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Side-Chain Protonation and Mobility in the Sarcoplasmic Reticulum
Ca’*-ATPase: Implications for Proton Countertransport and Ca®* Release
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*Institut fiir Biophysik, Johann Wolfgang Goethe-Universitat Frankfurt, 60438 Frankfurt am Main, Germany; and fDepartment of
Biochemistry and Biophysics, Stockholm University, Arrhenius Laboratories for Natural Sciences, SE-106 91 Stockholm, Sweden

ABSTRACT Protonation of acidic residues in the sarcoplasmic reticulum Ca®"-ATPase (SERCA 1a) was studied by multi-
conformation continuum electrostatic calculations in the Ca2*-bound state CayE1, in the Ca®"-free state E2(TG) with bound
thapsigargin, and in the E2P (ADP-insensitive phosphoenzyme) analog state with MgF .~ E2(TG+MgF427). Around physiological
pH, all acidic Ca®* ligands (Glu®®®, GIlu””", Asp®®°, and Glu®®®) were unprotonated in Ca,E1; in E2(TG) and E2(TG+MgF,2") Glu”"",
Asp®®, and Glu®® were protonated. Glu””! and GIu®®® had calculated pK, values larger than 14 in E2(TG) and E2(TG+MgF27),
whereas Asp®° titrated with calculated pKj values near 7.5. Glu®°® had very different pK, values in the Ca®"-free states: 8.4 in
E2(TG+MgF4%") and 4.7 in E2(TG) because of a different local backbone conformation. This indicates that Glu®°® can switch
between a high and a low pK, mode, depending on the local backbone conformation. Protonated Glu®®® occupied predominantly
two main, very differently orientated side-chain conformations in E2(TG+MgF,2"): one oriented inward toward the other Ca®*
ligands and one oriented outward toward a protein channel that seems to be in contact with the cytoplasm. Upon deprotonation,
Glu®®® adopted completely the outwardly orientated side-chain conformation. The contact of Glu®®® with the cytoplasm in
E2(TG+MgF42") makes this residue unlikely to bind lumenal protons. Instead it might serve as a proton shuttle between Ca®*-

binding site | and the cytoplasm. Glu””", Asp®°°, and Glu®°® are proposed to take part in proton countertransport.

INTRODUCTION

The Ca>"-ATPase (SERCA 1a) (1) couples the transport of
two Ca>" ions across the sarcoplasmic reticulum (SR) mem-
brane to the hydrolysis of one molecule of ATP (2-5). As-
sociated with Ca®" transport is proton countertransport from
the SR to the cytoplasm (6-8). Binding of two cytosolic
Ca’" to the Ca’>"-ATPase in the E2 or El state (E2/E1 —
Ca,El) releases H' into the cytoplasm and enables ATP to
phosphorylate Asp®' of the ATPase. Subsequently, the
phosphoenzyme converts from an ADP-sensitive form
(CayE1P) to an ADP-insensitive form (E2P). Phosphoen-
zyme conversion is associated with Ca?* release toward the
SR lumen against the concentration gradient. E2P picks up
protons from the lumenal side of the membrane that are
countertransported and released to the cytoplasmic side upon
Ca®" binding. Proton countertransport is reduced at high
lumenal pH (9).

Binding of the countertransported protons is thought to
take place at acidic residues in the Ca2+—binding sites (6,7,10—
13). The binding sites contain four carboxyl groups: Glu®*’
(Ca®" -binding site II), Glu”"" (site T), Asp®® (sites I and II),
and Glu”® (site I) (14,15). Mutagenesis studies have indi-
cated a possible involvement of Glu*® (16,17), Glu”"! (18),
and Asn’®® (19) in proton or H;O ™" binding and proton counter-
transport.
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Most acidic Ca®" ligands are buried in the Ca®* -free states
(20-24) without compensating positive charges nearby: in an
E2P analog structure obtained with MgF,>~, the closest pos-
itively charged residue is His”** at 9.7 A distance to Asp®®.
Thus the carboxyl groups are likely protonated in the Ca**-
free states, and direct evidence for protonation of carboxyl
groups upon Ca*>* release from the unphosphorylated and
phosphorylated ATPase has been obtained by infrared spec-
troscopy (25-30).

In line with this, previous continuum electrostatic calcula-
tions on the structure of E2(TG+BHQ) (23)—Ca’"-free
ATPase with thapsigargin (TG) and 2,5-di-tert-butyl-1,4-
dihydroxybenzene (BHQ) bound—have indicated that all of
these residues are protonated at least at pH 6, whereas all ex-
cept Glu”® are unprotonated in Ca,E1 (31). It was suggested
(23) that all acidic Ca®>" ligands are protonated by lumenal
protons, meaning that all participate in proton countertransport
except for Glu”®®, which does not lose its proton upon Ca**
binding between pH 6 and 7. Protonation of Glu®® by Glu*’
could possibly reduce the number of countertransported pro-
tons (23), which would also exclude Glu®® from being a proton-
countertransporting residue. However, these calculations do
not reproduce the reduced Ca”>*/H™ stoichiometry proton
countertransport at high pH (9) because Glu**, Glu”"", and
Asp800 remain essentially protonated in E2(TG+BHQ)
between pH 6 and 8 and Glu®*® has a similar pK, in Ca,E1
and E2(TG+BHQ). Since proton countertransport is reduced
by increasing the lumenal pH from 6 to 8 (9), the participating
residues should be less protonated at high pH.

Several other Ca®"-free structures have been published
(20-22,24,32). The Ca”" -free structures differ as to whether
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phosphate mimics have been used to stabilize analogs of E2P
(21,22,32) and whether TG (20-22,24), TG and BHQ (23),
or cyclopiazonic acid (CPA) (32) were used to stabilize the
structures. Generally, the structures are similar in the trans-
membrane region and in particular around the Ca®*-binding
sites (21-24), with the exception of the structures with CPA,
which indicate plasticity of transmembrane helices M1-M3
(32).

In this study, we investigated the effects of side-chain
flexibility on the calculated pK, values of the carboxyl li-
gands in different enzyme conformations. Side-chain con-
formations and ionization changes are sampled in the same
simulation; thus surrounding dipoles are allowed to change
their orientation when a residue changes its charge. This pro-
vides more accurate pK, values (33) than calculations with-
out side-chain flexibility. Changes in side-chain orientations
are followed explicitly as a function of pH rather than av-
eraged into the dielectric constant, allowing the unique sur-
rounding of a residue to be taken into account. Indeed, pK,
values calculated with and without side-chain flexibility dif-
fered in our calculations, and side-chain flexibility was par-
ticularly pronounced for the Ca*>* ligand Glu®®, which has
led to new insight into the role of Glu*” in proton counter-
transport.

