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The natural product curcumin and some of its analogs are known inhibitors of the transmembrane enzyme sarco/
endoplasmic reticulum calcium ATPase (SERCA). Despite their widespread use, the curcuminoids’ binding site in
SERCA and their relevant interactions with the enzyme remain elusive. This lack of knowledge has prevented the
development of curcuminoids into valuable experimental tools or into agents of therapeutic value. We used the
crystal structures of SERCA in its E1 conformation in conjunction with computational tools such as docking and
surface screens to determine the most likely curcumin binding site, along with key enzyme/inhibitor in-
teractions. Additionally, we determined the inhibitory potencies and binding affinities for a small set of curcumin
analogs. The predicted curcumin binding site is a narrow cleft in the transmembrane section of SERCA, close to
the transmembrane/cytosol interface. In addition to pronounced complementarity in shape and hydrophobicity
profiles between curcumin and the binding pocket, several hydrogen bonds were observed that were spread over
the entire curcumin scaffold, involving residues on several transmembrane helices. Docking-predicted in-
teractions were compatible with experimental observations for inhibitory potencies and binding affinities. Based
on these findings, we propose an inhibition mechanism that assumes that the presence of a curcuminoid in the
binding site arrests the catalytic cycle of SERCA by preventing it from converting from the E1 to the E2
conformation. This blockage of conformational change is accomplished by a combination of steric hinderance
and hydrogen-bond-based cross-linking of transmembrane helices that require flexibility throughout the catalytic
cycle.

1. Introduction curcumin-mediated inhibition of the transmembrane enzyme sarco/

endoplasmic reticulum calcium ATPase (SERCA)' [11-13].

Curcumin, a diarylheptanoid, is a natural product found in turmeric
plants. It has a long history of use as a spice, herbal supplement, or
therapeutic agent in alternative medicine [1-3]. The compound was first
isolated in 1815 from rootstalks of turmeric plants [4]. About 100 years
later, its chemical structure was determined and a route for its synthesis
was devised shortly thereafter [5,6]. More recently, curcumin has
attracted attention as a potential drug against a wide variety of medical
conditions because of its anti-inflammatory, antibacterial, antifungal,
and antimalarial properties [1,2,7]. It is also believed to be potentially
beneficial for the treatment of cancer and Parkinson’s disease [8-10].
Many of curcumin’s perceived or confirmed therapeutic benefits stem
from its antioxidant properties and its ability to interfere with calcium
signaling. It has been proposed that latter is, at least in part, the result of
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SERCA belongs to the family of P-type ATPases and resides in the
membrane of the sarco/endoplasmic reticulum [14-18]. It keeps intra-
cellular calcium concentrations low by using chemical energy obtained
from the hydrolysis of ATP to expel calcium ions from the cytosol and
release them into the lumen of the sarco- or endoplasmic reticulum, both
of which serve as intracellular calcium storage compartments. The rapid
release of calcium ions from these reservoirs triggers a variety of phys-
iologically critical processes, such as muscle contraction, which ac-
counts for SERCA’s central role in calcium-signaling pathways. Its
catalytic cycle is commonly described in terms of the Post-Albers scheme
(Fig. 1) that is based upon SERCA undergoing significant conformational
changes, involving interconversions between the so-called E1 and E2
main conformations of the enzyme, each of which exists in distinct

1 Abbreviations: ATP: adenosine triphosphate; BHQ: di-tert-butyl hydroquinone; CPA: cyclopiazonic acid; GBVI/WSA: generalized Born volume integral/weighted
surface area; LDH: lactate dehydrogenase; MOE: molecular operating environment; MOPS: 3-(N-morpholino)-propanesulfonic acid; PK: pyruvate kinase; PLB: pro-
pensity for ligand binding; SAR: structure-activity relationship; SERCA: sarco/endoplasmic reticulum calcium ATPase; TG: thapsigargin; TM: transmembrane helix;

