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Abstract

Strontium is used in the treatment of osteoporosis as a ranelate compound, and in the treatment of
painful scattered bone metastases as isotope. At very high doses and in certain conditions, it can lead to
osteomalacia characterized by impairment of bone mineralization. The osteomalacia symptoms
resemble those of hypophosphatasia, a rare inherited disorder associated with mutations in the gene
encoding for tissue-nonspecific alkaline phosphatase (TNAP). Human alkaline phosphatases have four
metal binding sites—two for zinc, one for magnesium, and one for calcium ion—that can be substituted
by strontium. Here we present the crystal structure of strontium-substituted human placental alkaline
phosphatase (PLAP), a related isozyme of TNAP, in which such replacement can have important
physiological implications. The structure shows that strontium substitutes the calcium ion with
concomitant modification of the metal coordination. The use of the flexible and polarizable force-
field TCPEp (topological and classical polarization effects for proteins) predicts that calcium or
strontium has similar interaction energies at the calcium-binding site of PLAP. Since calcium helps
stabilize a large area that includes loops 210-228 and 250-297, its substitution by strontium could affect
the stability of this region. Energy calculations suggest that only at high doses of strontium, comparable
to those found for calcium, can strontium substitute for calcium. Since osteomalacia is observed after
ingestion of high doses of strontium, alkaline phosphatase is likely to be one of the targets of strontium,
and thus this enzyme might be involved in this disease.

Keywords: alkaline phosphatase; strontium; hypophosphatasia; crystal structure

Supplemental material: see www.proteinscience.org

Reprint requests to: Marie Hélene Le Du, Laboratoire de Structure
des Protéines, Département d’Ingénierie et d’Etude des Protéines,
Commissariat a I’Energie Atomique, 91191 Gif sur Yvette, France;
e-mail: mhledu@cea.fr; fax: +33-1-69-08-90-71.

Abbreviations: TNAP, tissue nonspecific alkaline phosphatase; PLAP,
placental alkaline phosphatase; GCAP, germ cell alkaline phosphatase;
IAP, intestinal alkaline phosphatase; TCPEp, topological and classical
polarization effects for proteins; AP, alkaline phosphatase.

Article and publication are at http://www.proteinscience.org/cgi/doi/
10.1110/ps.062123806.

Protein Science (2006), 15:1691-1700. Published by Cold Spring Harbor Laboratory Press. Copyright © 2006 The Protein Society

Strontium, a divalent cation with a molecular weight of
87,620 Da, is the most abundant trace element in ocean
water and ranks 15th in order of abundance in the Earth’s
crust. Strontium is an alkaline earth metal like calcium
and magnesium. Physiologically, strontium and calcium
are remarkably similar: They are absorbed in the gastro-
intestinal tract, concentrated in bone, and excreted pri-
marily in urine; and one mechanism of strontium
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incorporation into bone involves ionic exchange with
bone calcium. Because of these similarities, strontium is
currently used in bone therapies. For instance, strontium-
89 (and -85) is used for treating the scattered painful bone
metastases that affect two-thirds of patients suffering
from advanced and metastatic cancers (Giammarile et al.
1999; Saarto et al. 2002). In addition, stable strontium in
the form of strontium-ranelate is also used in the treatment
of osteoporosis (Boivin and Meunier 2003; Meunier and
Reginster 2003; Reginster et al 2003).

The currently available data indicate that strontium has
metabolic effects on bone in vivo. On the positive side,
low doses of strontium (<4 g/L in the diet) increase both
the rate of formation and the density of bone. However,
very high doses can induce decreased resorption and
mineral density of bone (Cabrera et al. 1999). Osteoma-
lacia is characterized by impairment of bone mineraliza-
tion, leading to accumulation of unmineralized matrix or
osteoid in the skeleton (Francis and Selby 1997; Schrooten
et al. 1998; D’Haese et al. 2000). More recent findings
from epidemiological studies and experimental data also
established a dose-related multiphasic effect of strontium
on bone formation with reduced bone mineralization at
high strontium doses (Schrooten et al. 2003; Verberckmoes
et al. 2003).