To analyze the participation of acidic ligands in proton
countertransport, we calculated the pK, values in crystal struc-
tures of several enzyme states: the Ca”>*-bound Ca,El state
and two Ca®’-free states, E2(TG) and E2(TG+MgF,*").
The latter is the crystal structure of an E2P analog and is of
particular interest since E2P is the intermediate that picks up
the lumenal protons. If the carboxyl ligands compete for
Ca** and protons they should be deprotonated in the Ca**-
bound state, Ca,El, and protonated in the Ca’>"-free states,
E2(TG) and E2(TG+MgF,*"), at physiological pH. If they
are additionally involved in proton countertransport, they
should deprotonate in the Ca*-free states at high pH.

Our calculations with side-chain flexibility indicate that
the Ca%* ligands Glu309, Glu771, Aspgoo, and Glu’®® are un-
protonated at pH 6 in Ca,El. In E2(TG) and E2(TG+
MgF,>"), all of these residues are protonated at pH 6, with
the exception of Glu**, which is not protonated in E2(TG).
The pK, value of Glu*® depends on the local backbone
structure. We find less protonation of the acidic Ca** ligands
at pH 8 than at pH 6, which is in line with the experimental
observations (9—-11). We propose further that movement of
the Glu®® side chain triggers Ca®" release via an exit chan-
nel between transmembrane helices M1, M2, and M4.

METHODS
MCCE calculations

We performed multiconformation continuum electrostatics (MCCE) calcu-
lations (33,34) to obtain the equilibrium distribution of residue ionization
and side-chain orientation at a given pH. Calculations were performed with
the 2.3 A crystal structure 1WPG.pdb of an E2P analog, E2(TG+MgF,>")
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(22), the 3.1 A E2(TG) structure 1TWO.pdb (20), and the 2.5 A Ca,E1 struc-
ture 1SU4.pdb (3,15). Unless specified otherwise we use ‘‘E2(TG) struc-
ture”’ for the E2(TG) structure determined by Toyoshima and Nomura (20).
In a first set of calculations, crystal water molecules were deleted from the
structure file. Cavities large enough to host water molecules were treated in
the continuum water approximation using ¢ = 80. Additional calculations
were performed with selected crystal water molecules that are located within
10 A around Asp®®, the ligand of both calcium ions. These are 11 water
molecules for the Ca,El structure (1SU4.pdb), 5 for the E2(TG+MgF427)
structure (1WPG.pdb), and 0 for E2(TG) (1IWO.pdb).

For our MCCE calculations we used the program version ‘‘mcce_alpha’’.
Traditional continuum electrostatics considers protein microstates that differ
only in residue ionization. Other protein and solvent responses to charges are
implicitly included in the continuum dielectric constant. In MCCE, the re-
sponse of side chains is explicitly taken into account by considering different
side-chain orientations (rotamers). Rotamers are constructed systematically
by rotating rotatable side-chain bonds with variable angle increment. Con-
formers are then defined by a specific rotamer, ionization state, and hydrogen
positions. Each residue is represented by a set of conformers. All electrostatic
interactions are calculated with the program Delphi (35). A dielectric con-
stant of 4 is used for the protein and 80 for the solvent and water-filled
cavities. PARSE parameters provide atomic charges and radii (36). Torsion
and Lennard-Jones parameters were previously reported (33,34).

Protein microstates are created by choosing one conformer for each
residue. These microstates are subjected to Monte Carlo sampling, yielding
the occupancy of each conformer according to a Boltzmann distribution as a
function of pH. The pK, values were derived from fitting a titration curve to
the fractional residue protonation calculated at each pH varying from O to 14.
Recent MCCE analysis on proteins and details of the method can be found
(e.g., 37-41).

The transmembrane domain with the Ca®"-binding sites was assigned
according to SCOP (the Structural Classification of Proteins Database)
classifications (42). For residues in the transmembrane domain (residues 1—
124; 240-343; 751-994), rotamers were generated around each rotatable
bond with an angle increment of 60°; for all other residues the increment was
180°. Thus the transmembrane residues were represented by a larger number
of rotamers in the calculations than the residues in the cytoplasmic domains
to balance more precise pK, calculations with a reasonable number of
conformers and computation time.

The inhibitor TG was kept in the E2(TG) and E2(TG+MgF42’) structure
file and treated as neutral cofactor because it is not present under phys-
iological conditions. ADP, Na™, MgF,>~, and Mg>" in the cytoplasmic do-
mains were removed in E2(TG+MgF,>") because they are far away from the
transmembrane region where proton countertransport takes place, at least
32 A away from the binding sites.

In the calculations of the Ca,El state, all Ca%* ligands were treated as
fixed rotamers to account for a correct Ca®* coordination geometry. This
was necessary because the ion-ligand distances are so short that the strong
interactions are not correctly reproduced by classical force field approaches
as implemented in MCCE. As a consequence, Ca>" ligands turned away
from Ca®>" in unrestrained MCCE calculations. In E2(TG+MgF42’) and
E2(TG), all residues including the ligands were treated as multiple con-
formers.

The calculations were performed without a membrane model. Control
calculations of E2(TG+MgF,>") with a POPC (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine) membrane confirmed that the impact on the pK,
values of the carboxyl ligands is marginal (=<0.3 ApK, units) as expected
since the binding site residues are buried in the protein.

Estimation of the strength of backbone
interactions around Glu®®°

To judge whether Glu®® has predominantly a low or a high pK, value, we
studied whether the Glu®>*® conformers of E2(TG) or E2(TG+MgF42’) are
energetically more favorable. For this, interactions of the Glu** side chain,
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which are included in the AG values in Table S1 of the Supplementary

Material, and interactions of the local backbone around Glu*® need to be

considered and compared for the two states. Some of the intrabackbone
interactions are not obtained from MCCE calculations and are estimated
here.

The local backbone structure around Glu*® is different in E2(TG) and
E2(TG+MgF42’). In E2(TG), the backbone carbonyl group of Asn™ is
close to the carbonyl group of GIu*® of E2(TG) but close to the NH group of
Gly*'® in E2(TG+MgE,>"). Thus, the energy difference between E2(TG)
and E2(TG+MgF42’) due to the local backbone structure around Glu®®
contains two contributions: i) repulsion between Glu** and Asn”® in
E2(TG), and ii) attraction between Glu*® and Gly>'® in E2(TG+MgF,>").
The former is included in AG,, of Glu®* and does not need to be considered
separately. The latter cannot be obtained from MCCE calculations, and we
thus estimated the hydrogen-bond energy. We note that this estimation is not
implemented in the MCCE calculations. The strength of the hydrogen bond
between Gly310 NH and Asn’®® CO in E2(TG+MgF42’) was estimated as fol-
lows: According to distance- and angle-dependent calculations of the hydrogen-
bond energy between N-methylacetamide dimers with the CHARMM?22 force
field (43), the hydrogen-bond energy in the E2(TG+MgF,>") structures is
8-12 kJ/mol at ¢ = 1, which corresponds to 0.4-0.5 ApK, units at ¢ = 4.
1 ApK, unit = 5.7 kJ/mol = 1.36 kcal/mol = 58 meV. The nonlinearity of
the hydrogen bond positions it on the slope of the low energy valley of the
hydrogen-bond energy surface.

