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Abstract

SERCA is an important model system for understanding the molecular details of conformational
change in membrane transport systems. This reflects the large number of solved x-ray structures
and the equally large database of mutations that have been assayed. In this computational study we
provide a molecular dynamics description of the conformational changes during the E1P -> E2P
transitions. This set of states further changes with insertion mutants in the A-M3 linker region.
These mutants were experimentally shown to lead to significant shifts in rates between the E1P ->
E2P states. Using the population shift framework and dynamic importance sampling method along
with coarse-grained representations of the protein, lipid and water, we suggest why these changes
are found. The calculations sample on intermediates and suggest that changes in interactions,
individual helix interactions and water behavior are key elements in the molecular compositions
that underlie shifts in kinetics. In particular, as the insertion length grows, it attracts more water
and disrupts domain interactions, creating changes as well at the sites of key helix interactions
between the A-Domain and the P-Domain. This provides a conceptual picture that aids
understanding of the experimental results.
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Introduction

Starting from the report of Toyoshima et al. 1 of the first crystal structure of CA-ATPase or
SERCA in 2000, to this day, X-ray structures of many intermediates of the catalytic cycle
have been solved 7. With the growing number of X-ray structures in multiple
conformations, this system may provide the ideal candidate to understand in great molecular
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detail the process of conformational change that underlie the function both within this
ATPase and also within other members of the P-ATPase family. P-ATPases are important
integral membrane proteins, which pump ions (such as H*, Na*, K* and Ca2*) across the
membrane and are critical for maintaining the ion concentration gradient. One of the best
characterized proteins within this P-type ATPase family is SERCA. SERCA functions to
pump Ca2* against the concentration gradient using the energy derived from ATP
hydrolysis, from the cytoplasm into the reticulum and so maintain the proper calcium
balance for muscle cells 9. SERCA pumps have been found to be essential in Ca2*
signaling pathways 1011, They are also associated with several human diseases such as
Darier-White's disease and Brody disease 1214, A full molecular understanding of how
conformational change is supported by the structures would aid understanding of these
diseases and may lead to new drug therapies.

The transport cycle of SERCA begins (Figure 1) when the E2 state binds two Ca?* ions at
the high affinity binding site that faces the cytoplasm, and MgATP binds at Asp3°1, to form
the E1P state 1°. In this state Ca?* ions are occluded with no access to the membrane. Large
scale domain motions and structural organization of the molecular machinery enables the
Ca?* ions to be released into the lumen in the E2P state 1617, Finally, Asp3°1-acylphosphate
in the E2P state is hydrolyzed to form the inactive E2 state. From the X-ray structures of the
intermediate states, it is clear that the large scale domain motion and rearrangement takes
place in the cytoplasmic side as well as in the transmembrane helices during this catalytic
cycle.

SERCA consists of a single polypeptide chain of 994 amino acids folded into three
cytoplasmic domains and 10 transmembrane (TM) helices (M1-M10) 18. The three
cytoplasmic domains, namely the nucleotide binding (N), phosphorylation (P) and the
actuator domains (A), undergo large motions during the catalytic cycle. The A-Domain
contains the signature sequence motif TGES, which plays an important role in
dephosphorylation 19-21, The P-Domain contains Asp351, which is the phosphorylation site.
Both A and P-Domains are connected to the TM region through linker regions. The A-
Domain is connected to the transmembrane helices M1, M2 and M3 by three flexible linker
regions and works as the actuator of the gating mechanism in the transmembrane region
regulating the Ca2* binding and release. These linker regions are thought to be very flexible
since the lack of structure in these regions is indicated in the crystal structures 1°. The three
linker regions are thought to be crucial in the rearrangements that take place in the
transmembrane helices as well as the cytoplasmic domains 22 23, The rotation of the A-
Domain is likely to be triggered by the strain imposed on the A-M3 linker in the E1 state 1°,
Because the A-Domain is linked to the transmembrane helices through the linker regions,
the rotation of the A-Domain maybe a key event in opening the gate to release the Ca2* ions
into the lumen.

The x-ray structures of various intermediates in the catalytic cycle show snapshots of the
protein at each state. But how does SERCA go from one state to another? What are the
various forces that drive such large conformational changes? In order to understand the
dynamics of the pumping mechanism, molecular details of the conformational changes
observed using the insights from x-ray structures have to be studied. These molecular
descriptions of the conformational changes can be studied using computational methods.
Molecular dynamics (MD) has been an important tool to simulate the motion of proteins to
understand the dynamics at the molecular level 24-26, Equilibrium MD simulates the protein
in the native state. These simulations are useful when one tries to understand the stability
and the nature of one state of the protein. However this method is not useful to observe
conformational changes, as these are infrequent or rare events. A long time is spent in
sampling the stable state well but the time spent in undergoing the transition is much
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smaller. When the two end states of a conformational change are already known, it is
possible to compute transitions between them. Many methods have been developed to obtain
transitions between two experimentally determined structures of a protein, such as targeted
molecular dynamics 27- 28, steered molecular dynamics 2% 30 and transition path sampling
methods 31-34, In targeted MD, a subset of atoms is guided towards the target structure. The
root mean square difference (RMSD) between the starting and the ending structure is used to
steer the atoms. Although targeted and steered MD can find multiple pathways, they do not
sample on these pathways and don't correct for the force that is used to steer the system. It is
also important to choose a method which computes transitions that are representative of the
natural transitions 3. In this study, we use dynamic importance sampling (DIMS) 36 to
compute transitions between the E1P state and the E2P state of SERCA. DIMS is able to
rapidly generate ensembles of transitions from the E1P to the E2P state. One advantage of
DIMS over the previous methods is that it can generate families of diverse transitions
between the same starting and ending states.

