 9c, d, we label with bold

letters the carboxylic amino

acid residues that are protonated

(Color figure online) c

R655-NE : G283-0

distance (A)

0 30 60 )
time (ns)

et al. 2011; Sondergaard et al. 2011) indicated that several
Asp/Glu groups have pKa values >6.0; these groups are
D95, D152, D165, E208, E258, D275, E318, D329, D372,
D559, D617, D670, E708, E752, and E808 (Fig. 3a). For
E15, E74 and D684 (Fig. 3a) the estimated pKa values were
somewhat lower at 5.8, 5.9 and 5.8, respectively. Further
inspection of the crystal structure (Pedersen et al. 2007)
indicated that the protein interactions of some of these car-
boxylate sidechains are compatible with their being pro-
tonated: for example, the carboxylate groups of E318, D372,
E752 and E808 are within hydrogen-bonding distances of
other carboxylate groups, and the E74 carboxylate is within
2.8 A distance of the S70 carbonyl group. D684 is close to
N106, which led to the suggestion that these two groups may
hydrogen bond and that the crystal structure may have
captured AHA?2 in an intermediate state with D684 is pro-
tonated (Pedersen et al. 2007).

Pursuant to the considerations above, as a first step
towards understanding the proton-coupled dynamics of
AHAZ?2, in all simulations we considered that E74, D152,
E258, E318, D329, D617, D670, E752 and E808 are pro-
tonated. The five simulations on wild-type AHA2 are then
distinguished by the protonation states of E15, D95, D165,
D372 and D684 (Fig. 3). The proton donor/acceptor group
D684 is negatively charged in Siml, Sim4 and Sim5, and
neutral (protonated) in Sim2 and Sim3. D95 (Figs. la, 2a)
is negatively charged in Sim2, Sim3 and Sim4, and neutral
in Sim1 and Sim5. Sim1 and Sim4, which are distinguished

B
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by the protonation state of D95, thus provide clues on how
interactions at the extracellular proton release cluster may
affect protein and water dynamics. Simulations on the
R655A mutant (Sim2’ and Sim5’) were performed for the
same protonation states as in the wild-type simulations
Sim2 and Sim5 (Fig. 2c). We find that, regardless of the
protonation state, there are numerous water molecules
within the transmembrane domain of AHA2.

The Proton Donor Group D684 Interacts with Water
Molecules

Due to its being located close to the cytoplasmic interface
(Figs. 1a, 2a), D684 can easily interact with bulk water
molecules regardless of its protonation state (Figs. 2b, 4a,
b, 5a—c, 6a, b). At the extracellular side, the cluster of
carboxylates (Fig. 1a) and other polar groups (Fig. 1b) is
also accessible to water (Figs. 2a, b, 6a), and the normal-
ized number density profiles (Figs. 2d, 6¢) appear to sug-
gest that water molecules can enter deeper into the
extracellular region of the protein in Sim4, where D95

negatively charged, than in Sim1, where D95 is protonated.
Accessibility of the pump to water from both sides of the
membrane is also observed in Sim2, Sim3 and Sim5
(Fig. 5a, b). That a large number of water molecules can
visit the transmembrane domain of the protein is compat-
ible with the presence of numerous charged and polar
protein groups in this region (Fig. 1).

Dynamics of the R655 Inter-helical Hydrogen Bonds

The location of R655 in the crystal structure and consid-
erations of sequence/function relationship led to the sug-
gestion that R655 may be important for its electrostatic
interactions with D684, and for the generating a trans-
membrane potential (Pedersen et al. 2007). In computa-
tions with D684 negatively charged and D95 protonated
(Sim1), we observe hydrogen bonding of R655 to N683
(Figs. 4b, c, d), the backbone carbonyl of G283 (Fig. 4c)
and to the S762 hydroxyl group (Fig. 4e). That is, in Sim1
R655 can mediate a hydrogen-bonding cluster that inter-
connects helices 4, 5, 6 and 7 (Fig. 4a).