Distance measurements, surface calculations,
and illustrations

Structures were analyzed using Swiss-Pdb Viewer and Protein Explorer
(44). Distance measurements and surface calculations for the Ca>" release
path section were done with structures to which hydrogen atoms had been
added. Figures were prepared with PyMOL, Rastop, and Swiss-PdbViewer.

RESULTS AND DISCUSSION
Protonation of Ca®* ligands

We performed MCCE to study protonation of the acidic Ca**
ligands in the ATPase states Ca,El, E2(TG) and E2(TG+
MgF,?"), the E2P analog with MgF,*". The structure of a
second E2P analog (with AlF, ") has been published (21). Of
the two E2P analog structures we chose the MgF42_ structure
because of its better resolution. The E2P analog structures are
considered to represent a transition state (AlF, ™) or product
state of E2P dephosphorylation (MgF,*"). A better mimic of
E2P seems to be the beryllium fluoride analog in the absence
of TG because its Ca®"-binding sites are accessible from the
lumenal side of the SR (45). However, a crystal structure is not
yet available for this beryllium fluoride complex.

The fractional protonation of the acidic Ca®" ligands are
shown in Table 1 for Ca,E1, E2(TG), and E2(TG+MgF427);
and Table 2 summarizes their pK, values. Values derived
from the work by Sugita et al. (31) and Obara et al. (23) are
given for comparison. Fig. 1 shows representatives of the
most occupied conformers of the Ca®* ligands calculated for
E2(TG+MgF,*") at pH 6.

The protonation state of the acidic Ca®" ligands will
strongly depend on the effect of water in the cavity system that
is interspersed in the membrane part. Water was modeled as
continuum water. Additionally, calculations were carried out
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with explicitly treated crystal water molecules that are close
to the calcium-binding site. The only considerable effect of
explicit water is on the pK, of Asp®*® in E2(TG+MgF,*")
where it shifts the pK, value up by 0.8 ApK, units. This is still
less than the estimated accuracy of up to =1 ApK, unit in
MCCE calculations. Unless otherwise mentioned, the values
in the text refer to the calculations without explicitly treated
water. In the following we will discuss the four acidic residues
in the Ca®"-binding sites in more detail.

Glu®®: calculated pK, values

Our pK, value for Glu** is <0 in Ca,E1, 4.7 in E2(TG), and
8.4 1in E2(TG+MgF427). For CayE1, our result agrees with a
recent computational analysis (31) and with disruption of the
Ca2+—binding site Il upon mutation to Gln (46-50). However,
there is a large difference between the value for E2(TG), on
the one hand (pK, = 4.7), and those for E2(TG+MgF42*)
(pK, = 8.4) obtained here and E2(TG+BHQ) (pK, > 8)
obtained by Obara et al. (23), on the other hand. We attribute
this to the different local backbone structure around Glu>*
as shown in Fig. 2. The amide oxygen faces outward in
E2(TG+MgF,*") and inward in E2(TG) and directs the C,-
Cgbond of Glu® differently as shown in Fig. 2 B. Backbone
structure influences our results because the positions of the
backbone atoms and of the Cg atoms are fixed in MCCE
calculations. Due to the different direction of the C,-Cg bond
in E2(TG+MgF,*") and E2(TG), different Glu®* side-chain
conformations were generated by MCCE for the two struc-
tures which differ in their pK, values.

Glu3%®: heterogeneity of side-chain conformation

Despite the different C,-Cg-bond orientations in the crystal
structures of E2(TG) and E2(TG+MgF427), a common
result of our MCCE calculations was that the Glu®® side
chain can orient in opposite directions in both structures.
Conformer analysis of the E2(TG+MgF42_) calculations
showed that at pH 6, over 60% of the occupied conformers
adopt side-chain orientations similar to that in the
E2(TG+MgF,*") crystal structure and are protonated pre-
dominantly at the O,, oxygen. The side chain is oriented
inward toward the other Ca®" ligands. The remaining 40% of
conformers adopt a different conformation, with the carboxyl
group rotated around the C,-Cg bond and pointing away
from the Ca”*-binding sites and toward a channel to the
cytosol as illustrated in Fig. 1.

This outward orientation resembles that in the E2(TG)
crystal structure as shown in Fig. 2. The outwardly oriented
rotamer of E2(TG+MgF42*) is occupied to 100% when
Glu®® deprotonates at high pH. Heterogeneity of the Glu"’
side-chain conformation was also observed in the calculations
with E2(TG). Here, the predominant orientation of proton-
ated Glu®® was outward (86% at pH 4), but inward ori-
entations were adopted by a significant minority (14% at pH

Biophysical Journal 93(9) 3259-3270
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TABLE 1 Calculated fractional protonation in dependence of pH of the carboxyl groups that constitute the Ca2*-binding sites

A
pH 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Glu309*

Ca,El 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
E2(TG+MgF,*") 1 1 1 1 1 1 098 094 073 022 0.02 0 0 0 0
E2(TG) 1 1 099 093 076 041 011 0 0 0 0 0 0 0 0
G1u771

CaEl 002 001 002 001 001 0 0 0 0 0 0 0 0 0 0
E2(TG+MgF,*") 1 1 1 1 1 1 1 1 1 1 1 1 1 0.98 0.91
E2(TG) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Aspxoo

CaEl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
E2TG+MgF,>") 1 1 1 1 098 093 082 049 019 0.6 0.16 0.10 0.05 0.03 0.03
E2(TG) 1 1 1 1 1 099 096 083 044 0.3 0 0.01 0.03 0.02 0.01
Glu()OS

CaEl 098 098 094 072 031 009 003 001 0 0 0 0 0 0 0
E2(TG+MgF,.2") 1 1 1 1 1 099 098 093 089 086 0.84 0.89 0.93 0.94 0.90
E2(TG) 1 1 1 1 1 1 1 099 095 094 1 0.99 0.97 0.97 0.97
B

pH 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Glu3®=

CaEl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
E2(TG+MgF,*") 1 1 1 1 1 1 099 095 077 029 0.04 0 0 0 0
Glu77l

CaEl 001 002 002 001 001 0 0 0 0 0 0 0 0 0 0
E2(TG+MgF,2") 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.98
Aspxoo

CaEl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
E2(TG+MgF.>") 1 1 1 1 099 097 090 0.63 033 029 0.25 0.20 0.10 0.07 0.05
G1u908

Ca,El 098 098 095 076 036 011 004 001 O 0 0 0 0 0 0
E2(TG+MgF,*") 1 1 1 1 1 099 097 08 079 073 0.75 0.79 0.89 0.90 0.87

The numbers are for one representative calculation. 0 and 1 are shorthand notations for 0.00 and 1.00, respectively. A: Water was treated as continuum water;
B: All crystal water molecules within a 10 A sphere around Asp®® (ligand of both calcium ions) are treated explicitly. The E2(TG) structure does not contain
crystal water.