TRIS: tris(hydroxymethyl)aminomethane.
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Fig. 1. Post-Albers scheme, showing the conformational changes that SERCA
undergoes during its catalytic cycle. The various E1 conformations are shown in
red and the E2 conformations in green. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

substates [19,20]. Briefly, the cycle begins with SERCA binding two
calcium ions on the cytosolic side of the SR/ER membrane and one
molecule of ATP in its E1 conformation before one of its aspartic acid
residues becomes phosphorylated. Phosphorylation occludes the cyto-
solic calcium binding sites and subsequently triggers the conversion to
the E2 conformation, which expels both calcium ions into the lumen and
leads to the uptake of two protons. Subsequent hydrolysis of the phos-
phate group then resets the cycle as SERCA reverts to the E1 form,
accompanied by the release of two protons on the cytosolic side (Fig. 1).

In vivo, SERCA activity is regulated by endogenous inhibitors, such
as the short peptides phospholamban and sarcolipin [21-23]. In addi-
tion to these regulatory peptides, a broad variety of exogenous com-
pounds are also capable of interfering with the ion-transport activity of
SERCA [11,24,25]. Well-known examples are the natural product
thapsigargin (TG) and its derivatives, the fungal metabolite cyclo-
piazonic acid (CPA), or the small compound di-tert-butyl hydroquinone
(BHQ), all of which are allosteric inhibitors that are known to bind to the
transmembrane domain of SERCA [26-28]. The value of SERCA in-
hibitors as research tools or as potential drug candidates is well-
documented by an impressively large number of publications. For
example, derivatives of TG have undergone clinical trials as prodrugs for
the treatment of prostate cancer, solid tumors, and glioblastomas
[29-32].

To carry out its catalytic function, SERCA needs to be able to inter-
convert freely between its various E1 and E2 conformations depicted in
Fig. 1 [19,20]. Most but not all allosteric SERCA inhibitors interfere with
catalysis by binding to the enzyme and preventing further conforma-
tional changes, thus arresting it in its E2 conformation and blocking the
binding of cytosolic calcium ions [18,33]. For some of the most
commonly used inhibitors, high resolution X-ray crystal structures of the
inhibitor/SERCA complex in various conformations are available that
have elucidated inhibitor binding at the molecular level [34-36]. These
studies have shown that all allosteric SERCA inhibitor binding sites
reside in the enzyme’s transmembrane domain, an observation that is
consistent with the overall hydrophobic character of these compounds.

Curcumin belongs to the relatively small group of SERCA inhibitors
that has a preference for binding to the E1 over the E2 form of the
enzyme [11,12]. A calculated log P value of about 3.8 implies a pre-
dominantly hydrophobic character and suggests a binding site within
the transmembrane section of SERCA, even though a previous study has
proposed a lumenal site in the E2 form as the presumed binding pocket
for a synthetic curcumin analog [37]. At present, no high-resolution
structure of the curcumin/SERCA complex is available which would
clearly reveal location and structure of the binding site. In addition, no
comprehensive structure-activity relationship (SAR) studies have been
conducted, which would have assisted in the identification of the cur-
cumin binding site indirectly by characterizing critical enzyme/inhibi-
tor interactions. In fact, only a few publications are available that report
the activities for a limited number of curcuminoids and their results are
not always compatible with each other [13,38].
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Here, we employed computational tools in combination with tradi-
tional inhibition and binding assays to identify the most likely binding
site of curcumin to SERCA and to characterize intermolecular in-
teractions relevant for binding. To achieve this goal, we screened the
crystal structure of SERCA in two representative E1 conformations for
viable binding sites and then employed molecular docking and molec-
ular mechanics to find the most probable inhibitor binding mode, along
with the relevant enzyme/inhibitor interactions. As the most feasible
binding site, we identified a cleft in the transmembrane section of the
enzyme that displays pronounced shape complementarity with curcu-
min and that is only present in the E1 conformation. The predicted in-
teractions were consistent with experimentally observed trends in
inhibitory potencies and binding affinities that we measured for a small
collection of curcumin analogs. As a plausible inhibition mechanism, we
propose that curcumin hinders SERCA’s E1 to E2 conversion by a
combination of steric blockage of the enzyme’s conformational switch
and by cross-linking several transmembrane helices through a network
of hydrogen bonds that are mediated by the inhibitor.