These effects on bone mineralization thus imply that
strontium is not fully equivalent to calcium, suggesting
that it probably interacts with its environment in a slightly
different way than calcium does. It should be noted that
the defective bone mineralization symptoms of osteoma-
lacia are quite similar to those of hypophosphatasia, a rare
inherited disorder associated with mutations in the tissue-
nonspecific alkaline phosphatase (AP). This disease is
highly variable in its clinical expression, due to the strong
allelic heterogeneity in the TNAP gene, ranging from
stillbirth without mineralized bones to pathological frac-
tures developing only late in adulthood (Whyte 1994).
The similarities between both of these diseases suggest
that one effect of strontium on bone mineralization could
occur through a direct interaction with AP itself or through
the AP pathway. In addition, an effect of high concentration
of stable strontium on AP activity has been previously
described (Kshirsagar 1975), and the follow-up of patients
treated with ®*Sr reveals a decrease in AP activity (Smeland
et al. 2003). This reflects either a decrease in AP expression
or a decrease in AP catalytic activity.

APs (E.C.3.1.3.1) are dimeric metalloenzymes found in
many species from bacteria to humans (McComb et al.
1979). They catalyze the hydrolysis of phosphomonoest-
ers with release of inorganic phosphate and alcohol
(Schwartz and Lipmann 1961; Harris 1990). The three-
dimensional structure of the protein core is strongly
conserved among species (Escherichia coli [Kim and
Wyckoff 1991], shrimp [De Backer et al. 2002, 2004],
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human placental [Le Du et al. 2001; Llinas et al. 2005]) as
well as its catalytic site with two zinc and one magnesium
ions. Extensive structural studies of E. coli AP have
elucidated the relationship between the catalytic-site
residues and the catalytic mechanism (Hull et al. 1976;
Gettins and Coleman 1983, 1984; Mandecki et al. 1991;
Xu and Kantrowitz 1991; Chen et al. 1992; Matlin et al.
1992; Janeway et al. 1993; Murphy and Kantrowitz 1994;
Dealwis et al. 1995a,b; Murphy et al. 1997; Holtz and
Kantrowitz 1999; Stec et al 2000; Muller et al. 2001; Le Du
et al. 2002). Thus, the overall catalytic mechanism is
conserved between the E. coli enzyme and the mammalian
enzymes (Xu and Kantrowitz 1991; Janeway et al. 1993;
Murphy and Kantrowitz 1994; Kozlenkov et al. 2002).
However, unique features exist in the mammalian APs,
such as their allosteric properties (Hoylaerts et al. 1997)
and their susceptibility to inhibition via an uncompetitive
mechanism by L-amino acid, e.g., L-Phe, L-Trp, L-homo-
arginine, L-Leu, and levamisole (Fishman and Sie 1971; Van
Belle 1976; Doellgast and Fishman 1977).

In humans, APs are differentiated into four isozymes:
tissue-nonspecific AP (TNAP), found in bone, liver, and
kidney; and three tissue-specific isozymes—placental
(PLAP), germ cell (GCAP), and intestinal (IAP). These
latter three are 90%—98% homologous, and their genes
are clustered on Chromosome 2. TNAP is only 50% iden-
tical with the other three, and its gene is located on
Chromosome 1 (Harris 1990). At a physiological level, the
clearest evidence that APs are important in vivo has been
provided by studies of human hypophosphatasia, in which
a deficiency in the TNAP isozyme, caused by deactivating
mutations in the TNAP gene (Weiss et al. 1988; Henthorn
et al. 1992; Mornet 2000), is associated with defective bone
mineralization in the form of rickets and osteomalacia
(Whyte 2001). The severity and expressivity of hypophos-
phatasia depend on the nature of the TNAP mutation
(Zurutuza et al. 1999; Di Mauro et al. 2002). The accu-
mulated evidence indicates that the function of TNAP in
bone tissue consists of hydrolyzing inorganic pyrophosphate
to maintain a proper concentration of this mineralization
inhibitor to ensure controlled bone mineralization (Moss
et al. 1967; Meyer 1984; Whyte 2001; Hessle et al. 2002;
Harmey et al. 2004). In addition to the two zinc atoms and
the magnesium present at the active site, the existence of a
fourth metal binding site, 10 A away from the active site,
was revealed by the crystal structure of PLAP (Le Du et al.
2001) and confirmed by X-ray fluorescence (Mornet et al.
2001).