*See text for further discussion.

4). The low population of the inward orientation is due to the crystal structure. This implies that outward and inward
unfavorable interaction with Ile®”’. Again, unprotonated Glu®” orientation of Glu®® is not dictated by the structural con-
is nearly exclusively oriented outward. straints imposed by the protein environment. This finding is

These results demonstrate that MCCE is able to generate not even restricted to the enzyme conformation of the E2
inward and outward orientations of Glu>* for both structures states. Additional calculations with the Ca,E1P analog structure
irrespective of the orientation and local backbone structure in Ca,E1(AlF,) (1WPE.pdb) (22), from which we omitted the

TABLE 2 Calculated pK, values of the Ca®* ligands

Residue Ca,El E2(TG+MgF,*") E2(TG) E2(TG+BHQ)
This work implicit Previous work, This work implicit This work Previous work (23)
water (explicit water) e =4 (23)/e = 20 (31) water (explicit water) implicit water g =4/e =20
Glu*® <0 (<0) <6/~05 8.4 (8.6) 4.7 >8/>8
Glu””! <0 (<0) <6/~3 >14 (>14) >14 >8/>8
Asp®® <0 (<0) <6/ ~—4 7.1 (1.9) 7.9 >8 />8
Gl 3.6 3.7) >8/~17.5 >14 (>14)* >14 >8 / ~6.5

The first value gives the pK, obtained with continuum water, the value in parentheses that with explicitly treated water molecules. pK, values from previous
calculations are given for comparison: values for E2(TG+BHQ) and Ca,E1 at ¢ = 4 were estimated from the protonation probabilities at pH 6, 7, and 8 given
by Obara et al. (23) and those for CaEl at ¢ = 20 from the titration curves shown by Sugita et al. (31).

*Glu®*® deprotonates partially around pH 9.

Biophysical Journal 93(9) 3259-3270
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E2P, pH 6

FIGURE 1 Most occupied conformers of the Ca®* carboxyl ligands
(GIu*?, Glu""", Asp®®, GIu®*®) in the E2(TG +MgF,>") state at pH 6. Glu®®®
has two, almost equally occupied conformers at pH 6; the inwardly oriented
conformer is similar in structure to the E2(TG+MgF,>") crystal structure
and represented as solid; the outwardly oriented conformer is shown as
transparent. See text for further explanations. M indicates transmembrane
helices. Only a part of the transmembrane region of the Ca?*-ATPase is
shown. The view is approximately parallel to the membrane. The cytoplasmic
side is on the top of the figure, the lumenal side on the bottom. At pH 9, the
ionized side chain of Glu** adopts the same conformation as the outwardly
oriented conformer at pH 6.

calcium ions, revealed occupation of an outwardly oriented
Glu*® conformer upon ionization (data not shown), whereas
the Glu®* side chain in the crystal structure (with Ca*") is
orientated inward. Thus conformational heterogeneity seems

to be a genuine property for Glu®* in the absence of Ca®".

Glu3® backbone structure and side-chain
orientation: survey of crystal structures

There is additional evidence for conformational heterogene-
ity of Glu>* from crystal structures since inward and out-
ward orientations are adopted in different crystal structures
of E2P analogs as well as in different crystal structures of the
E2 state; also the local backbone structure near Glu?” varies.
In the E2P analog structure of E2(TG+AlF, ") (21), the ori-
entation of the backbone carbonyl bond is intermediate be-
tween that of the E2(TG) and E2(TG+MgF42*) structure,
whereas the side chain including the C,-Cg bond orients
similar to the E2(TG) structure. In the E2(CPA+MgFE,*")
structure (32), a further E2P analog, the backbone carbonyl
orients as in E2(TG) but the side chain orients inward as in
E2(TG+MgF42*). Backbone and side-chain orientation of
Glu*® in E2 structures other than the E2(TG) structure by
Toyoshima and Nomura (20), i.e., the E2(TG) structure by
Jensen et al. (24), the E2(TG+BHQ) (23), E2(TG)AMPPCP
(24), and E2(CPA + ADP) (32) structures, are very similar to
those of E2(TG+MgF42_). In the case of the E2(TG+
BHQ), E2(CPA +MgF,>"), and E2(CPA+ADP) structures,
the inward orientation is probably forced on Glu*® because a
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; E309

197
E309

FIGURE 2 The different conformations of the Glu*® side chain. (Blue)
E2(TG) structure (1TWO.pdb) having outwardly oriented Glu®*; (dark
green) the E2(TG+MgF,*>") structure (IWPG.pdb), having inwardly

oriented Glu*®; (light green) the outwardly oriented, protonated conformer

of Glu*® from our calculations with E2(TG+MgF,>"). The hydrogen atoms
are omitted for clarity. Structures were overlaid by superposition of the
backbone atoms of residues 305-315. (A) Side view approximately parallel
to the membrane surface. Shown is the backbone of residues 307-311 of M4
and the side chain of Glu**. The conformational change of the backbone

around Glu>® is clearly seen. The arrows point toward the backbone oxygen

of Glu®®. (B) Top view approximately parallel to M4 toward the lumenal
side. Shown are residues Glu®>® and Ile?”. The latter is closest to the
outwardly oriented Glu**® conformer obtained in our calculations with the
E2(TG+MgF42’) structure. The arrows point toward the C,-Cg bond of
GIu*®, which is oriented differently in the E2(TG) and E2(TG+MgF,>")
crystal structures. The orientation of this bond is the same for all conformers
generated by MCCE with a given backbone structure.

BHQ or CPA molecule occupies the space of the outwardly
oriented side chain. Interconversion between inward and out-
ward orientation of Glu*® has also been observed in molec-
ular dynamics simulations (Y. Sugita, lecture at the 11th
International ATPase Conference 2005, Woods Hole, MA).
This survey of protein structures indicates that the backbone
structure is variable in E2 and E2P analog states and that the
side-chain orientation adopted in the E2P analog structure
E2(TG+MgF42_) can also be adopted in the E2 state and
that of the E2(TG) structure (by Toyoshima and Nomura
(20)) can be adopted in E2P analog states.