Fig. 5 Water molecules in the b
. A B
transmembrane domain of Sim2 Sim3 /
AHA?2. a—c Snapshots from the /
end of Sim2 (a), Sim3 (b) and ‘ |
Sim5 (c) illustrating water \ \ :
molecules in the transmembrane v 15 . © ) A | ® gy
domain of AHA2. Water @ L w N106 o ¥ X C f e - / 4 {L (¥
oxygen atoms inside the inter— R ) =4'D684 ‘ b%l:H‘O6
helical transmembrane region of ve ‘ © R655 )
the protein are shown as yellow L bl w683 0':,. & “ D684
spheres. For details on the | ResS o Q%O [ 9
| L
protonation state of specific Vi g | &f Q76!
carboxylate groups in each of | :"uv 2 ‘ “‘_,"' g “
these three simulations, see &x %/'E752 “E/ 52 e D9
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Fig. 6 Dynamics of AHA2 with negatively-charged D95 and D684.
a Illustration of water molecules inside the transmembrane region of
the protein in Sim4. The ice-blue surface is the isodensity surface of
internal water molecules computed with VMD (Humphrey et al.
1996) from the last 20 ns of Sim4, shown at an isovalue of 0.4. The
water isodensity surface is shown on a coordinate snapshot of the
protein. For this coordinate snapshot we also depict as spheres (red
for oxygen atoms and white for hydrogen) the water molecules along
the pore from D684 to R655, and from R655 to D92/D95, that are

The inter-helical hydrogen-bonding cluster appears
perturbed in Sim4, where the hydrogen bond between
R655 and N683 breaks (Figs. 6a, b, d, 7). R655 now has
a stable intra-helical hydrogen bond with the 1652
backbone carbonyl group (Fig. 7e), and transient hydro-
gen bonds to the backbone carbonyls of G283 and G284
(Fig. 7c, d), whereas N683 engages in two stable
hydrogen bonds with Q760 (Figs. 6b, 7a, b)—an amino
acid residue that is only two helical turns upstream E752
(Fig. 6d). The changes in the inter-helical hydrogen
bonds and water interactions at the N683, R655 and D95
sites appear associated with changes in the orientation of
helices 2 and 5 relative to the membrane normal
(Fig. 8a), such that the projection on the membrane plane
of Ca atoms at the cytoplasmic interface of these heli-
ces changes by a few A (Fig. 8b).

E808

within hydrogen-bonding distance from each other. b Interactions at
the R655 and D684 sites. We show as small gray spheres the water
oxygen atoms within 3.5 A of the D684 carboxylate oxygen atoms
and the N106 carboxyamide oxygen and nitrogen atoms. ¢ Normalized
density profiles for water and specific groups computed from Sim4.
d Illustration of specific inter—helical interactions at the end of Sim4.
We show as small gray spheres the water oxygen atoms from b, and
those within 3.5 A from the carboxyl oxygen atoms of E752 (Color
figure online)

The observation above that the R655 sidechain may
have transient hydrogen bonds to the backbone carbonyls
of G283 and G284 is intriguing: It has been inferred, based
on homology modeling, that the backbone carbonyls of
1282, G283 and 1285 could contribute to a binding site for a
protonated water molecule (Bukrinsky et al. 2001), and
found that replacement of 1282 by Ala, Gly or Ser affects
proton transfer (Fraysse et al. 2005). Hydrogen bonding of
an Arg sidechain to backbone carbonyl groups could also
indicate a structural role of the Arg (Borders et al. 1994).

The R655A Mutation Affects Water and Hydrogen
Bond Dynamics

We tested the structural role of R655 by performing two
independent simulations on the R655A mutant with D95
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Fig. 7 Hydrogen bonding of R655 and N683 in Sim4. a—e Time
series of selected distances from Sim4. N683 hydrogen bonds to Q670
(a, b), and R655 has transient inter-helical hydrogen bonds with the

Fig. 8 The protonation state

backbone carbonyl groups of G283 and G284 (c, d), and a stable
intra-helical hydrogen bond with the 1652 carbonyl group (e)
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negatively charged and D684 protonated (Sim2’), vs. D95
protonated and D684 negatively charged (Sim5’). Com-
parison of inter-helical hydrogen bond dynamics in the
wild type versus R655A highlights the importance of the
R655 sidechain for inter-helical interactions within the
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transmembrane domain (Fig. 9). In the wild type (Sim2)
the protonated E74 carboxylate hydrogen bonds to the
backbone carbonyl group of 199 on helix 2 (Fig. 9a). Helix
2 can further bridge to helix 6 via a transient hydrogen
bond between N106 and D684 (Fig. 9c), and D684
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Fig. 9 Selected interactions in
the wild-type protein and the
R655A mutant with negatively-
charged D95 and protonated
D684. a and b Time series of
selected distances (in z&) from
Sim2. ¢ Coordinate snapshot
illustrating specific interactions
at the end of Sim2. In addition
to the hydrogen bond to the 1287

Asg.

o)}

distance (A)

wild type (Sim2)

199-0 : E74-OE2

R655A (Sim2’)
199-0 : E74-OE2

D 121

carbonyl group, in Sim2 the 2
protonated D684 carboxyl
group has transient hydrogen
bonding with the N106
carboxyamide group. d, e Time
series of corresponding
interactions in the R655A
mutant (Sim2’). Note that in the
mutant the inter-helical
interactions of E74 and D684
are perturbed. f Snapshot from
the end of Sim2’ illustrating
specific interactions in a
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carbonyl of 199 is also absent in
Sim5’

.
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oo L

1287
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/

°)

connects to the backbone carbonyl of 1287 (Fig. 9b). These
inter-helical hydrogen bonds appear perturbed in the
R655A mutant (Sim2’, Fig. 9d-f).