In the present study, we show that strontium can
replace calcium in APs and how this interaction affects
the AP pathway. The crystal structure of PLAP in the
presence of strontium chloride has been solved at 1.6 A,
a resolution comparable to that of a native PLAP (1.57 ;\)
with bound calcium. Given the quality of these structures,
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it is possible with a high degree of certainty to observe
that strontium can substitute for calcium but with a differ-
ent coordination. This difference in coordination involves
one additional water molecule. Theoretical calculations
suggest that PLAP is stabilized almost equivalently in the
presence of calcium or strontium. Thus, strontium is needed
at a concentration equivalent to that of calcium to achieve
substitution. Although the X-ray structures are very similar
in the presence of calcium or strontium, theoretical com-
putations suggest that the stabilization of loop 210-228 in
the presence of calcium or strontium is different.

Results

Structure of PLAP in complex with strontium

The structure of PLAP cocrystallized with strontium
chloride [PLAP(Sr)] is virtually identical to that of the
calcium-containing PLAP [PLAP(Ca)] with an RMSD of
0.24 A. Data collection and refinement statistics are listed
in Table 1. The analysis of the electron density maps
shows that strontium replaces the calcium at the calcium-
binding site, but not the magnesium at the active site.
Compared to the structure of the native enzyme, the peak

Table 1. Data collection and refinement statistics

Data set PLAP/Ca PLAP/Sr
Data collection

Diffraction limit (A) 1.57 1.6 A

Resolution used (A) 99.0-1.57 99.0-1.60

(last shell) (1.61-1.57) (1.65-1.60)

Number of reflections 74,477 72,176

1/s(I) (last shell) 17.4 (1.6) 19.25 (2.88)

Completeness (%) 97.7 (80.8) 99.0 (96.9)

(last shell)

Ry (last shell) 0.045 (0.411) 0.096 (0.431)
Refinement

Resolution (A) 24.9-1.57 10.0-1.6

RF 0.141 0.148

Riree 0.181 0.188
RMS deviation from ideality

Bond length 0.015 0.017

Bond angles 1.678 1.759
B-factor (/&2)

Overall 17.64

Znl 20.07 12.81

Zn2 19.18 12.43

Mg3 14.52 12.77

Sr4 15.70 21.14
Peak height

(Xo)

Znl (native) 43 45

7Zn2 (native) 42 48

Mg3 (native) 22 15

Sr4 (Ca native) 20 33

Figure 1. Stereo view of the 2F, — F_ electron density map (blue) at the
lo level and the F, — F_ electron density map (red) at the 5o level, at the
fourth metal binding site of alkaline phosphatase in the presence of
calcium (A) or strontium (B).

height at the calcium-binding site is twofold higher, as it
would be expected for strontium. Attempts to refine
a calcium atom at this position leads to a B-factor too
low compared with neighboring residues and residual
electron density in the F, — F. map (Table 1; Fig. 1). The
distances between the metal and its ligands are different,
with an average increase of 0.15 A in the site containing
a strontium ion (Table 2).

This distance variation is consistent with what has been
previously observed in the case of P-selectin but higher
than in the case of the oligomerization domain from
rotavirus NSP4, or ribonuclease T1 (Table 3). A change in
coordination was also observed in the case of ribonucle-
ase T1, but with two additional water molecules (Table
3). The calcium coordination involves Phe269-CO, the
carboxylate of Glu216, Glu270, and Asp285, and one
water molecule. The interaction of Glu270 is monoden-
tate with Ca—O distances of 2.2 A and 4.2 /DX; that of
Glu216 is bidentate with Ca—O distances of 2.4 A and
2.4 A. The Ca-O distance is 2.3 A and 2.5 A between
the calcium and Asp285, respectively, and the electron
density is continuous between one oxygen and the
calcium (Fig. 2A). In addition, the comparison of the
calcium-binding site in previous structures of PLAP in
complex with various ligands or of native PLAP shows
distances between the carboxylate oxygens of Asp285
and the calcium of 2.5 A and 2.5 A, of 2.4 A and 2.5 A, of
22 Aand 2.6 A, orof 2.2 A and 2.7 A (Le Du et al. 2001;

1693

www.proteinscience.org



Llinas et al.