2. Methods
2.1. Molecular modeling and computation

The three-dimensional molecular structure of curcumin was
sketched using the comprehensive modeling suite MOE (Molecular
Operating Environment, version 2019.0102; Chemical Computing
Group, Montreal, Canada). In agreement with an NMR study, the enol
tautomer (Fig. 2) was chosen over the diketone form as the more stable
and thus representative isomer of the molecule [39]. The conforma-
tional energy of the model was then minimized by molecular mechanics
using the MMFF94x force field, which is widely regarded a suitable
choice for small organic molecules.

Several X-ray crystal structures of SERCA were obtained from the
Protein Databank. As representatives for the E1 conformation, an ATP-
free conformation and one with an ATP analog (PDB IDs: 1SU4 and
1VFP, respectively [40,41]) were chosen. SERCA complexed with
beryllium trifluoride was selected as a representative form of the E2
conformation (PDB ID: 3B9B) [42]. All structures were prepared in MOE
for further analysis by removing solvent and buffer molecules, adding
hydrogen atoms, and optimizing their positions by molecular mechanics
in conjunction with the Amber force field as implemented in the
Structure Preparation functionality of MOE.

The surfaces of the three SERCA conformations were screened for
potential binding sites with the SiteFinder tool in MOE [43]. Potential
sites were evaluated based on their size, location, and their PLB (pro-
pensity for ligand binding) score [44]. Next, the structural model of
curcumin was docked into some of these sites by employing MOE’s Dock
tool executed at the default settings [45]. Curcumin/SERCA complexes
obtained from docking were subjected to a brief energy optimization by
molecular mechanics using the Amber forcefield to relieve potential
conformational strain in the receptor that was not relieved during
docking. For the visualization of docked inhibitor poses, two-
dimensional projections of the ligand in the binding pocket were
created with the Ligand Interactions feature of MOE.

2.2. Materials

Muscle tissue from rabbit hind legs for the preparation of micro-
somes was a gift from a local breeder. An enzyme mixture of pyruvate
kinase (PK) and lactate dehydrogenase (LDH) and the compounds
dimethoxycurcumin (4), tetramethylcurcumin (5), 1,5-bis(3,5-dime-
thoxyphenyl)-1,4-pentadien-3-one (6), and vanillylidenacetone (8)
were received from Sigma-Aldrich (St. Louis, MO). Curcumin (1),
demethoxycurcumin (2), bisdemethoxycurcumin (3), ferulic acid (7)
and all other reagents for the assays were obtained from Fisher Scientific
(Waltham, MA).
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Fig. 2. Chemical structure, inhibitory potencies, and binding affinities of curcuminoids.

2.3. SERCA activity assays

SERCA microsomes from rabbit hind leg tissue were prepared ac-
cording to a previously described procedure [46,47]. SERCA-catalyzed
rates of ATP hydrolysis coupled to the oxidation of NADH by the ac-
tion of the auxiliary enzymes PK and LDH were measured spectroscop-
ically using a Biotek Synergy HTX microplate reader (Agilent, Santa
Clara, CA) operating at a wavelength of 340 nm [46]. Briefly, ATP hy-
drolysis was initiated in samples placed in the wells of 96-well plates by
the addition of ATP to give a final concentration of 0.22 mM. Each well
contained a total volume of 225 pL, containing 8 pg/mL total protein in
assay buffer (5 mM MgCl,, 100 mM KCl, 0.7 mM CaCl,, 0.5 mM EGTA,
5.5 pM calcimycin, 1.5 mM phosphoenolpyruvate, and 20 mM tris
(hydroxymethyl)aminomethane (Tris) at pH 7.3). Reaction rates were
measured for five minutes at 11 different test compound concentrations
that covered a concentration range that was evenly spaced on a loga-
rithmic scale between 5.6 nM and 330 pM. The observed rates were then
fit to a three-parameter logistic equation using SigmaPlot (version 14.5,
Systat Software). Inhibitory potencies were expressed in terms of the
ICsp value, the inhibitor concentration that reduced SERCA activity by
50 % [48]. Reported potencies and their standard deviations were
calculated by averaging the ICsy values obtained from at least three
independent repeats.