Glu3°°: effect of side-chain conformation on
calculated pK, values

We explain the different calculated pK, values of Glu**

obtained with the two E2 structures (Table 2) with the differ-
ent side-chain conformations generated in our calculations.
In E2(TG), Glu®® orients predominantly outward and its pK,
was calculated to be 4.7, which is close to that in aqueous

Biophysical Journal 93(9) 3259-3270
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solution. The higher pK, value calculated for E2(TG+
MgFE,>7) (8.4) is not only due to the possibility of the side
chain to orient inward but also the outwardly orientated con-
former is predominantly protonated at pH 6 and thus it has a
higher pK, than in E2(TG). The outwardly orientated con-
formers generated with MCCE for E2(TG) and E2(TG+
MgFf*) are different and their carbonyl carbon atoms are
2.8 A apart (Fig. 2 A). As a consequence, the carboxyl group
in E2(TG) comes closer to helix M1, is further away from
helix M2, and rises higher up into the channel to the cy-
toplasm, whereas the E2(TG+MgF42_) conformer is more
enclosed by, for example, Tle””. This is confirmed by com-
parison of the calculated reaction field energies AAG,,, of
Glu®” (see Table S1 of Supplementary Material). AAG y, is
considerably higher in E2(TG+MgF42_) than in E2(TG),
shifting the reference pK,s, up by ~2.3 ApK, units in
E2(TG+MgF427) versus only 0.9 ApK, units in E2(TG).

The pK, of GIu*® in all E2 states

The above discussion indicates that the pK, of Glu** in the

E2 states varies probably depending on the local backbone
structure around Glu®®. To estimate which of the confor-
mations is predominantly adopted in E2 states, we have to
compare in a first step the calculated free energy values AG
of Glu®® for E2(TG) and E2(TG+MgF,*") (Table S1, Supple-
mentary Material). However, these do not contain all relevant
contributions, as those from the intrabackbone interactions
of the adjacent Gly>'® residue. These are expected to be dif-
ferent in the two states because the local backbone confor-
mation is different. Therefore we will estimate the strength of
the interactions of the peptide group between Glu*® and
Gly’' in a second step. Finally we will incorporate the en-
ergy contributions from the intrabackbone interactions into
the MCCE-free energy values of Glu®® and compare the
values for E2(TG) and E2(TG+MgF427).

The free energy values (Table S1, Supplementary Mate-
rial) indicate that the Glu®®® side-chain conformation and the
interactions of its backbone atoms are more favorable in
E2(TG) than in E2(TG+MgF,*") by 2.6-2.8 ApK, units be-
tween pH 6 and 8. Concerning hydrogen bonding to water,
the local backbone conformations around Glu®*® in E2(TG)
and E2(TG+MgF42*) seem to be equivalent. The backbone
carbonyl oxygen of Glu*® in E2(TG+MgF,>") is exposed
to water. In line with this expectation, a crystal water is found
2.6-2.7 A from the carbonyl oxygen in the crystal structure
of E2(TG+BHQ), which is very similar to that of E2(TG+
MgF42*) near Glu*”. The backbone oxygen of E2(TG)-Glu>*
is also expected to be hydrogen bonded to a water molecule.
The crystal structure does not contain crystal water mole-
cules in its vicinity, but one is placed by the program Dowser
(51) at a distance of 2.7 A.

The NH group of Gly>'” of E2(TG+MgF,*") is expected
to be hydrogen bonded because a crystal water molecule at a
distance of 2.7 A is found in the similar E2(TG+BHQ) struc-
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ture. The NH group of Gly*'® of E2(TG) is exposed toward the
channel and therefore also expected to be hydrogen bonded.
Thus, the backbone conformations in E2(TG+MgF427) and
E2(TG) both seem to allow for hydrogen bonding of the Glu*®
C=0 and the Gly*'® NH group with water.

The local intrabackbone interactions around Glu*® are
more favorable in EZ(TG+MgF427) than in E2(TG): in
E2(TG+MgF,*") there is a hydrogen bond between Gly>'®
NH and Asn’"® CO, whereas in E2(TG) the two carbonyl
groups of Glu®*® and Asn”®® repel each other. The latter in-
teraction is included in AG, of Glu*? (Table S1, Supple-
mentary Material) as obtained from the MCCE calculation
and does not need to be considered separately. An additional
difference is the hydrogen bond between the backbone atoms
of Pro®®® and Leu3”, which is shorter and better aligned in
E2(TG+MgF42_). However, this difference seems to be sig-
nificant only for chains A and D of the E2(TG+MgF427) struc-
ture where the O---H distance is 0.5 A shorter. For chains B
and C, the O---H distance is only 0.1 A shorter. Thus this
interaction does not seem to be decisive for the local back-
bone conformation around Glu®*® and will not be considered
in the following.

Therefore we only had to estimate the energy contribution
of the hydrogen bond between Gly>'® NH and Asn’*° CO of
the local intrabackbone interactions as described in Methods.
This intrabackbone hydrogen bond in E2(TG+MgF,*")
makes the local backbone conformation between Glu**® and
Gly310 ~0.5 ApK, units more favorable in E2(TG+MgF42 )
than in E2(TG) at ¢ = 4. We added the interaction energy of
—0.5 ApK, units to the AG value of Glu®>* in E2(TG+
MgF,*") (Table S1, Supplementary Material) to include the
hydrogen bond of Gly>'°. At pH 7.0 we obtained 0.48 ApK,
units. The corresponding value for E2(TG) is —1.83 ApK,
units. Thus, the E2(TG) conformation of Glu309-Gly310 is
favorable by 2.1-2.3 ApK, units in the pH range between 6
and 8. This indicates that the E2(TG) backbone structure and
the accompanying Glu®® side-chain conformations are adopted
most of the time for a single ATPase molecule. At any given
time, most ATPase molecules in the E2 states adopt the
E2(TG) backbone structure around Glu®® and have Glu®”
outwardly orientated as in E2(TG) with a low pK, (4.7).
Some ATPase molecules adopt the E2(TG+MgF,>") back-
bone structure around Glu309, and the Glu>® side-chain fluc-
tuates between inward and outward orientations and has a
high pK, (8.4).

Our finding of a predominantly unprotonated Glu™" at
physiological pH values is supported by mutagenesis studies
because mutation of Glu®* to Gln slows down dephospho-
rylation at pH 6.2 (52) and pH 7.0 (14,48). This mutation
mimics protonation and should allow dephosphorylation at a
rate close to that of the wild-type if Glu** were protonated in
E2P.