Table 2. Distances between each metal and its ligand
in the crystal structures

Protein i Strontium_ Average difference
Metal residue Native (A) cocrystals (A) (strontium — native)
Znl His320Ne 2.0 2.1 —0.02
His432Ne 2.0 2.1
Asp3160% 2.1 2.1
H,O 2.5 2.1
Ser92-POs 2.1 22
Zn2 Asp42031 1.9 1.9 —0.035
His358Ne 2.1 2.0
Asp35708 2.0 2.0
Ser92-POs 2.2 2.1
Mg3 Asp42032 1.9 2.0 —0.02
Ser1550y 2.2 2.2
Glu3110e 2.0 2.0
H,O 2.1 2.0
H,O 2.2 2.1
H,O 2.2 2.1
Ca4/Sr4  Phe269CO 2.3 2.5 +0.15
Glu2700¢2 2.2 24
Glu2160¢l 2.4 2.5
Glu2160¢g2 24 2.5
Asp285031 2.3 2.5
Asp285082 2.5 (2.8)
H,O 2.5 2.5
H,O 2.7

Llinas et al. 2005). Thus, the distances tend to be longer
than usual when distributed between the two carboxylate
oxygens and adopt a more conventional length when the
interaction is clearly monodentate. For this reason, we
assume that the interaction with Asp285 corresponds to
one bond, leading to a coordination number of the
calcium of six. The strontium coordination involved an

additional water molecule, and its coordination pattern is
also different since Asp285 carboxylate has moved away
from the metal and the monodentate character of the
interaction is more pronounced with distances of 2.5 A
and 3.9 A instead of 2.3 A and 2.5 A in the case of
calcium (Fig. 2B). The substitution of the calcium by
strontium modifies the network of interaction with the
metal. The carbonyls of the Tyr269 main chain, Glu270,
and the first water molecule move only by 0.05, 0.1, and
0.3 A, respectively; the Cs of Glu216 shifts by 0.7 A and
the interaction remains bidentate; and the C, of Asp285
moves by 1.1 A and the interaction becomes monodentate
(Table 3; Fig. 2). The additional water molecule interacts
also with Lys275, which is added to the interaction
network of the strontium, whereas it plays no role in
the presence of calcium in the native enzyme. This
interaction is likely to affect the chemical properties of
Lys275 and, by extension, its environment. This may
therefore have repercussions on the alkaline phosphatase
activity since Lys275 is located in the active-site valley
(Fig. 3A).

Theoretical study of the Ca/Sr competition at the
fourth metal binding site

The interatomic distances corresponding to the atoms
involved in the fourth PLAP binding site observed in the
TCPEp relaxed structures are compared with experimen-
tal data in Table 5. The theoretical distances differ from
the experimental ones by ~0.05 A for PLAP(Ca) and by
~0.07 A for PLAP(Sr), with the exception of the distance
between the Glu270-82 oxygen and Ca in PLAP(Ca), and
the distance between the Asp285-82 oxygen and Sr in

Table 3. Average calcium-ligand distance compared to strontium distance in X-ray protein structures refined

at a resolution of 2.0 A or higher

Oligomerization
domain from
Protein rotavirus NSP4 Ribonuclease T1 P-Selectin PLAP

Calcium

Entry code 1GII 1131 1GIT

Reference This study

Resolution (A) 2.00 1.76 1.50 1.57

Coordination no. 4 6 8 7

No. of water molecules 1 4 0 1

Average distance (A) 2.54 2.52 2.44 2.38
Strontium

Entry code 1G1J IHYF 1GIS This study

Reference

Resolution (A) 1.86 1.70 1.90 1.60

Coordination no. 4 8 8 8

No. of water molecules 1 6 0 2

Average distance (10\) 2.62 2.61 2.59 2.53
Distance variation 0.08 0.09 0.15 0.15
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Figure 2. Coordination network of the calcium (A) or strontium (B) at the
fourth metal binding site of alkaline phosphatase showing the residues in
interaction with the metal. (C) Superimposition of the two binding sites
showing the deviation between the calcium-containing AP (white struc-
ture) and the strontium-containing AP (yellow structure).

