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Distinct structure and activity recoveries reveal differences in metal binding
bhetween mammalian and Escherichia coli alkaline phosphatases

Le ZHANG', René BUCHET and Gérard AZZAR+

UFR de Chimie-Biochimie, CNRS-UMR 5013, Université Claude Bernard Lyon 1, 43 Boulevard du 11 Novembre 1918, 69622 Villeurbanne Cedex, France

The amino acids involved in the coordination of two Zn®" ions
and one Mg?* ion in the active site are well conserved from EAP
(Escherichia coli alkaline phosphatase) to BIAP (bovine intes-
tinal alkaline phosphatase), whereas most of their surrounding
residues are different. To verify the consequences of this hetero-
logy on their specific activities, we compared the activity and
structure recoveries of the metal-free forms (apo) of EAP and of
BIAP. In the present study, we found that although the sensi-
tivities of EAP and BIAP to ions remained similar, significant
differences in dimeric structure stability of apo-enzymes were
observed between EAP and BIAP, as well as in the kinetics
of their activity and secondary structure recoveries. After mild
chelation inactive apo-EAP was monomeric under mild denatur-
ing conditions, whereas inactive apo-BIAP remained dimeric,
indicating that the monomer—-monomer contact was stronger in

the mammalian enzyme. Dimeric apo-EAP (0.45 uM, corres-
ponding to 4 units/ml) recovered approx. 80% of its initial
activity after 3 min incubation in an optimal recovery medium
containing 5 uM Zn>* and 5 mM Mg**, whereas dimeric apo-
BIAP (0.016 uM, corresponding to 4 units/ml) recovered 80 %
of its native activity after 6 h incubation in an optimal recovery
medium containing 0.5 uM Zn** and 5 mM Mg**. Small and dif-
ferent secondary structure changes were also observed during
activity recoveries of apo-BIAP and apo-EAP, which were not in
parallel with the activity recoveries, suggesting that distinct and
subtle structural changes are required for their optimal activity
recoveries.

Key words: alkaline phosphatase, apo-enzyme, ion-binding,
activity recovery, structure recovery.

INTRODUCTION

Alkaline phosphatases (E.C.3.1.3.1) belong to a family of homo-
dimeric metalloenzymes common to all living organisms [1].
Alkaline phosphatase catalyses the hydrolysis of phosphomono-
esters at alkaline pH, by forming inorganic phosphate and alcohol
[2]. This enzymatic activity is ensured by the participation of Zn*"
and Mg?* ions. In EAP (Escherichia coli alkaline phosphatase),
each active site contains three cation-binding sites (M1, M2 and
M3) (Figure 1) [3,4]. The numbering of the active site follows
the increasing affinities of the sites for their ions [5]. The M1 site
binds Zn*" very strongly, due to the coordination of Zn*" with
two histidine residues, whereas the M2 site has only one histidine
residue and a slight preference for Zn** over Mg** [6]. At a high
Mg?* concentration, the Mg?* ion may displace the Zn*" ion from
the M2 site, without greatly affecting its overall activity (k../K.,)
[5,6]. Although the M3 site is the less specific among these three
binding sites, an Mg?>" ion in this site is essential for the stability
and the activity of EAP [7-10].

There is only one EAP, but four alkaline phosphatase iso-
enzymes, that have been isolated in humans. Three of them are
tissue-specific (placenta, intestinal and germinal) [11-13] and one
which is tissue non-specific can be found in liver, kidney and
bone [14]. Moreover, at least seven isoenzymes of intestinal alka-
line phosphatase have been revealed in BIAP (bovine intestinal
alkaline phosphatase) [15]. Mammalian alkaline phosphatases
are membrane-bound proteins containing a glycosylphosphatidyl
inositol anchor [16]. The amino acids involved in the coordination
of two Zn** ions and one Mg?* ion with the catalytic serine in the
active site are well conserved from EAP [3,4] to human placental

alkaline phosphatase [17], whereas most of the surrounding resi-
dues are different. Only 25-30 % similarity was observed between
the amino acid sequence of EAP [18] and that of mammalian
alkaline phosphatases, although a 90-98 % similarity has been
found between the four isoforms of human alkaline phosphatase
[19,20].

Except for the distinct amino acid sequences between the pro-
karyotic EAP and the eukaryotic alkaline phosphatases, other
differences in structure and activity levels have been reported.
EAP is thermostable over a large temperature range (T, =95°C)
([9,21]), but has a relatively low enzymatic activity. The mam-
malian enzymes have 10 to 100 times higher specific activities
than EAP [20]. However, they are much more sensitive to thermal
denaturation (7, =65°C) [20,22]. Mammalian alkaline phos-
phatases possess additional secondary structure elements that are
not present in EAP, including an interfacial-crown-domain which
is formed by the insertion of an approx. 60 residue segment from
each monomer, a calcium-binding domain and an N-terminal «-
helix in each monomer, which forms an arm embracing the other
monomer [17,20,23]. These elements have been shown to play
important roles in defining the overall stability and in modulating
the catalytic parameters of mammalian alkaline phosphatases
[17,20,23-25]. The cooperativity found between subunits in EAP
and mammalian alkaline phosphatases is different during enzym-
atic activity. Both positive and negative cooperativities, related to
ion-binding and to phosphate-binding respectively, were observed
in the case of EAP [21,26,27]. However, the placental mammalian
alkaline phosphatases are non-cooperative allosteric enzymes and
the two monomers of dimeric protein act independently during
catalysis [28].