2.4. Tryptophan fluorescence quenching assays

Measurement of tryptophan fluorescence quenching due to inhibitor
binding was performed using a previously established protocol [49]. 3
mL samples of SERCA microsomes were suspended at a total protein
concentration of 94 pg/mL in assay buffer that forced the enzyme into
the E1 conformation (50 mM KCl, 5 mM MgCl,, 50 pM CaCly, and 50 mM
3-(N-morpholino)propanesulfonic acid (MOPS) at pH 7.2) in a stirred
quartz cuvette. Fluorescence was measured with a fluorimeter Shimadzu
(RF-6000) operating at an excitation wavelength of 295 nm, an emission
wavelength of 335 nm, and slit widths of 5 nm and 10 nm for excitation
and emission, respectively. Measurements were performed at six test
compound concentrations between 200 nM to 625 pM that were equally
spaced on a logarithmic scale. Samples were allowed to equilibrate for 5
min, after which fluorescence intensities were recorded. Binding con-
stants were obtained by graphing the absolute decrease in fluorescence
intensity against the test compound concentration and fitting the data to
a single-site binding curve using SigmaPlot. Runs for each curcuminoid
were performed at least in triplicate and binding affinities were
expressed as the average dissociation constants (Kq) with standard de-
viations obtained from a minimum of three independent trials.
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3. Results and discussion

3.1. Computationally identified binding site and curcumin/SERCA
interactions

As curcumin has been shown to bind to SERCA in the enzyme’s E1
conformation, the surface of corresponding high-resolution X-ray crystal
structures were examined for potential binding sites with the SiteFinder
tool implemented in MOE. Since it is not known to which E1 substate the
inhibitor binds, we selected two forms as representatives: an ATP-free
form (1SU4) and one containing an ATP analog (1VFP). In the case of
1SU4, only three potential sites were large enough to accommodate a
ligand approximately the size of curcumin that also had high PLB scores
and that were located inside or close to the transmembrane domain
(Fig. 3, left panel). The largest of these sites was located at the mem-
brane/cytosol interface (site 1), a wide and diffuse area that did not
reveal a single consensus binding site and that was therefore not
considered further. A second, more discrete site was identified at the
opposite side of the transmembrane domain of SERCA, sandwiched be-
tween the short lumenal loops that connect transmembrane helices (TM)
TM1 with TM2 and TM3 with TM4, respectively (site 2). A third site was
found in SERCA’s transmembrane domain, close to the membrane/
cytosol interface in an area bordering helices TM1-4 (site 3). Interest-
ingly, site 3 was in the vicinity of the binding sites of BHQ and CPA
[50,51], even though these two inhibitors have been shown to bind to E2
rather than to El. These three sites were also present in 1VFG, the
structure of SERCA in complex with an ATP analog, albeit with slightly
different sizes and minor shifts in their location (Fig. 3, center panel).
For example, site 1 was somewhat smaller in comparison and site 3
extended slightly more toward the cytosol/membrane interface.

Only sites 2 and 3 were considered for further evaluation. The
structure of curcumin was docked into these sites in both E1 confor-
mations and the poses with the highest docking scores of each were then
subjected to a brief energy optimization by molecular mechanics and
rescored. Both sites showed rather favorable binding interactions in that
they were affiliated with large and negative values for the docking score
implemented in MOE, expressed as the “S-value”. The latter represents
the GBVI/WSA (generalized-Born volume integral/weighted surface
area) binding free energy that serves as a numerical measure for binding
affinity, [45]. Even though the top-ranked curcumin poses for site 2 had
somewhat more favorable docking scores than the ones obtained for site
3 in both E1 conformations (1SU4: S = —9.45 versus S = —8.62; 1VFP: S
= —9.47 versus S = —8.21), site 3 appeared the more likely binding site
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candidate for reasons stated below. It is also interesting to note that the
differences in scores between 1SU4 and 1VFP for both sites were rela-
tively minor, suggesting that curcumin may be able to bind to both
conformations with similar affinity.