Research into the underlying mechanisms of large conformational change has suggested that
the change is inherent in the protein structure and not dependent only on the cofactors. This
has come to define a model called the ‘population shift” framework, where an understanding
of the molecular nature of conformational change can be determined by consideration of the
protein structure by itself, without the presence of the cofactors 37. This computational
framework is important for our study of SERCA, since the computational analysis of when
the co-factors arrive and leave along with their parameterization for our CHARMM based
empirical force-field, would be very difficult. Instead, working within the population shift
framework, we argue that the details of the free energy surface will clearly change with co-
factors, but that the dominant protein factors that drive the large conformational change can
be understood by an initial consideration of the apo-protein by itself.

Apart from x-ray structures, several mutational studies ranging from point mutations of key
residues in the cytoplasmic domains 19 20. 38,39 tg insertions and deletions in the linker
regions connecting the A-Domain and the transmembrane helices have been

reported 22 23.40_ They have shown important regions of SERCA that affect ATPase activity
and stability of certain states in the catalytic cycle. In one study, it was observed that the
length of the A-M3 linker region is crucial in determining the rates of the reactions in the
transport cycle 22, Hence, the length of the A-M3 linker region was varied by inserting
glycine and proline residues incrementally. Up to 41 residues were inserted while still
preserving the catalytic activity of SERCA. Deletion mutations were also carried out in
order to study the effects of shortening the linker region. The rates of conversion between
the E2 -> E1 state and the E1P -> E2P states in the catalytic cycle were dramatically
affected.

In this study, we focus on a subset of the catalytic cycle, the E1P -> E2P transition. In the
crystal structures of the E2P states of SERCA, the formation of A3 helix in the N-terminal
part of the A-M3 linker region is seen 15. This is associated with the rotation of the A-
Domain. In the E1P state, the A-M3 linker region is stretched out completely. As the A-
Domain rotates, the stretched A-M3 linker region relaxes, which allows the formation of the
A3 helix (Figure 2). Hence, strain in the A-M3 linker was suggested as a driving force for
the E1P -> E2P transition?2. Here, we report the significance of the interaction between the
A3 helix and the P-Domain helices in the E1P -> E2P transition. We also discuss the
interactions with water and the effect it has on the free energy changes of the transition. The
free energy profiles of the transitions show increased stability of the E1P state as we
increase the number of inserts. This, we believe is due to the stabilizing interactions of the
A3 helix and the P-Domain helices. The estimated rates computed from the free energy
values show a good correlation with the experimentally reported values.
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Methods

Coarse grained simulation

While detailed all-atom simulations may give the most accurate information about the
behavior of the system, the detail captured means timescales explored are short. As the size
of the system increases, the number of computations increases many folds. To overcome this
limitation, we have employed a coarse grained force field to model our system. This enables
greater sampling and also allows us to access details of the simulations as well. The recent
coarse graining method developed by the Marrink group, MARTINI, with the extension to
proteins is used in this study 4. In order to be able to compute transitions between the E1P
and E2P of SERCA using DIMS, we ported the MARTINI force field in CHARMM. All the
bead representations were maintained to be the same as the original force field. The original
4:1 mapping of atoms to beads and the parameter for each bead was preserved as in the
MARTINI force field. More details about the implementation of MARTINI in CHARMM
can be found in the supplemental material.

SERCA Structures and Models

The structures of Rabbit SR Ca2+ (PDB ID - 2ZBD) in the E1P state and (PDB ID - 1WPG)
in the E2P state were used as the starting and ending states for creating the ensemble of
DIMS transitions 1°. The bound calcium, ADP and aluminium fluoride was removed from
the starting structures. Similarly, from the ending structure, MGF4 was removed. With the
two structures as templates, the insertions, deletions and mutations were made so that each
mutant will have a consistent starting and an ending state. The mutants are summarized in
Table 1 along with their symbols that are used to refer to them. A lipid bilayer of 456 coarse
grained DOPC lipids was created. The transmembrane region of the protein was aligned
with the bilayer and 16,368 coarse grained waters were used to solvate the simulation box
with dimensions 190 A x 150 A x 145 A. The starting and ending structure for each mutant
is equilibrated for 1ns. A family of transitions was then generated for each mutant using the
respective start and end states using DIMS.