Low pK, and high pK, conformers of Glu™" are adopted
in different crystal structures, which were all obtained at pH
6.1-6.8 (20,22-24) (J. V. Mgller, Aarhus University, private
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communication, 2006). The structures were obtained in the
presence of inhibitors of which TG is known to stabilize the
protonated E2 states (24). In the absence of inhibitors it is
therefore expected that the low pK, conformers of Glu*®
prevail.

Glu®%®: summary

Summarizing this discussion about Glu*®, our calculations
and the x-ray structures give evidence of inwardly and out-
wardly oriented side-chain conformations of Glu®* in the
E2(TG) and in the E2(TG+MgF,*") state. When Glu®*’
is deprotonated, only the outwardly oriented conformer is
occupied. The possibility to orient outward is triggered by
the release of Ca’" from its binding sites and less by
phosphoenzyme conversion from Ca,E1P to E2P, as indi-
cated by our calculations with a Ca,E1P structure where we
deleted the two Ca”>* from the structure file. The different
orientations observed in the crystal structures seem to be
physiologically relevant, in line with the proposed role of
this residue as a Ca®" gate toward the cytoplasm (17,47,53).
The outward orientation of Glu>® places it at the end of a
water accessible channel toward the cytosol (20) and might
be important to guide Ca®>" down to the bottom of the
channel between the stalk helices S1-S4 before it enters the
binding sites. Glu*® has the ability to switch between a low
pK. mode (pK, = 4.7) and a high pK, mode (pK, = 8.4)
probably depending on the local backbone conformation.
For a given ATPase molecule, our calculations indicate that
it will adopt the low pK, mode most of the time.

G|u771

Our pK, value for Ca,E1-Glu’"" is <0, which is lower than
previously calculated (31). Both calculations agree in that
Ca,E1-Glu”"" is unprotonated at physiological pH and above.
In line with that, mutation to GIn strongly reduces the af-
finity of Ca®"-binding site I as shown by the mM Ca** con-
centration needed to inhibit phosphorylation by phosphate
(14,48,50,52).

The pK, of Glu”"" in the Ca** -free states was calculated to
be larger than 14, indicating that Glu’’" is protonated. This is
in line with a previous calculation on the unphosphorylated
Ca’"-free structure E2(TG+BHQ) (23). Mutation to Gln
leaves the lumenal low affinity Ca® " -binding sites intact (48)
as expected if Glu””" is protonated in E2P. On the other hand,
this mutation does not allow for fast dephosphorylation of
E2P as would be expected if protonation of Glu’’" were re-
quired for dephosphorylation. However, neutralization of
Glu””! by mutation to Gln does not seem to be the reason for
the slow dephosphorylation of E2P because introduction of a
positive charge by mutation to Lys makes dephosphorylation
nearly as fast as that of the wild-type protein (14). It was
concluded (18) that at least two positive charges near Glu’"!
are required for fast E2P dephosphorylation, in line with our
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7! and the closest residues Asp®® and

calculations that Glu
Glu®® are protonated.

In light of the accelerating effect of mutation to Lys, the
inhibiting effect of mutation to Gln seems to be counterin-
tuitive and does not support the obvious interpretation that
E2P-Glu”"" is ionized. It is possible that GlIn is not a good
mimic for protonated Glu’’'. The C=0 bond of Glu is
stronger than that of Gln, as shown by the higher stretching
frequency revealed by infrared spectra in “H,O (54,55)
where the vibration is highly localized on this bond. This
implies a higher partial charge on the Gln carbonyl oxygen
and possibly stronger interactions with the environment. Fur-
thermore, the two hydrogen atoms of GIn might allow for
different or additional hydrogen bonds compared to proton-
ated Glu. Since Glu’’! is at the heart of binding site I, the
effects of mutation to Gln might indicate that protonated
E2P-Glu’”" is involved in delicate interactions with its en-
vironment, which are important for dephosphorylation.

Asp®®°

Our calculated pK, value for Asp®® is below 0 in Ca,E1, 7.9
in E2(TG) (56), and 7.1 and 7.9 in E2(TG+MgF,*") with
implicit water and five explicitly considered crystal water
molecules, respectively. Our result on Asp®® for Ca,El
agrees well with the pK, of —4 from a recent calculation (31).
However, for the E2 states, our pK, values of 7-8 in E2(TG)
and E2(TG+ MgF427) are in contrast to a previous calculation
on E2(TG+BHQ), which did not yield a change in proton-
ation state between pH 6 and 8; only a tendency to deprotonate
near pH 7 was obtained when ¢ was set to 20 (23). However,
our calculated pK,, values for E2(TG +MgF,>")-Asp®® agree
well with experimental data revealing an apparent pK, of 7.7
for lumenal proton binding to proton countertransporting res-
idues (9) and with the apparent pK, of 7.2 for proton binding
to E2P (57).

The very low pK, of Asp®® in Ca,E1 correlates with the
serious disruption of Ca®’-binding sites by replacing the
carboxyl group with an amido group: the mutated ATPase
cannot be phosphorylated by ATP in the presence of up to
12.5 mM Ca*" (48). Dephosphorylation of E2P is fast for the
Asn mutant (14) at pH 7, in line with Asp®*® being pro-
tonated in E2P. However, dephosphorylation is slow at pH
6.2 (52), which highlights that a straightforward interpreta-
tion of mutagenesis results can be difficult.

G|u908

Our calculations indicated a pK, value for Ca,E1-Glu”® of
3.6 without and 3.7 with explicit water molecules. It is above
14 in E2(TG) and E2(TG+MgF,*"). In the Ca®" -free states,
strong interactions with Asp®°’ seem to prevent deprotonation
of Glu®®® at high pH since the deprotonated Asp®” stabilizes
the neutral Glu”®® by more than 4 ApK, units above pH 8 (data
not shown). As a result, Glu’*® deprotonates only partially
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above pH 6. Its deprotonation is more pronounced in the
calculations with explicit water, where the minimum degree
of protonation is 0.73 at pH 9.0 for E2(TG+MgF427) (Table 1).

For Ca,E1-Glu®® our calculated pK, is the highest pK,
value of the Ca>" ligands in Ca,E1 but still much lower than
pK, values of >8 (¢ = 4) or ~7.5 (¢ = 20) that can be
inferred from previous calculations (23,31). With side-chain
conformations fixed to those in the crystal structure, we cal-
culated a pK, of 8.3 for GIu”® in Ca,El (¢ = 4), in close agree-
ment with the cited values. Thus the calculated protonation
state of Glu”® depends critically on whether or not side-
chain mobility is taken into account. This is also reflected in
the calculations with fixed side chains by the dependency of
the pK, on the dielectric constant (23). The dielectric con-
stant ¢ is a macroscopic description of the response of matter
on external electric fields, with high ¢ indicating that the mat-
ter contains dipoles that easily adjust their orientation to the
electric field. Thus it is not surprising that our multicon-
formation calculations agree better with the previous results
at higher .