Docking curcumin into site 3 of the two E1 conformations yielded
very similar curcumin poses with the 1VFP pose slightly shifted toward
the cytosolic interface in comparison to 1SU4. However, in both con-
formations, site 3 comprises a narrow, elongated cleft on SERCA’s sur-
face that, unlike site 2, has excellent shape complementarity with
curcumin (Fig. 4, upper panels), facilitating a snug fit of the inhibitor.
Due to an abundance of close contacts, van-der-Waals interactions are
likely a major contributor to the binding energy. Moreover, the hydro-
phobicity profile of curcumin matches that of the binding site, with
curcumin’s two phenyl rings and the hydrocarbon parts of the linker
seen in close proximity of nonpolar patches (Fig. 4, lower panels). This
suggests that hydrophobic interactions are another driver of inhibitor
binding. Docking simulations also identified several hydrogen bonds as
factors aiding inhibitor binding (Fig. 5). Unlike in site 2, these in-
teractions are distributed over the entire curcumin scaffold and involve
several residues that are part of three transmembrane helices of SERCA.
Both ring hydroxyl groups of curcumin act as hydrogen bond donors,
connecting with Glu309 and Thr316 (both on TM4) in the case of 1SU4
and with Asn56 (TM1) and Arg 304 (TM4) in the case of 1VFP. Inter-
estingly, Glu309 has been identified as one of the calcium-coordinating
residues with a proposed gating function [52]. Its interaction with cur-
cumin could potentially impair its ability to participate in calcium
transport, thereby contributing to inhibition. In addition, the hydroxyl
group in the linker section of curcumin in 1SU4 was predicted to act as a
hydrogen bond donor with Glul09 (TM2) and one of the phenyl
hydrogen atoms was engaged in an aromatic hydrogen bond with Glu51
(TM1). Overall, the placement of curcumin in site 3 instead of site 2
allowed for a wider range of intermolecular interactions and facilitated
are more effective interference with SERCA’s catalytic cycle (see section
3.3). Lastly, the location of site 3 in the transmembrane SERCA domain
is compatible with curcumin’s overall hydrophobic nature (log P of 3.8
as calculated in MOE) and with previous structural studies that placed
the sites of several other SERCA inhibitors (TG, CPA, and BHQ) in that
area [28,50].

3.2. SARs from inhibition and binding assays

Among the eight curcuminoids tested, only three revealed detectable
inhibitory activities (Fig. 2). In the SERCA inhibition assays (see Fig. 6,

Fig. 3. Potential inhibitor binding sites identified by SiteFinder in MOE at the cytosol/transmembrane interface (site 1), at the lumen/transmembrane interface (site
2), and in the transmembrane domain (site 3). Displayed are X-ray crystal structures of SERCA in the Ele2Ca?" (1SU4, left), E1e2Ca%teAMPPCP (1VFP, center), and

the E2eBeF; (3B9B, right) conformations.
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Fig. 4. Upper panel: Shape complementarity between the predicted curcumin binding site (grey) and the docked inhibitor (yellow). Lower panel: Hydrophobicity
profile of the binding pocket’s surface (purple: hydrophilic, green hydrophobic) with docked inhibitor (sticks). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

left panel, for two representative curves), the parent compound curcu-
min (1) displayed an ICsg value of 5.1 uM, which is in excellent agree-
ment with previously reported potencies [12,13,38,53]. Removal of one
of the ring methoxy groups (demethoxycurcumin, 2) did not affect po-
tency within experimental error (ICsp: 6.1 pM). This observation sug-
gests that one of the two methoxy group is not needed for inhibition, a
finding that is compatible with the docking results (Fig. 5). Removal of
both methoxy groups (bisdemethoxycurcumin, 3), however, resulted in
a noticeable drop in potency (ICsp: 250 pM), suggesting that one of
curcumin’s two methoxy groups is required for effective inhibition,
which is also suggested by the docking simulations. Both observations
are compatible with a report by Dao and coworkers [38], whereas the
reduced potency of 3 does not agree with the results of Logan-Smith
[13]. The inactivity of compounds 4-6 highlights the importance of
the hydroxyl groups for potency. Moreover, the additional steric bulk
present at the center of the linker in the form of the two additional
methyl groups in 5 may impede this compound’s activity. Furthermore,
the two methyl groups force the compound to adopt a diketone
tautomer, which changes the hydrogen bond pattern in the center of the
molecule in comparison to the active compounds 1-3. The inactivity of
the shorter 6 and the single-ring curcuminoids 7 and 8 emphasizes the
need for two rings placed at a proper distance from each other.