Dynamic Importance Sampling

In order to compute the transitions between the E1P and the E2P states of SERCA we use
(DIMS) 33 36, 42-45 \hich is available in version 35b2 of the CHARMM program 46, The
main idea is to sample the most important trajectories between the two states. A known bias
is computed during dynamics, which depends on the current state of the system. DIMS uses
a biasing scheme in which the progress variable (current implementation uses RMSD
between the current state and the target state) indicates if the system is moving towards the
target state. One challenge in computing conformational transitions for big systems is
identifying and computing a reaction coordinate. The advantage of DIMS is that the reaction
coordinate need not be known prior to the computation of transitions. DIMS uses different
flavors of biasing methods and progress variables. A progress variable is system dependent
and indicates if the system is moving towards the target or not. In this current study we use
RMSD as a progress variable along with soft ratcheting biasing method 47. Diversity
between the transitions is achieved by using a random number seed during dynamics. For
the soft ratcheting scheme we use a A® value of 106 A. All transitions were computed
between the respective starting and end states for the wild type and the mutants. The
distance to the target from the starting structure was around 11 A in each mutant. A cutoff
distance of 1.5 A to the target structure was used. Atoms selected for DIMS included the
entire protein except the insert region. This choice ensured that the inserts didn't contribute
to the distance to the end-state. Approximately 50 transitions were computed for each
mutant.
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Estimation of Free Energy changes during the transition

From the experimental study, we know that the addition of inserts affect the rate of E1P ->
E2P transition dramatically. Hence, studying the free energy change is a step towards
understanding the underlying mechanisms behind the change. The free energy change
associated with the conformational change, ideally would involve computation of each and
every interaction that takes place during the transition. This computationally may take
several years or even decades. In order to get an approximate picture of how the free energy
profile of the transitions might look like, we have taken into account all the factors we think
are important into consideration. These can be split into enthalpic contributions and entropic
contributions. It should be noted that with sufficient sampling, DIMS also could have
provided a picture of the kinetics, free energies and pathways, but with our relatively limited
sampling, we feel that the approximate free energy curves determined by the enthalpic and
entropic contributions gives more insight than analysis of the transition times determined by
DIMS.

Enthalpic Estimation

During the transition from the E1P state to the E2P state, many events occur. The A-Domain
rotates about 90°. This motion of the A-Domain enables the interaction between the A3
helix and P-Domain helices 48. The waters that come into play during these interactions are
important because with the addition of inserts, more and more residues are being added in
the A-M3 linker region, this changes the behavior of water and hence the interactions of the
A-Domain and the P-domain. The factors used to estimate the enthalpic contributions are
representative of the overall interactions and include key interactions that take place during
the transition. Equation (4) gives the components that are involved in the computation of the
enthalpic term.

AH= (N-P Interaction)
+ (A-N Interaction)
+ (A-P Interaction)
+ (A—-M3 linker—water Interaction)
+ (A3 helix—P Interaction)
+ (M3—P Interaction)
+ (A3 Self Energy)
+ (M3  Self Energy)
+(Number of water contacts for A3)*X

O]

+(Number of water contacts for M3)*X

Here, the self energy terms of the A3 helix and the M3 linker region are self energies
without taking into account interactions from neighboring entities and X is the scaling factor
for the number of water contacts computed for the M3-linker region and the A3 helix
regions throughout the transition. The concept that we use is to associate an energy value
that would better represent a water interaction. This is to compensate for the fact that in
coarse grained models, water is represented as a polar bead with no charge 4. Therefore,
there is no way of accurately accounting for a hydrogen bond. While the interaction energies
of water with M3-linker and water with A3 helix are taken into account, the additional
scaling of the water contacts in these regions would better represent these interactions. We
have used X=8KT which is approximately the energy value of a hydrogen bond.
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Entropic Estimation

The entropic term takes into account the degree of freedom associated with the system. The
A-Domain rotation during the transition between E1P and E2P states is thought to be
important in the opening of the channel. This is because in the E1P state, the A-M3 linker is
completely stretched out. This strain causes the A-Domain to rotate and interact with the P-
Domain helices and subsequent rearrangement of the transmembrane helices makes the Ca2*
binding site open to the membrane. As the number of inserts in the A-M3 linker region gets
larger, there would be a considerable impact on the flexibility of the linker region and on the
A-Domain. Here again, the effect of water contacts is taken into consideration. A scaling
factor “Y”” is used to account for the amount of time a water bead spends near the A3 helix
or the M3-linker. The factors that are used in the estimation of Entropy is give by equation

®)

AS= (Vibrational Entropy of M3—linker) + (Vibrational Entropy of A3 helix)

+(Lifetime of water contact for M3—linker)*Y +(Lifetime of water contact for A3 he(fi)x)*Y

Here, the value of Y = 0.1 KT for 1 pico second was used. This means an interaction with a
water bead lasting 5 picoseconds would amount to 0.5 KT in energy. To compute vibrational
entropies of the M3-linker and A3 helix, quasi harmonic analysis was used (Equation 6) 4°.
The normal mode frequencies are computed using the vibrational analysis section in
CHARMM.

3N-6
ho; i
TAS= ) - L—len(l—ek{T )] 6)

;i
i=1 e —1

where, N is the number of atoms, h is Planck constant and v; is the frequency of the ith
internal normal mode.

Stable state simulations

Apart from generating transitions from the E1P state to the E2P state using DIMS, we have
equilibrium simulation runs for each starting and ending state. All the above-mentioned
computations were also done for the end states and incorporated into our free energy
calculations. All calculations were performed with the CHARMM program version c¢35a2
(compiled for coarse grained simulations), with the CHARMM force field. Each SERCA
structure is equilibrated for 1ns and equilibrium MD simulation is carried out for 2 ns using
standard Langevin dynamics using a time step of 2.5 fs and a bath temperature of 300K.