PLAP(Sr) (those distances differ by ~0.20 A between
theory and experiment). The experimental coordination
patterns (i.e., monodentate or bidentate pattern) of the
carboxylate groups involved in the fourth PLAP binding
site are well conserved during the relaxation process. Our
computations appear thus to be in good agreement with
experiment for both Ca and Sr. The coordination network
is constituted by the backbone CO group of Phe269; by
the carboxylate groups of Glu216, Glu270, and Asp285;
and by a water molecule for Ca and by the same groups
with an additional water molecule for Sr. Thus, there is
agreement between theory and experiment for the co-
ordination numbers for Ca and Sr (7 and 8, respectively).

The RMSD values between the TCPEp structures and
the experimental ones are also small for both structures
(1.65 A when considering all protein atoms and 1.30 A
when considering solely the C, atoms). The RMSD
values are even smaller when considering the atoms
involved in the fourth PLAP binding site [0.71 A for
PLAP(Ca) and 0.96 A for PLAP(Sr), respectively]. Since
no constraints were imposed on the atoms belonging to

that site, these results show the ability of TCPEp in
describing the interactions among hard cations and
proteins. It should be noticed that the TCPEp predictions
regarding the fourth PLAP binding site are of better
quality than those previously reported in the case of the
protein calmodulin interacting with four Ca* (Cuniasse
and Masella 2003). In the latter study, the experimental
structures were less carefully relaxed (e.g., only the car-
boxylate groups belonging to the first coordination sphere
of the calcium cations were restrained to their X-ray posi-
tions during the first step of the relaxation computations).

The two experimental structures of PLAP (chelating,
respectively, Ca and Sr) differ by the number of water mole-
cules and by the positions of several side chains. This
explains the strong difference in the TCPEp total energies
of the relaxed PLAP(M) structures: ~1000 kcal/mol. That
difference prevents a direct comparison of the latter
energies in order to discuss the Ca/Sr competition at a
theoretical level. Moreover, the free binding energy of a
protein with an ion can be theoretically estimated by

Figure 3. (A) Location of Lys275 (in blue) in the active-site valley of
PLAP. (B) Network of interaction connecting the active site to the fourth
metal binding site in the presence of strontium.
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performing MD simulations at the nanosecond timescale of
the complex protein/ion embedded in a solvent box.
However, because of the large size of the system PLAP(M)
(~8000 atoms without accounting for the solvent mole-
cules), such long MD simulations based on a polarizable
force field are at present beyond our computational resour-
ces: An MD run in vacuo of 50 psec (with an integration
time step of 0.5 fsec) of a PLAP system with the TCPEp
force field requires ~48 h on a 2 GHz Pentium IV work-
station, even using the multiple time steps algorithm
recently proposed for polarizable force fields based on
induced dipoles (cf. Masella 2006). It is, however, possible
to derive useful information from the PLAP(M) structures
relaxed in vacuo with TCPEp. For instance, to estimate the
strength of the binding energies of PLAP with Ca or Sr and
the role of the additional water molecule surrounding Sr at
the fourth PLAP binding site, we have computed the
several interaction energies according to

AE = E[PLAP(M)] — E[PLAP"] (1)

Here, E[PLAP(M)] corresponds to the total energy of
the relaxed PLAP(M) structure and E[PLAP*] to the
energy of a subsystem of PLAP(M), where one of its
elements (M>* or a water molecule) is ignored during the
single point energy computation. As computed from
Equation 1, the interaction energies AE of PLAP with
Ca and Sr are, respectively, —352 and —307 kcal/mol
(Table 4). The difference 6E(Ca/Sr) between both the
latter energies is 45 kcal/mol, which is of the same order
of magnitude as the difference of hydration enthalpies
between Ca and Sr: 35 kcal/mol (the AHY, for the latter
cations being 399 and 364 kcal/mol, respectively). More-
over, the difference 6E(Ca/Sr) increases by 10 kcal/mol
if the less strongly bonded water molecule interacting
with Sr at the fourth PLAP binding site is omitted during
the computations. Hence, these results suggest that the
interaction energies of Ca and Sr at the fourth PLAP
binding site are likely to be very close when accounting
for the cation desolvation process and that the additional
water molecule observed in the first chelation shell of Sr

Table 4. Model conservation after relaxation and energy
between the metal and its environment

RMS deviation Energetical results

(kcal/mol)
All atoms Backbone Cqo PLAP/M
PLAP(Ca) 1.7 1.36 1.33 —351.7
Site(Ca) 0. N.A. N.A.
PLAP(Sr) 1.57 1.21 1.21 —307.1
Site(Sr) 0 N.A. N.A.
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reinforces its interaction energy at that binding site, by
~10 kcal/mol.