Conclusions

We performed all-atom simulations on wild type AHA?2
plasma membrane proton pump with different protonation
states of specific carboxlate groups. The simulations sug-
gest tight coupling between the protonation state, protein
and water dynamics. Such a tight coupling may be neces-
sary to coordinate the ATP hydrolysis steps and protein
translocation during the reaction cycle of the pump.

The inter-helical domain of the pump is accessible to
water from both sides of the membrane (see examples in
Figs. 5a—c), and there is water close to D684 in all simu-
lations of the wild-type pump (Figs. 2a, Sa—c, 6a). Though

time (ns)

ﬁ4
199

~T

50 75 100 0 25 50 75 100
time (ns)

5 " /

\1:74 /

R655 5_

o r(

i '%655

the presence of numerous water molecules inside the
transmembrane domain of the pump is compatible with the
presence of numerous charged and polar amino acid resi-
dues at the both cytoplasmic and extracellular sides of the
transmembrane region of the protein (Fig. 1b), the acces-
sibility to water from both sides of the membrane may be
detrimental to directional proton pumping if accompanied
by uncoordinated formation of proton-transfer wires. Based
on considerations of water accessibility, the observation of
an apparently smaller accessibility to water of AHA2 in
Sim1 (Fig. 2d) as compared to Sim2-Sim5 (Figs. Sa—c, 6a—
c) could be interpreted to suggest that in the crystal
structure D684 might be unprotonated, whereas D95 is
neutral. We think, however, that a conclusion on the pro-
tonation states of specific carboxylate groups would be
premature. All-atom molecular dynamics simulation on
several different membrane transporters demonstrated the
transient sampling of states that allow the passage of water
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molecules, leading to the proposal that such water-con-
ducting states might represent a general feature of mem-
brane transporters (Li et al. 2013). In the case of our AHA2
simulations, we think that the sensitivity of the protein
dynamics to the protonation state of specific carboxylates
highlights the need of a systematic assessment of the
dynamics for other possible protonation states of the
pump that were not considered here. For example, during
simulations we observe that some of the carboxylates for
which PROPKA3.1 indicated elevated pKa values (e.g.,
E15, E808) face the bulk water, suggesting that they may
be unprotonated. Further assessment of the protonation-
coupled protein and water dynamics would benefit greatly
from a high resolution crystal structure: The moderate
resolution of the crystal structure of AHA2, 3.6 A (Pe-
dersen et al. 2007) may be insufficient to accurately resolve
details of inter-helical hydrogen bonds, which could
potentially affect the computation of protonation states and
the dynamics of the protein and water molecules.

Hydrogen bonds are important determinants of the
structure and dynamics of a membrane protein (see, for
example, (Bondar and White 2012; Cao and Bowie 2012;
White and Wimley 1999). The transmembrane domain of
the protein is rich in charged and polar groups that can
hydrogen bond (Fig. 1). There are several Ser/Thr groups
close to important sites of the protein (Fig. 1)—for
example, S107, T108 and S110 upstream N106 on helix 2;
S651 and T653 downstream R655 on helix 5; T686 and
T689 upstream D684; S762 and S765 upstream Q760 on
helix 8. The presence of these hydroxyl groups is intrigu-
ing, because simulations on model transmembrane helices
and on bacteriorhodopsin suggest that Ser/Thr groups can
influence the local dynamics of the helices and their water
interactions (del Val et al. 2014, 2012). In the yeast PMA1
H* ATPase, the S699A and S699C mutations (corre-
sponding to AHA2 T653) drastically impair proton
pumping (Morsomme et al. 2000).

The dynamics of inter-helical hydrogen bonds involving
carboxylic amino acid residues can depend significantly on
whether or not the carboxylate is protonated. Differences in
the dynamics of inter-helical hydrogen bonds can in turn
affect the local water interactions and the relative orientation
of the helices, which can help relay conformational changes
to remote distances in the protein. This highlights the need
of accurate information on the identity of protonated car-
boxylate sidechains along the proton-pumping reaction cycle
of AHA2. An important open question is whether proton
transfer starts from a conformer in which there are at least
two protons bound to the transmembrane region, at the
cytoplasmic (D684) and extracellular carboxylate clusters.
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