The binding assays based on fluorescence quenching of tryptophan
residues in SERCA’s transmembrane domain yielded measurable affin-
ities for all compounds tested (Fig. 2 and Fig. 6, right panel, for two
representative binding curves). In agreement with the inhibition assays,
the two most active inhibitors, compounds 1 and 2, also had the highest
binding affinities (Kq of 6.8 and 8.0 pM, respectively). Somewhat sur-
prisingly, compounds 3-5 (poor inhibitors or inactive compounds) also
displayed binding affinities in the low micromolar range, albeit with a
slightly larger Kq value in the case of 4. Apparently, their structural
resemblance with 1 and 2 allows them to bind to SERCA, but they lack
the ability to engage in some of the interactions required for interfering
with the enzyme’s catalytic cycle, such as hydroxyl groups capable of
forming hydrogen bonds (4 and 5). The remaining three compounds all

showed reduced affinities, particularly 6. A probable reason for the
latter relates to the nature of the linker that connects the phenyl groups,
which is shorter by two carbon atoms in comparison to 1-5. This places
the two bulky phenyl groups in closer proximity, a scenario that likely
introduces steric clashes in the binding site which is highly comple-
mentary to the shape of the larger curcuminoids. The two smallest
compounds, 7 and 8, had intermediate affinities (Kgq of 86 and 28 pM,
respectively), which is compatible with them occupying “half” of the
binding site. Since inhibition requires interactions with residues across
the entire binding site, however, they fail to inhibit SERCA.

3.3. A proposed mechanism for curcumin-based SERCA inhibition

As an allosteric inhibitor, curcumin fundamentally differs from a
competitive inhibitor in that it binds to SERCA at a location different
from an active site, such as the ATP binding pocket. Whereas good
binding affinity for the target remains a necessary requirement for
effective inhibition, it is not a sufficient one. Once bound, an allosteric
inhibitor also needs to block the interconversion between the various
enzyme conformations that are part of the catalytic cycle. Below, we
present two scenarios that describe how this may occur in the case of
curcuminoids inhibiting SERCA.

Maybe the most straightforward account is that the docking-
predicted hydrogen bonds that involve residues residing on three
different transmembrane helices of SERCA (Glu51 and Asn56 on TM1,
Glu 109 on TM2, and Arg 334, Glu309, and Thr316 on TM4) limit helix
mobility via cross-linking. It has been shown that the conformational
change from E1 to E2 involves large-scale movements of SERCA’s heli-
ces, which would be hindered by the presence of these hydrogen bonds
[35]. This notion is supported by the observation that only the larger
curcuminoids that form hydrogen bonds with multiple helices are
active.

Another plausible scenario also supported by the docking simula-
tions is that curcumin’s tight fit into the binding cleft in the E1 form
prevents the enzyme’s transition into the E2 conformation by the steric
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1SU4

1VFP

Fig. 5. Docking-predicted curcumin/SERCA interactions. Broken lines indicate hydrogen-bonds. Non-polar residues are displayed in green whereas polar ones are
displayed in purple. Grey, blue yellow, and green backgrounds identify residues that are part of TM1, TM2, TM3, and TM4, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

collisions that would result from such a conformational change. This is
easily visualized by an inspection of Fig. 3 (right panel) that shows that
the E2 conformation lacks a binding site located in the area corre-
sponding to site 3 of the E1 conformation that would be suitable for
curcumin binding. As a result, SERCA is unable to convert from E1 to E2
with curcumin bound to it, thereby effectively arresting the enzyme’s
catalytic cycle.