Among the different loops that are maintained by the
calcium-binding site, loop 210-228 is of particular in-
terest. This loop is strongly bent at residues Met210-
Gly211 and Gly224-Gly225, and folded back toward the
fourth metal site (Fig. 4A). In addition to the interaction
between the carboxylate of Glu216 and the fourth metal,
the loop is maintained by hydrogen bonds between
Tyr217 hydroxyl and Glu270 -carboxylate, between
Asp214 carboxylate and Arg204 guanidinium, and by
a succession of stacking interactions that involve the ring
of Tyr217, the side chain of Glu216, the ring of Trp248,
and the cycle of the first carbohydrate linked to Asn249
(Fig. 4B). The crystal structures in the presence of
calcium or strontium show no particular difference in
the stabilization of this loop. Therefore, to evaluate the
incidence of the cation nature on the interaction between
that loop and the rest of the protein, the NH-CO back-
bone bonds have been disrupted between residues 209
and 210 and between residues 228 and 229. A hydrogen
atom was then added to both the latter nitrogen and
carbon atoms of each disrupted bond. The resulting struc-
tures were relaxed using a short MD run with all of the C,,
atoms restrained to their starting positions. As compared
to Sr, the interaction energy computed with TCPEp be-
tween that loop and the protein is stronger by ~25 kcal/mol
with Ca in the fourth metal binding site. It has to be noticed
here that this difference in energy predicted by the TCPEp
force field is of the same order of magnitude as that
obtained when comparing the binding energies of small
[(HCO[),MZJ’] aggregates (M = Ca-Sr and n = 1-4)
obtained from DFT quantum computations (cf. Supple-
mental Table 1), which range from 11 (n = 1) to 39 kcal/mol
(n=3).

Hence, even if the three-dimensional structure of PLAP
is not strongly affected by the nature of the cation located
in its fourth binding site, the strength of the interaction
between the loop extending from residues 209 and 228
and the rest of the protein depends on the nature of this
cation. This can have important consequences for the
interaction between the protein PLAP and all of its
possible in vivo partners, which can affect its biological
activity.

Discussion

The crystal structure of PLAP in complex with strontium
shows that this metal does not substitute the zinc or
magnesium atoms at the active site, but substitutes the
calcium at the fourth metal site located 18 A from the
active site. This fourth metal binding site has been
observed for the first time in the crystal structure of
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Figure 4. (A,B) Interaction of loop 210-228 (in blue) with the fourth metal binding site. (C,D) Succession of stacking interaction

between loop 210-228 (in blue) and the core of PLAP structure.

PLAP (Le Du et al. 2001) and is also present in shrimp
alkaline phosphatase (De Backer et al. 2002, 2004),
whereas it is absent in the E. coli alkaline phosphatase
(Kim and Wyckoff 1991). The high degree of conserva-
tion of the active site between mammalian APs and E.
coli AP suggests that the catalytic mechanism is similar
in mammalian AP and in E. coli AP. In addition, the
remote location of the calcium site implies that it cannot
be directly involved in the catalytic process of alkaline
phosphatase. However, the concentration used in our
crystallization condition is in the millimolar range, and
it has been previously observed that at this concentration,
strontium affects the enzymatic activity of alkaline
phosphatase (Kshirsagar 1975). In addition, in the TNAP
isozyme, mutation E274K or D289V (TNAP numbering)
is associated with severe phenotypes, and mutation E218G
(TNAP numbering) is associated with a moderate pheno-
type of hypophosphatasia (Mornet et al. 2001). These
residues correspond, respectively, to residues Glu270,
Asp285, and Glu216 in PLAP, and belong to the calcium
site. From these data, we can conclude that a modification
of the geometry of the calcium site due to the substitution
by strontium, or the alteration of the coordination of the
calcium due to the mutation of one of its ligands, affects the
alkaline phosphatase enzymatic activity, and that this area
is involved at some level in the regulation of the enzymatic
activity.