Methods Assumptions

We make several simplifying assumptions to enable the calculations. These need to be
clearly seen to enable a realization of the strengths and the weaknesses of the computations.
First, we are using the population shift analysis framework that enables us to focus our
computations at the large-domain shifts in the protein. However, making this assumption
does mean that we are not able to comment on the role of the binding partners and most
especially the calcium/ATP changes that occur in the physiological system. Second, our
calculations within the MARTINI framework do not include electrostatics. While that is
consistent with the MARTINI force field, it does mean that we have limitations in our
analysis of possible salt-bridges and hydrogen bonding partners. These calculations will
provide an initial reference point for further calculations within all-atom and DIMS
frameworks that we hope will address both the issues that remain consistent throughout the
calculations and those that change with the details of the force-field and the co-factors.
Thus, the current calculations should be viewed as providing a starting point for molecular
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analysis of large-scale conformational change in the system and not as an attempt to provide
a complete and exhaustive analysis of all the molecular details in the transitions.

Results and Discussion

Ensembles of transitions between the E1P and the E2P state (WT and the mutants) are
generated using the DIMS algorithm. The E1P state uses the x-ray crystal structure 2ZBD
and the E2P state uses the 1IWPG structure 1°. The protein structures without the bound
ligands have been used as is consistent with the population shift model. The total backbone
root mean square distance (RMSD) between the E1P and the E2P state is approximately
11A. Each transition generated by DIMS is independent since DIMS is a stochastic method.
For each set of mutant-E1P and mutant-E2P state, an ensemble of about 50 transitions have
been generated and analyzed. The overall framework for these calculations and their results
can be inferred from Figure 3, where the RMSD changes during the DIMS transitions are
shown. Note that the details of the pathway between the states are what is sampled in DIMS
-- we use this approach to increase our understanding of the intermediate conformations
between the two stable end-state structures.

Domain Interactions

Interactions between A-Domain and N-Domain

The cytoplasmic domains A, P and N of SERCA collectively undergo a large scale
conformational change during the transition from the E1P to the E2P state. In the E1P state,
Ca?* is occluded from the membrane and is locked in the binding site. Again, our DIMS
calculations use the population shift framework, so the calcium is not directly included in
the simulations. The Asp3°! in the P-Domain is phosphorylated and the A-Domain is turned
further away from the P-Domain, close to the N-Domain. These interactions between the A-
Domain and the N-Domain are about -120 kcal/mol in the WT-E1P state and gradually
decreases to about -56 kcal/mol as the WT-E2P state is reached (see Figure 4). In the mutant
LM17-E1P state, the interaction energy between the A-Domain and the N-Domain is equal
to -130 kcal/mol, and in the LM11-E1P state, the interaction energy is about -125 kcal/mol.
The values of all other mutants in the E1P state were smaller than the WT-E1P by 5 to 20
kcal/mol. It is noted that as the length of the insert increases, the interaction energy
decreases.

Several mechanisms underlie these differences. First, the addition of the inserts can make
the A-Domain more flexible. For example, it has been noted that in the E1P state, the M3-
linker is stretched. As the insert length it becomes more flexible and this enables the A-
Domain to fall back towards the P-Domain. Another mechanism behind these differences is
that, as the residues in the M3-linker region insert increase, it opens the region to more water
interactions that compensate for the interactions between the A-Domain and the N-Domain.
We examined the distances between the A-Domain and the N-Domain and found no
significant difference between the mutants-E1P and the WTE1P state. This shows that the
water interactions contribute to the differences in the domain interactions.

As the transition proceeds to the E2P state, the A-Domain rotates about 90° and comes in
close proximity to the P-Domain. The N-Domain also moves in order to accommodate the
rotation of the A-Domain. Here again, the interactions between the A-Domain and the N-
Domain is found to be the lowest in the WT state (about -56 kcal/mol). The difference in
interaction energies between the mutants-E2P and the WT-E2P states ranges from 5 to 30
kcal/mol. The highest interaction between the A-Domain and the N-Domain is seen in
mutant 5G-E2P (-83 kcal/mol) and mutant LM16-E2P (-82 kcal/mol). The strength of the
interaction increases as the length of the inserts increases up to 9 residues and then decreases
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as the number increases. A molecular understanding of these differences involves at least
two mechanisms. The first involves the consideration that when the insert length is relatively
small, it contributes to the flexibility of the A-Domain. Once the insert length increases
beyond 9 residues, it tends to have a more globular shape which might actually restrict the
movement of the A-Domain and hence decreases the interaction energy between the
domains. Here again, we computed the distances between the A-Domain and the N-Domain
in the E2P states and found no significant difference between the WT and the mutants. An
additional contribution is found by noting that, when the insert length is smaller, the number
of waters associated with the insertion region is smaller than the number of waters
associated with the larger inserts. The deletion mutants also have higher interaction energies
in the E2P state and so do the mutants which have inserts in the 233/234 site. Here again, the
number of waters associated with this region is not large enough to compensate for any
flexibility that may be introduced because of the insert.