Our calculations for E2(TG+MgF42_) (pK, > 14) agree
with previous calculations on E2(TG+BHQ) (23) done at
¢ = 4 where Glu”® is protonated between pH 6 and 8 but not
with those at ¢ = 20 according to which Glu®*® has a pK,
between 6 and 7. The & = 20 calculation and our calculation
agree in that one of the two nearby residues Asp®*® or Glu®*®
titrates either Glu®®®, in the previous calculation, or Asp®®,
in our calculations. Presumably our MCCE calculations model
the protonation state of these strongly coupled residues bet-
ter, because they allow adjustment of side-chain conforma-
tion of one residue to the protonation state of the other.

Mutation of Glu?® to Gln has little effect on Ca®" binding
(49,52). This seems to indicate that Glu”® is protonated in
CayE1 or that weaker interactions between GIn”® and Ca**
are compensated by other residues. For example, it is con-
ceivable that a hydrogen bond between GIn®®® and Glu””*
could pull a second Glu’’" oxygen into the coordination
sphere of Ca?* . It has been concluded that Glu®*® contributes
only one side-chain oxygen to Ca>* binding (52), and it is the
only carboxyl residue of the Ca”*-binding sites that is not
conserved between Ca> " -ATPase and Na* /K "-ATPase (58).
Thus it might be less essential than the other carboxyl groups
in the binding site. Mutation of Glu?®® to Gln or Ala allows
E2P to decay as fast as the wild-type enzyme (14,52), in-
dicating that Glu®® is protonated in E2P, in line with our
calculations, or that the Glu”®® side chain is not important for
dephosphorylation.

H*/Ca2* stoichiometry

For comparison with our calculations, we discuss now ex-
perimental data on the number of protons involved in Ca**
binding and proton countertransport. Two (7,10-13,59) or
three (57) H are released when the two Ca’" bind to the
unphosphorylated ATPase at pH 6. The interpretations differ
as to whether each Ca’" competes with 1 H" (11-13) or
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whether the protons have to be released before the first Ca®*
binds (10,13,57,59). The latter is often interpreted as the
E2 — El transition of the Ca’"-free enzyme (10,13,59).
Both models have been suggested to operate for different
pools of the ATPase molecules (13). Additionally, one (10)
or two (12) protons modulate Ca®* binding but do not com-
pete directly with Ca®*. There seems to be no proton uptake
or release in the Ca,E1 — Ca,E1P reaction (60), but 2-3 H*
bind to E2P at pH 6 (57,59-61). These numbers suggest that
the Ca®" ligands are partly protonated in Ca,E1 and Ca,E1P
or partly unprotonated in E2P.

According to our calculations, Glu** is predominantly un-
protonated at physiological pH values and Asp®™ is partially
unprotonated in E2(TG+MgF,*") at higher pH. To obtain
calculated H" /Ca®* stoichiometries at different pH values, we
added the fractional protonation values (% protonation/100) of
the four acidic Ca>" ligands and subtracted the resulting values
for E2(TG+MgF427) fromthose for Ca,E1 (Table 1 A). Without
Glu®” we obtained similar numbers of protons that are
exchanged for the two Ca" as the experiments: 2.8 (1.00 +
0.82 + 0.98 — 0.03) at pH 6.0 and 2.4 at pH 7.0. These values
will be modulated by other protonatable residues, in particular
Glu’®, which is protonated in Ca,E1 but largely unprotonated
in E2(TG+BHQ) (23). The respective numbers at pH 8
cannot be compared to Ca®"-binding experiments because
the initial state in these is E1, which has lost protons in the
E2 — EIl transition.

Residues involved in proton countertransport

Regarding the number of countertransported protons, quan-
titative measurements indicate that 2-3 H' are counter-
transported per ATPase cycle (6,7,9,61,62). Furthermore,
electrogenicity of the Ca®>"-ATPase was directly demon-
strated by measuring a stationary current (63), ruling out that
4 H" are countertransported.

At pH 6 our calculations indicate that Glu""!, Aspgoo, and
Glu®®® are protonated in the E2 states, whereas Glu®® is pre-
dominantly unprotonated. Assuming participation of Glu’’",
Asp®®, and Glu”®® but not of Glu** in proton countertrans-
port, the data in Table 1 A for E2(TG+MgF,>") suggest the
following numbers of countertransported protons per cycle
(per 2 Ca®") near the physiological pH value—2.8 at pH 6
and 2.4 at pH 7—in close agreement with the experimental
values of 2-3.

We exclude Glu® from being a residue that binds counter-
transported protons in the E2 states, not only because of its
low pK, value but also because of the conformational het-
erogeneity of its side chain: when Ca®* dissociates from site
I, Glu®* is left ionized and its side chain has the tendency to
move outward as shown here. If this is faster than proton-
ation from the lumen, Glu®*® will receive a proton from the
cytoplasmic side and not from the lumenal side and will
therefore not participate in proton countertransport even if
Glu®® were protonated in the E2 states.
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Glu®® might nevertheless play a role in proton counter-
transport: protons released upon Ca>* binding to binding site
I could be (partially) taken up by Glu*® and then transferred
to the cytoplasm. Thus Glu®*® could serve as a proton shuttle
between the Ca®"-binding site and cytoplasm.

It has been mentioned before that Glu>® might receive a
proton from Glu*® when Ca®" binds to the unphosphory-
lated enzyme (23). Since we favor the view that Glu>® re-
ceives its proton from the cytoplasmic side, we consider a
role of Glu®® in proton countertransport as unlikely. Fur-
thermore, the proximity of Glu®® and Glu*® in the structure
of CayEl seems to be characteristic only for this state. In all
available structures of the nucleotide-bound state in the pres-
ence (53,64) and absence (24,32) of Ca>*, of a Ca,E1P analog
(22,64), of E2P analogs (21,22,32), and of E2(TG) (20,24),
the C,-Cg bond and the side chain of Glu’® point away from
Glu®®. This raises questions regarding proton transfer be-
tween Glu®® and Glu® under physiological conditions of high
ATP concentrations where an ATP-free CayE1 state is by-
passed (65) and closed conformations are adopted through-
out the catalytic cycle (24).