The substitution of calcium by strontium modifies the
network of residues that interact with the metal. The
carbonyl of the Tyr269 main chain, the carboxylate of
Glu270, and the first water molecule are highly stable; the
carboxylate of Glu216 or Asp285 displays larger move-
ment, and an additional water molecule is located in the
coordination sphere that bridges the strontium to Lys275,
associated with a 2.0 A displacement of the Lys275 nitro-
gen toward the strontium (Fig. 2C). The coordination degree
is 6 in the presence of calcium, and 7 in the presence of
strontium, and the bonds are longer by 0.15 A on average
(Fig. 2; Table 2). These observations are in agreement with
a recent systematical analysis of calcium- or strontium-
containing structures, showing that the main difference
between calcium and strontium is the ionic radius, as the
strontium radius is roughly 0.15 A longer than calcium, and
that an increased coordination number of at least one atom
is needed (Rinaldo et al. 2004). It is therefore not surprising
to observe that an additional residue interacts with the
metal through the additional water molecule.

The additional Lys275 is located on loop 269-285. This
loop is well maintained at each extremity with the pres-
ence of Phe269 and Asp285, which both belong to the
fourth metal binding site. The loop is located in the active-
site valley and bridges the active-site pocket through
a discrete number of hydrogen bonds (Fig. 3). Figure 3B
shows the interaction network between loop 269-285 and

1697

www.proteinscience.org



Llinas et al.

the active site involving, in particular, Glu273 and Met274.
In the presence of strontium at the fourth metal binding site,
Lys275 becomes part of the metal binding site, and this
additional interaction makes a bridge between the fourth
metal binding site and the catalytic site. Lys275 plays the
role of a switch off and on that connects the catalytic site
and the fourth metal binding site. The TNAP sequence is
50% identical with that of PLAP. It is interesting to notice
that residues Glu216, Glu270, and Asp285, which coordi-
nate the calcium, are conserved. In the same way, Argl50,
His153, Argl66, Asp273, Met274, Arg314, and His317,
which belong to the interaction network between loop 269—
285 and the active site, are conserved. Residues Arg204,
Asp214, and Tyr217, which help to stabilize the interaction
between loop 210-228 and the fourth metal site, are
conserved, as well as Trp248 and Asn249 (and the
N-glycosilation sequence Asn-X-Thr), which are also in-
volved in the stabilization of the fourth metal site through
stacking interactions. Among the previously cited residues,
the only substitution observed occurred at Lys275, which is
a Gln in TNAP. However, the length of the GlIn side chain
and its ability to form hydrogen bonds is equivalent to that
of Lys, and the role of the off-and-on switch that connects
the catalytic site and the fourth metal binding site is likely
to also occur in TNAP.

Moreover, a peripheral binding site has been previously
observed that includes residues Arg250, Met254, Ser257,
Ser287, and Arg297 from the two a-helices 250-257 and
287-297 (Llinas et al. 2005). The loop between these two
a-helices from Ser257 to Ser287 contains residues
Phe269, Glu270, and Asp285 from the fourth metal
binding site. Ser287 from the peripheral site is located
only two residues from Asp285, and Arg250 is located
also two residues away from Trp248, which interacts with
the calcium or the strontium through a water molecule.
Therefore, the large loop 250-297, which we call the “periph-
eral domain,” includes both the fourth metal binding site
and the peripheral binding site. In addition, this peripheral
domain includes Lys275, which belongs to the fourth metal
site in the presence of strontium, and Glu273, which in-
teracts with His153 and His317 from the active site. There-
fore, the presence of strontium at the fourth metal site
leads to an extended network of interactions that bridges
the active site to the peripheral domain and that may affect
the function of the protein.

At last, the interaction energy computed with TCPEp
shows that the presence of calcium or strontium at the
fourth metal binding site affects the strength of the
interaction between loop 210-228 and the core of PLAP
structure. This loop is strongly bent at Met210-Gly211
and Gly224-Gly225, and forms a flap folded back toward
the fourth metal site. It locks the fourth cation and par-
ticipates in the support of the peripheral domain through
interaction with Trp248 and with Glu270 (Fig. 4).
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Therefore, the strength of the interaction between this
loop and the core of PLAP structure will have important
consequences for the function of the peripheral domain.

Our present data together with previous studies support
a role of the site described by loops 210-228 and 250-
297, including the fourth metal binding site, with loop
210-228 associated with structural support and loop 250-
297 associated with a function that includes the periph-
eral binding site (Llinas et al. 2005). The functional role
of this area remains to be determined but has probably
important physiological consequences, since in the TNAP
isozyme, mutations of the residues involved in calcium
binding are associated with the severe phenotype of
hypophosphatasia (Le Du et al. 2001).