between A-Domain and P-Domain

The A-Domain has the TGE183S motif which is highly conserved 19-21, When the A-
Domain rotates about 90°, the glutamic acid in this motif catalyses the dephophsorylation in
the E2P state. The interaction between A-Domain and the P-Domain is about -29 kcal/mol in
the WT-E1P state (Figure 5). As the number of residues in the inserts increases, the
interaction energy increases slightly up to -39 kcal/mol in the LM8 mutant, and then
decreases back to a value comparable to that of the WT-E1P in longer insert mutants. On a
molecular level this is seen as the inserts adding flexibility to the A-Domain. But as the
inserts increase in number they eventually take up a globular shape that then acts to restrict
movement of the A-Domain. As the A-Domain rotates 90° and comes closer to the P-
Domain in the E2P state, the interaction energy goes up to -86 kcal/mol in the WT-E2P
state. Here once again, the interactions become stronger as the inserts are added going up to
-109 kcal/mol in the 5G-E2P state and -100 kcal/mol in the LM4-E2P state. The interaction
is higher than that of the WT-E2P but lower that LM3-E2P state in mutants up to LM7-E2P
and then decreases as the number of inserts increases. The lowest is in LM10-E2P state (41
residue insert) where the interaction energy is -77 kcal/mol. The deletion mutants and the
mutants with inserts in 233/234 site have higher interactions energies values than the WT-
E2P state. The reason for such discrepancies in the strength of the interaction energies
between the A-Domain and the P-Domain can be seen by considering the interaction with
waters. As the number of residues in the M3-linker region increases, from up to 5 to
residues, the linker region contributes to the flexibility of the A-Domain enables it to come
closer to the P-Domain. Once the linker takes on a globular structure, not only does it make
the linker less flexible than the other mutants, there are also a large number of waters that
are associated with it. There is a sudden increase in water numbers in this region which
reduces the ability of the A-Domain to interact with the P-Domain. As the P-Domain moves
to interact with the A-Domain, the interaction between P-Domain and the N-Domain also
decreases (see supplemental Figure S4).

To summarize, in the E1P state, the interaction between the A-Domain and the N-Domain
decreases as the number of residues inserted increases, with the exception of LM6-E1P,
LM11-E1P and LM17-E1P. The interaction between A-Domain and P-Domain is lowest in
the WT-E1P state. The interaction energy gradually increases as inserts are added. In the
E2P state, the interaction between A-Domain and N-Domain is the lowest in the WT-E2P.
The interaction energies increase with the addition of inserts. The same behavior is seen
between A-Domain and the P-Domain.
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A3 Helix Interaction with P-Domain

An important question during the E1P-> E2P transition is, what are the underlying factors
that cause the A-Domain to rotate? This was partly addressed experimentally by the
Andersen group 22 in the mutagenesis study of the A-M3 linker region. X-ray structures of
the E1P state shows that the M3 linker region is completely stretched out as the A-Domain
is closer to the N-Domain 15, This stretch in the M3-linker is thought to destabilize the E1P
state and cause the A-Domain to rotate. In the E2P state, the M3-linker region which was
stretched out in the E1P state is seen to be relaxed in the X-ray structures, forming the A3
helix. The addition of the inserts in the M3-linker caused the rate of transition of E1P-> E2P
reduced dramatically. It was also observed that when residues where inserted in the 233/234
site, it affected the formation of E2P state to a greater extent. This was thought to be due to
the disruption of the A3 helix which is found in the E2 state at the N-terminal part of the A-
M3 linker region. The 233/234 site lies exactly where the A3 helix forms. The experimental
work speculated that stabilizing interactions between the A3 helix and the P-Domain helices
P5, P6 and P7 was necessary in the E2P state.

In the transitions computed by DIMS from E1P to E2P, we have computed interactions
between the A3 helix and the P-Domain helices (Figure 6). In the WT, this interaction is non
existent in the E1P state due to the distance between the A-Domain and the P-Domain. As
the transition progresses, the interaction increases and at E2P it has the value of -11 kcal/
mol. As the length of inserts increases, the strength of the interaction energy gradually
increases in the E1P state, from -2 kcal/mol in LM5-E1P mutant to -12 kcal/mol in the
LM10-E1P mutant (41 residues). This could be due to the changes in the influx of waters.
The LM10-E1P mutant has 12 times more waters in the region between the A3 helix and the
P-Domain helices (8A distance between both) than the WT-E1P state (see supplemental
Figure S5). The insert region accumulates more water due to attractive interactions between
the glycine inserts and the water. As observed before, the interaction energy between the A3
helix and the P-Domain helices in the E1P state decreases in the deletion mutants and the
mutants in the 233/234 site. When we compare these values to the interaction energies
between the A-Domain and the P-Domain in the E1P state, we find that in the mutants with
long inserts, there is a larger contribution from the A3 helix interactions. This could be
contributing to the stabilization of the E1P state. In the deletion mutants and the mutants of
the 233/234 site, the interaction is less than the WT both in the E1P state and the E2P state.
We observe that as the inserts are added to the A-M3 linker region, the formation of the A3
helix becomes possible in the E1P state itself (see supplemental Figure S6). In the WT, the
A3 helix forms in the 2"d quarter of the transition. Whereas, in most mutants with long
inserts, the A3 helix is formed in the beginning or very early in the transition except the
LM4 mutant. This shows that the strain in the M3-linker is reduced by adding the inserts. In
the mutants of site 233/234, A3 helix is not formed at all because the mutation at the site
disrupts the formation of the helix.