Alternatively, a superposition of the residues forming the binding
site of the enzyme/curcumin complex onto their counterparts in the E2

conformation reveals that the presence of the inhibitor constitutes a
serious obstacle for the E1-to-E2 conversion (Fig. 7, upper panel). Even
though such a superposition is imperfect due to the stark conformational
differences between E1 and E2, it shows that the inhibitor likely causes
steric clashes with the enzyme that are distributed over the entire length
of the binding site. Thus, the transition to E2 in the inhibitor’s presence
would require a substantial amount of flexibility that may be difficult to
overcome, even for a protein such as SERCA that has been shown to
possess great flexibility in its transmembrane domain [21]. A good



S. Paula et al. BBA - Biomembranes 1866 (2024) 184367

1.2
F 10 o
1.0 - ° :::)’
v [&]
- 08 g
- 0.8 - 5
2 - 06 €
& 06+ 5
g 2
B 04 - 04 2
—_ 4 o
= 3
- 02 N
0.2 g
o
0.0 - L S 00 €

V.4 T T T T T T 7 T T T T T

1e-8 1e-7 1e-6 1e-5 1e-4 1e-3 1e-7 1e-6 1e-5 1e-4 1e-3
[inhibitor] / M [inhibitor] / M

Fig. 6. Left panel: Representative SERCA activity inhibition data with fit curves for 1 (circles) and 3 (triangles). The uninhibited ATPase activity was 7.8 pmol/(min
mg). Right panel: Representative tryptophan fluorescence quenching data with fit curves for 1 (circles) and 7 (squares).

Site 3 Site 2

s47

lu309 e94
lu90

/V(a87

Fig. 7. Steric clashes between curcumin and SERCA created by the E1-to-E2 conformational transition. Orange disks indicate steric clashes in the transmembrane
(left panel, site 3) and the lumenal (right panel, site 2) docking sites when the inhibitor is placed in the E2 (1SU4) conformation of SERCA.
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example for the noticeable conformational flexibility of SERCA is the
observation that inhibitors such as TG lock the enzyme’s transmembrane
domain without preventing ligand binding in the cytosolic domain [33].
It should be noted that the relatively high binding affinity of some of the
shorter curcuminoids is not a contradiction of this scenario since their
smaller sizes would result in fewer clashes that the enzyme might be able
to overcome, allowing it to remain catalytically active.

Finally, we would like to point out that the proposed inhibition
mechanism supports the choice of site 3 over the lumenal site 2 as the
most likely curcumin binding site. An inspection of curcumin docked
into site 2 in the E1 form and then superimposed onto the E2 confor-
mation reveals a greatly reduced extent of steric clashes that would
accompany a potential E1 to E2 conversion, making effective inhibition
by steric blockage less likely (Fig. 7, lower panel). Moreover, from a
mechanical point of view, inhibition via cross-linking of transmembrane
helices via hydrogen bonds seems more effective if the connecting in-
hibitor resides inside the transmembrane domain close to the center of
the helices (site 3), rather than at the two loops connecting the tips of
helices TM1 with TM2 and TM3 and TM4, respectively (site 2).

4. Conclusions

In this study, we have identified the most plausible binding site of
curcuminoids in SERCA and have characterized the molecular in-
teractions between the enzyme and this particular inhibitor class. We
accomplished this task by using a combination of experimental assays
and molecular modeling techniques, a frequently employed avenue to
obtain structural information in the absence of a high-resolution struc-
ture of an inhibitor/enzyme complex. The gained knowledge can serve
broader purposes, such as a platform for future searches for novel in-
hibitors with different scaffolds that bind to the same site. In general,
knowledge of the 3D structure of the targeted receptor’s binding site is a
considerable asset for the discovery of new bioactive compounds as it
allows for the application of powerful structure-based methodologies to
virtually screen large compound repositories [54]. Moreover, subse-
quent synthetic efforts to optimize the inhibitory potency and other
physical properties of a hit compound would benefit from the avail-
ability of a structural model like the one presented here.
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