At high pH, the data in Table 1 A suggest 2.1 (pH 8) and
2.0 (pH 9) countertransported protons per cycle (per 2 Ca**).
These numbers are larger than experimental values at high
pH. This discrepancy at high pH is due to Glu’’" and Glu”*®,
which have calculated pK, values that are much higher than
the apparent experimental value near 7.5 for lumenal proton
binding of countertransported protons (9,57,59). However,
the high pK, values of Glu”"! and GIu”® in our calculations
do not per se exclude their involvement in proton counter-
transport. Since they are protonated in E2 states but are
unprotonated in CayE1l at pH 7, they lose their proton upon
Ca*t binding. Several scenarios can explain the discrepancy
between their calculated high pK, values and the apparent
experimental pK, value of proton countertransporting resi-
dues in E2P:

1. There could be a pH-dependent switch of proton path-
ways, caused for example by deprotonation of Asp®®,
making proton uptake and release vectorial at low pH but
not at high pH. This could make Glu’’" and Glu®®® par-
ticipate in proton countertransport at low pH but not at
high pH, although they become protonated upon Ca** re-
lease at all studied pH values.

2. A pH-dependent conformational change possibly caused
by deprotonation of Asp®™ could make the E2(TG+
MgF,>") structure, which was obtained at pH 6.1, inap-
propriate for calculations at high pH. The conformational
side-chain flexibility implemented in MCCE reduces but
does not eliminate the dependence on the initial structure.

3. The pK, values of Glu’"" and Glu®*® could be lower than
calculated because of nearby hydronium ions, only par-
tial Ca®" release, or binding of positive ions other than
H* to the Ca®"-binding site, promoted by the higher af-
finity of the Ca®*-binding sites at high pH (59,66,67) or
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because of a more open Ca”*-release pathway in genuine
E2P as compared to E2(TG+MgF427). The latter would
allow more water molecules to penetrate the transmem-
brane region, which will decrease the pK, values of the
acidic Ca®" ligands.

Ca®" release path in E2P

The flexibility of the Glu®>*® side chain not only supports a
Ca**-gating function of this residue toward the cytoplasm, it
might also be important for the release of Ca®" from the
phosphoenzyme to the SR lumen. Ca" release is likely to be
triggered by an outward movement of the Glu*” side chain
away from the Ca’*-binding sites. This movement could
pull Ca®™ at binding site II into a cavity under the Glu**’ side
chain and away from the Ca?* exit channel proposed by
Toyoshima et al. (22). Exit to the cytoplasmic side is blocked
by the outwardly oriented Glu®*® side chain together with
those of Tle**” and Leu® and the backbone of Pro®*®. Exit to
the lumen seems to be possible by a channel that is mainly
formed by residues in transmembrane helices M1, M2, and
M4 and runs parallel to the one proposed earlier (22) on the
“other side’” of Val**®* closer to transmembrane helices M1
and M2. The Ca*" exit channel proposed by us is shown in
Fig. 3, and structural details of it are discussed in the Sup-
plementary Material.

A continuous channel is generated when the molecular
surface of the channel-lining residues is calculated with a

FIGURE 3 The suggested Ca®" release path between transmembrane
helices M1, M2, and M4. Shown is the suggested Ca®* exit path within the
membrane domain of the E2(TG+AIF,; ) structure (21) in van der Waals
representation viewed approximately parallel to the membrane surface. The
left-hand side shows a cut through the structure and the right-hand side a
slice of the structure. The arrow indicates the Ca>" path. Residue numbers
are given for a selection of residues. Two glutamic acids are highlighted by
cpk colors.
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sphere radius of 1.2 A and smaller, indicating that a sphere of
the radius of Ca®™* (1.0 A) (68) can pass the exit channel if
Ca’* passes without hydration shell. However, this is un-
likely since only the oxygens of Ala®® and Val*® provide
favorable interactions in the outlet channel together with one
of the carboxyl oxygens of Glu®® when it orients upward.
The charge of the Glu®® side chain reduces the net charge in
the outlet channel to +1. Then the three oxygens provided
for Ca®* can be compared to the eight oxygen ligands pro-
vided for each K in the selectivity filter of K* channels in
which K™ is dehydrated (assuming an average occupancy of
two of the four binding sites) (69). Therefore the small num-
ber of oxygens in the Ca®" exit channel makes it unlikely
that Ca®" passes without its hydration shell. Given that the
radius of hydrated Ca®" is 4.1 A (68), we consider the exit
channel as closed in the E2P analog structures, in line with
experimental data (21,45,70). For the limiting case of a hy-
drophobic channel, a radius of ~6.5 A is required to allow
the monovalent cation Na™ to pass according to molecular
simulations (71).

Most of the steric constraints of the Ca?* channel are
between transmembrane helices M1 and M4 or M2 and M4.
This implies that the channel can be opened and closed by
movements of helices M1 and M2 relative to M3 and M4.
The inhibitor TG blocks lumenal access of Ca’" to the
binding sites (45). Since TG binds to transmembrane helices
M3-MS5 and M7, it cross-links M3 and M4 to the C-terminal
portion of the membrane domain and could thus block move-
ment relative to M1 and M2, which is required to open the
exit channel.

Movements of transmembrane helices M1 and M2 relative
to M3 and M4 are a recurring theme in the structural reor-
ganizations that take place during Ca®" pumping. In Ca,El,
M1 and M2 have moved down toward the SR lumen with
respect to M3 and M4 and adopt a different position with re-
spect to M4. This disrupts the Ca®" exit path. Between he-
lices M4 and M6 a small cavity is formed in Ca,E1 close to
the Ca”" site II, and between M1, M2, and M4 a larger cavity
is formed farther down toward the SR lumen (between Leu®,
Ile94, Lys297, Pro789, and Val790). Contact between the small
cavity and Ca’tis prevented by Val304, A1a305, and Asn796,
and contact to the larger cavity is blocked by Leu®®, Ala®®",

Leu792, and Leu’®.

CONCLUSIONS

Taking together our calculations and previous experimental
findings, we propose that Glu""!, Aspgoo, and Glu’*® bind
protons in E2P(TG+MgF,>") and lose them upon Ca’*
binding to the unphosphorylated enzyme. They are prime
candidates for the proton countertransporting residues. These
residues are part of Ca”*-binding site I and are thus likely to
receive and release their proton via the same path. Binding of
lumenal protons by Glu*” in E2P(TG+MgF,*") is ques-
tionable because its conformational flexibility allows contact
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to the cytosol. Instead, it might serve as a proton shuttle
between Ca”*-binding site I and the cytoplasm. Without the
participation of Glu*®, our calculated number of counter-
transported residues is between 2 and 3, which compares
favorably with experimental values at physiological pH and
below. Outward movement of the Glu®® side chain is a
possible trigger for Ca”* release along an exit path between
transmembrane helices M1, M2, and M4.
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