Interactions with water

Water is the source of both enthalpic interactions and entropic changes. The glycine and
proline inserts in the A-M3 linker region have an overall attractive interaction with the
surrounding waters (see supplemental Figure S7). As the number of inserts increases, the
interaction energy becomes more and more attractive. In the LM10 mutant, the interaction
energy starts out much higher than the WT and is seen to gradually reduce as the transition
progresses from E1P -> E2P state. This could be due to the expelling of water between the
A-Domain and the P-domain as they come closer in the E2P state, leaving less space for the
waters compared to the E1P state. In spite of this, the interaction of the M3 linker with water
in the E2P state in the LM10 mutant is much higher than the E2P state in the WT. This
indicates that there are more waters present in the region formed between the A-Domain and
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the P-Domain. The deletion mutations and inserts in the 233/234 site shows no significant
changes in water interaction when compared with the WT. The double deletion mutation
however shows lower interaction energy than the WT throughout the transition. From this
we can see that the shortening of the M3-linker produces less favorable interaction with
waters than the WT. This is because the number of waters interacting in that region is
reduced due to the shortened length. We also find that the number of waters between the A3
helix and the P-Domain increases with the addition of inserts in the E1P state (Figure S5). In
the E1P state, the number of waters within 8A distance of both A3 helix and the P-Domain
helices (P5, P6 and P7) is around 1 in the WT and around 12 in the LM10 mutant. The
number of waters progressively increases with the addition of inserts in the 243/244 site as
well as mutants of the 233/234 site. The deletion mutants have numbers comparable to the
WT. The changes produced by the insert are mainly due to both length and type of amino
acid. In this case the inserts are glycine (represented as a polar bead) and proline residues.
These both cause favorable interactions with a population of waters to stabilize the E1P
state.

Domain-Domain Interactions versus Domain-Water Interactions

We have so far discussed how the cytoplasmic domains interact with one another and the
interaction between the A3 helix and P-Domain helices. From our computations, we have
seen that there are changes in the influx of waters in the region between the A-Domain and
the P-Domain. What do these extra waters mean to the system? And how do these water
interactions affect global interactions? To answer these questions, we have computed the
overall contributions from Domain-Waters and Domain-Domain interactions (Figure 7). The
Domain-Domain interaction represents the total energy contribution due to the interactions
of the cytoplasmic domains. The Domain-Water interactions represent the energy
contribution due to water interactions. The number of water contacts for the M3-linker and
the A3 helix has been considered for this calculation. The interaction energies between A3
helix and P-Domain helices in the presence of waters are included in the overall water
contributions. It can be seen that in the WT-E1P state, the energy contribution due to waters
is lesser than the energy contribution due to the Domain-Domain interactions. The Domain-
Domain interactions dominate at this state. The Domain-Water contribution increases as the
Domain-Domain contribution decreases during the transition from E1P to E2P in the WT.
The increase in the contribution due to waters is because for our A3 helix-P-Domain
calculations. We compute the interaction energy with waters and we use a cutoff distance of
8A. In the E1P state, A3 helix and P-domain helices are far apart. The number of waters
overlapping with the two regions and hence contributing to the interaction is less. In the E2P
state however, the A3 helix and the P-domain helices are closer and encompass many waters
in that region. Hence the contribution of waters is stronger.

In the mutants with long inserts, the Domain-Water contribution in the E1P state is higher
than in the E1IP-WT state. As the inserts are added, it can be seen that the Domain-Water
contribution dominates more and more. In the LM10-E1P state, the Domain-water
contributions are greater than the Domain-Domain contributions. There are a couple of
reasons for this. One of which is the favorable interaction of the insert region due to the
nature of residues in these inserts. As the inserts are made up of glycine and proline
residues, waters interact favorable with the insert region. The insert region attracts waters
into the region due to such favorable interactions. Another reason is the issue of packing.
When the inserts are small in number, they have a more loop like structure. As the insert
length grows, it acquires a more globular shape. This affects the way waters are packed in
this region. The lengthy inserts like LM10 with 41 residues pushes waters up into the region
between A-Domain and P-Domain. This increase in the influx of waters is seen (Figure S5
and S7). The combination of the above two reasons creates Domain-Water interaction that is
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greater than the Domain-Domain interactions. This compensation leads to a more stable E1P
state.

Free energy changes during the E1P->E2P transition

The most important question that we ask is how inserting residues in the A-M3 linker region
causes the rate of the E1P -> E2P transition to be affected dramatically. What are the forces
at the molecular level that cause this change in rate? We have so far discussed the
interaction energies of domains, the changes in water interactions and the interactions
between A3 helix and the P-Domain helices. How do all these changes affect the overall
mechanism of the E1P -> E2P transition? To answer this question, we look at the overall
free energy changes during the transition. We have taken into account the main interactions
that contribute to the enthalpic and entropic components. These values are computed for
about 50 transitions for each mutant and the net free energy is fitted to a curve. The free
energy of the transition (Figure 8) shows a classic curve with a transition state at about 50%
completion in the WT. It can be seen that the free energies of the E1P state is reduced with
the addition of inserts in the 243/244 site and the 233/234 site (Table S2). The effect is
greatest in the LM10 (41 residue) mutant. The deletion mutants have a value comparable to
the WT. This shows that the E1P states of the mutants with long inserts are more stable than
their WT counterpart. In the mutants with long inserts the E2P state is at a relatively higher
level than the corresponding E1P state. The difference in free energy is more pronounced
due to the decrease in free energy of the E1P state. Apart from the stabilization of the E1P
state, we found that the estimated rate of the transition calculated by using the barrier height
was in good correlation with the experimentally observed rates (Figure 9). This further
emphasizes the fact that stabilization of the E1P state increases the barrier height and this
makes the progress of the transition increasingly difficult. This is in accordance with the
experimental results. The addition of the inserts has changed the way the domains interact
with one another and how the A3 helix and M3-linker itself interacts. The addition of long
inserts comprising of glycine and proline, brings in more water into the region. The waters
have stabilizing interactions with the A3 helix and the P-domain helices making the E1P
state of the mutants more stable that the WT-E1P state.