The similarity of osteomalacia and hypophosphatasia
lets us suppose that the substitution of strontium by
calcium could be associated with the osteomalacia symp-
toms. The compensation in energy between calcium and
strontium suggests an important rate of exchange of
calcium and strontium. Therefore, the local concentration
of strontium should be on the same order as that of cal-
cium to be able to observe the calcium—strontium sub-
stitution. Such a concentration cannot be obtained in natural
conditions, and a huge quantity of strontium should be
ingested to reach the quantity of strontium compatible with
high substitution at the calcium site.

Materials and methods

Purification and crystallization

Highly purified PLAP was prepared from human placenta as
previously described (Le Du et al 2001). Crystals were grown
at 19°C(*2°C) using sitting drop vapor diffusion, with a pro-
tein concentration of 10 mg/mL, in the presence of 10 mM
p-nitrophenyl phosphate. Crystals were obtained from 12% PEG
3350, 100 mM sodium cacodylate (pH 6.5), 1 mM zinc chloride,
2 mM magnesium acetate, and 2 mM strontium chloride over
a period of 5 mo.

Data collection and structure determination
of PLAP complexes

Data were collected from a crystal grown in the presence of
2 mM strontium chloride in the growing solution to 1.6 A
resolution. The data were collected at the ESRF on beamline
ID14-1, and processed with HKL (Otwinowski and Minor
1997). The crystals belong to the space group C222; as the
native crystals. 3F, — 2F,, 2F, — F., and F, — F. maps were
calculated by using the suite of programs of the Collaborative
Computational Project, Number 4 (1994). The electron density
maps were evaluated with the program TURBO (Roussel and
Cambillau 1989), and the model was refined with REFMAC
(Murshudov et al. 1997) and WARP version 5.0 (Perrakis et al.
1999). The strontium atom was positioned in the electron
density map according to the peak height in the F, — F.
electron density map. Among the different structures available
of calcium-containing PLAP [PLAP(Ca)], we have selected the
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structure refined to the highest resolution (1.57 A), a resolution
on the same order as that of PLAP(Sr) (Llinas et al. 2005). The
data collection and refinement statistics are summarized in
Table 1. PROCHECK (Laskowski et al. 1993) was used to
analyze the structure geometry. The three-dimensional struc-
tures of PLAP-Ca or in complex with Sr [PLAP(Sr)] were
superimposed with the iterative program ALIGN (Satow et al.
1986). The coordinates have been deposited to the Protein Data
Bank at Brookhaven (entry codes 1ZED, 2GLQ).

Theoretical computational details

Both the experimental structures of the protein AP interacting
with either Ca or Sr were investigated using the flexible
polarizable force field TCPEp (Masella and Cuniasse 2003),
which has been shown to provide an accurate description of the
interactions between proteins and hard cations (Cuniasse and
Masella 2003).

For computational efficiency reasons, the two structures
theoretically investigated correspond to the PLAP domain
extending from residues 29 to 469, together with the water
molecules present in the X-ray structures and located <3.5 A
from any protein atom. Nine counterions ClI~ were added to the
latter structures in order to neutralize their electrostatic charge.
The TCPEp parameters for Sr** were defined using the same
methodology used for Ca®* (cf. Masella and Cuniasse 2003 and
Supplemental Table 1, where the TCPEp results are compared to
quantum DFT computation ones for small [(HCO,),,M?*]
aggregates, where M = Ca-Sr and n = 1-4).

The PLAP(M) structures were relaxed in three steps, using
low-temperature molecular dynamics (MD) simulations: (1)
The structures were relaxed by performing a short MD run of
2.10% iterations with all of the atoms of the fourth PLAP binding
site restrained to their X-ray positions; (2) the structures
obtained at the end of the previous runs were newly relaxed
with an MD run of 10° iterations and with the previous
constraints removed; (3) the final structures were then finally
relaxed with a quenching method, until the system kinetic
temperature was <0.1 K. For these three steps, the C,s of
residues 30, 86, 250, 350, and 400 were restrained to their X-ray
positions (none of them belongs to any of the PLAP binding
sites).
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