It is clear from our results that the contributions due to water interactions play the major role
in stabilizing the E1P state. With our current coarse-grained model, we were able to observe
and address the trends seen in a large system such as SERCA due to mutations done
experimentally. Although all-atom simulations would give us a much detailed picture, the
insights into the system gained outweighs the assumptions we have made.

How do Domain motions trigger rearrangements in the transmembrane region?

SERCA has two calcium binding sites in the transmembrane region . The binding sites are
located in the space M4, M5 M6 and M8 helices. In fact site Il is located on the M4 helix 7.
During the E1P -> E2P transition, the two Ca2* ions are released into the lumen. The drastic
rotation of the A-Domain causes rearrangements in the transmembrane helices and causes
the bound Ca2* ions to be released. In order to understand the communication between
domains and how it gets translated to the transmembrane region, we computed the
correlation matrix for the transmembrane helices M4 and M5, displayed as a two
dimensional correlation map (Figure 10) °1-53, A comparison of the movements of the
backbone beads of the M4 and M5 helices in the WT to the movements in the LM10 mutant
is shown in 10(a). The correlation map for M4 alone is shown in 10(b) and M5 alone is
shown in 10(c). The M4 helix (residues 287-330) has two parts : M4L — lumenal and M4C —
cytoplasmic. The M4 helix is connected to the P-Domain and during the A-Domain rotation,
the lower sections of the M1 and M2 helix push against the M4L helix, opening the gate.
The M5 helix (residues 741-780) bends during this process. The M5 helix is very long and
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stretches outside the membrane close to the P-Domain. In the WT, the M4 region is seen to
be split into 2 parts as mentioned above, separated by a strip of uncorrelated region. This
region corresponds to GIu309 which is the gating residue for Ca2* 17. Although this region
is uncorrelated, the two regions of the M4 helix seem to be well correlated and moving
together in the WT. This region of uncorrelated motion is much bigger and extends beyond
the Glu309 residue into the M4C region in the LM10 mutant 10(b). The reason for this could
be that the P-Domain interaction with large number of waters associated with the A-M3
linker inserts might be causing fluctuations in motion in the M4 helix. This might disturb the
binding site and even slow down the process of Ca2* release.

In the WT, The M5 helix is seen to have many regions of correlated and uncorrelated region.
The M5 helix is know to serve as the backbone, extending from the membrane into the P-
Domain. From the x-ray structures, it is seen to bend towards the M1 helix during the gating
process, further creating space for the ions to be released. This is seen as a region of poorly
correlated motion when compared with the motion of the M4 helix in the WT (Figure 10a).
In the LM10 mutant however, there is a shift in the motion of the M5 helix. The region that
was poorly correlated in the WT is now highly correlated (Figure 10c). The difference in
motion seen in M4 and M5 is due to the fluctuations experienced by the P-Domain and its
interaction with waters associated with the A-M3 inserts. This change in motion could be
affecting the gating mechanism in the transmembrane region and hence the release of the
Ca?* ions into the lumen.

of energy estimates with All-atom simulations

Coarse-grained simulations has its advantages and can enable greater sampling within a
reasonable amount of computational resources, while all-atom simulations can take a much
longer time but yield more details in the simulation. In order to assess the quality of our
coarse-grained simulations and its ability to capture major trends in conformational changes,
we compare the domain-domain interaction energies between coarse-grained and the all-
atom models. We consider the end state MD simulations of the WT and compare the
domain-domain interactions in the coarse-grained and the all-atom models (Figure 11(a-f)).
The membrane for the all-atom simulations was represented by the implicit solvent using the
GBSW model 2457, For the scatter plot, the domain-domain interaction energies of similar
structures based on RMSD clustering were compared and plotted. In both EIP-WT and E2P-
WT, it can be seen that we get good correlation between the all-atom energies and the
coarse-grained energies, although the energy values are very different in the two models.
Also, we get very good correlation between the domain-domain interaction energies of
coarse-grained and all-atom models in our DIMS transitions as well (Figure 12(a-c)). Here
again we compare the energies of similar structures along the DIMS transitions, based on
RMSD clustering. These results are promising and show that although coarse-grained
simulations cannot be used to comment on the absolute energy values, they do give us
insight into the nature of the underlying molecular interactions.

Conclusion

Exploring the conformational changes within proteins is crucial for understanding function.
The X-ray structures of proteins provide snapshots of the various states the proteins are
capable of reaching. But to understand the function of a protein, information regarding the
dynamics of the motion is essential. In the case of SERCA, a lot of information is available
in the form of x-ray structures. But that alone is not enough. For our study, transitions
between the E1P state and E2P state were computed using DIMS within the population shift
framework. Ensembles of transitions generated WT and the mutants experimentally
characterized?? provided molecular insights into the changes. It was previously suggested
that strain in the A-M3 linker is a driving force in the transition from E1P to E2P. From our
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analysis it can furthermore be concluded that the inserts in the A-M3 region shifts the A3
helix and the P-domain helix interactions and that this stabilizes the E1P state. More
importantly, the interaction with the waters associated with the M3-linker region has a
stabilizing effect on the E1P state. The estimated changes in the rate computed from our free
energy profiles are in good correlation with the experimentally observed changes. We also
find that changes in the cytoplasmic side can reflect in the transmembrane region. The
interactions of the P-Domain with waters can affect the motion of the transmembrane helices
and thereby disturbing the gating mechanism. The focus of our study was to address the
trend in the changes observed between the various mutants. Since this study used coarse-
grained models, the energy values computed from our analysis provided a guide for
comparison. Comparison with all-atom simulations for the WT energy values showed good
correlation. Future all-atom studies will address more precise details of the compensation
mechanisms as the inserts are added to the system.
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Refer to Web version on PubMed Central for supplementary material.
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Catalytic cycle of SERCA
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EP state E2P state

Figure 2.
E1P (2ZBD) and E2P (1WPGQG) states of SERCA. The A-Domain (red) rotates about 90° in

the E2P state. P-Domain (green) has three helical regions P5,P6 and P7 (purple) which
interacts with the A3 helix (blue) in the E2P state. N-Domain (yellow) also moves to
accommodate A-Domain rotation. Rearrangements also take place in the transmembrane
helices (gray)
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Figure 3.

RMSD changes along the transition from E1P -> E2P. RMSD difference with respect to

target (red). RMSD with respect to starting structure (green)
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The interaction energy between the A-Domain and the N-Domain during the E1P -> E2P
transition. The x-axis shows the progress of the transition from the starting state (2ZBD) to
the ending state (1WPG). The transitions are divided into 5% percent completion bins and

the values are averaged over 50 transitions for each mutant. Error bars are standard

deviations of the data within each bin.
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The interaction energy between the A-Domain and the P-domain during the E1P -> E2P
transition. The x-axis shows the progress of the transition from the starting state (2ZBD) to
the ending state (1WPG). The transitions are divided into 5% percent completion bins and
the values are averaged over 50 transitions for each mutant. Error bars show the standard

deviations within each bin.
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Figure®6.

The interaction energy between the A3 helix and the P-domain helices P5,P6,P7 and P8
during the E1P -> E2P transition. The x-axis shows the progress of the transition from the
starting state (2ZBD) to the ending state (1WPG). The transitions are divided into 5%
percent completion bins and the values are averaged over 50 transitions for each mutant.
Error bars represent the standard deviation within each bin.
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Figure7.
Domain-Domain Interactions (red) and Domain-Water interactions (blue). The x-axis
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represents the transition from E1P (left) -> E2P (right)
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Free energy changes during the E1P -> E2P transition. The transition progress is represented
from 0 (2ZBD) to 1(1WPG). The green and red line indicates the free energy of the end state

and the transition state respectively.
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Scatter plot of the Experimental rate and the Estimated Rate from the free energy change.

All rates are relative to the WT which is 1.
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Figure 10.

Two dimensional correlation maps for WT and LM10-mutant. (a) Shows overall correlation
for M4 and M5 helices. (b) Shows correlation maps for M4 helix. (c)Shows correlation
maps for M5 helix. Color codes corresponding to the strength of the correlation is shown on
the right.
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Figure 11.

Scatter plots of coarse-grained and all-atom Domain-Domain interaction energies clustered
based on RMSD in the (a) A-N Interaction in E2P (1WPG) state, (b) A-P Interaction in
E2P, (c) P-N Interaction in E2P , (d) A-N Interaction in E1P (2ZBD) state, (e) A-P
Interaction in E1P, (f) P-N Interaction in E1P state.

Proteins. Author manuscript; available in PMC 2013 August 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Nagarajan et al.

(@ (®) (©)
o
) 3
2 ¥ - =
Bo T o
g% ]
g 8
3@ g
£ o o
g ©
=) 2 o
g o -2 %
2o ~ T ]
5 v 0§87,
o Q| %o £o9
o R=0.9489 o . R=0.8257 ® oo R=0.8212
. 2 5 5
70 60 50 40 30 70 60 50 40 30 g0 60 70 -60 -50 40
All-atom Energies All-atom Energies All-atom Energies

Figure12.

Page 28

Scatter plots of coarse-grained and all-atom interaction energies in the DIMS transition of
WT E1P -> E2P states clustered based on RMSD. (a) A-N domain interactions (b) A-P

domain interactions (c) P-N domain interactions.
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Table 1

Insertion, Substitution and Deletion mutants and their symbols

Mutants Symbol
243/244 1G LM1
243/244 3G LM2
243/244 5G LM3
E243G-Q244G + 243/244 5G LM4
243/2447G LM5
243/244 9G LM6
243/244 5G 1P 5G LM7
243/244 5G 1P 4G 1P 5G LM8
243/244 5G 1P (4G 1P)35G LM9
243/2445G 1P (4G 1P)65G | LM10
E243del LM11

Q244del LM12
E243del-Q244del LM13
K234G LM14

K234A LM15

233/234 1G LM16
233/234 3G LM17
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