Abbreviations used: BCIP, bromochloro-indolyl phosphate; BIAP, bovine intestinal alkaline phosphatase; COBSI, change of backbone structure and
interaction index; EAP, Escherichia Coli alkaline phosphatase; ICP-AES, inductively coupled plasma atomic emission spectroscopy; NBT, nitroblue

tetrazolium; PNPP, p-nitrophenyl phosphate.
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Figure 1 Ribbon diagram of EAP structure with three metal-binding sites
(M1, M2 and M3) indicated in one monomer active-site

This Figure was produced from the structure data of the alkaline phophatase of E. coli in the
Protein Data Bank (1ALK) using the VRML (virtual reality modeling language) program [4].

Previous findings indicated that the origin of the difference in
specific activity between mammalian and prokaryotic enzymes
may lie in differences in the environment of the active site, since
the amino acid residues which do not participate directly in ion-
binding are poorly conserved. To further investigate the differ-
ences in the active sites, we compared the activity and structure
recovery of the metal-free forms of BIAP and prokaryote EAP.
Significant differences in secondary structure recoveries of apo-
enzymes were observed between the mammalian and prokar-
yotic enzymes, as well as in their activity recoveries.

EXPERIMENTAL
Materials

Alkaline phosphatase from bovine intestinal mucosa (BIAP,
type VII-S) and EAP were purchased from Sigma (St. Louis,
U.S.A.) and used without further purification. Enzymes were
judged to be at least 98 % pure by molecular sieve chromato-
graphy, SDS/PAGE or MS (Mass Spectrometry Laboratory,
Institute of Biochemistry and Biophysics, Warszawa, Poland).
The result of MS indicated that the commercial BIAP contained
mainly BIAP type III, at a sequence coverage of approx. 50 %.
This analysis also indicated the presence of trace amounts of
BIAP type IV, however, it was only matched based on similarity
to BIAP type III and there was no peptide sequence specific to
BIAP type IV. The specific activity of EAP was close to 100 units/
mg of protein, whereas the specific activity of BIAP was close to
2000 units/mg of protein, as determined by alkaline phosphatase
activity assay (as described below).

Alkaline phosphatase activity assay

Alkaline phosphatase activities were determined using the stan-
dard spectrophotometric assay. A 5 ul aliquot was added to 2 ml of
the reactive solution containing 25 mM glycine and 10 mM PNPP
(p-nitrophenyl phosphate), pH 10.4. The change in absorbance,
due to the release of p-nitrophenolate at 37 °C, was monitored at
420 nm (¢ = 18.5 cm™ - mM™"). One unit of alkaline phosphatase
activity was defined as the amount of enzyme hydrolysing 1 umol
of PNPP per min under the described conditions.
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Preparation of metal-free buffers

All buffers and enzyme solutions were prepared using metal-free
water purchased from Merck KGaA (Darmstadt, Germany). All
glassware and plastic tubes were prepared by washing in 1%
HCI, followed by a thorough rinsing in metal-free water.

Preparation of apo-enzyme stock solution

EAP and BIAP used in these experiments were first rendered
metal-free (apo) by incubation of the enzyme (0.5 mg/ml) with
2mM EDTA in metal-free 20 mM Tris buffer, pH 7.4 (mild
chelation). The final activity of apo-enzyme was less than 0.5 %
of holoalkaline phosphatase. Filtration using a Centricon-30 and
washing were repeated several times to ensure that the final EDTA
concentration was sub-nanomolar and that the amount of Tris-
citrate and other salts from the commercial preparation was negli-
gible. The apo-enzyme stock solution was concentrated to
20 mg/ml (corresponding to a 0.3 mM BIAP monomer with
64 kDa apparent molecular mass or a 0.4 mM EAP monomer
with 45 kDa apparent molecular mass) and stored at 4 °C. Protein
concentrations were determined by the method of Bradford [29].
Before use apo-enzymes were diluted in metal-free Tris buffer
at a concentration corresponding to 4 or 15 units/ml activity of
holoenzyme as indicated in the Figures.

lon content determination

Zn*", Mg*" and Ca*" content in buffer and in apo-EAP and apo-
BIAP was determined by ICP-AES (inductively coupled plasma
atomic emission spectroscopy) (Service Central d’Analyse,
CNRS, Vernaison, France). The concentrations of apo-enzymes
used for ion content determination were approx. 1 mg/ml cor-
responding to approx. 15 um apo-BIAP monomer or 20 M apo-
EAP monomer. Below the limit of detection for Zn>* (> 1.5 uM)
and Mgt (> 1.6 uM), neither of these two ions were detectible
in buffer or in both apo-enzymes after two independent analyses.
Ca>" was detected in buffer and both apo-enzymes. The aver-
age Ca’" concentration in buffer was approx. 15+ 10 uM after
four independent measurements. Enrichment in Ca** ions was ob-
served in both apo-EAP and apo-BIAP solutions as determined
by two independent measurements.

SDS/PAGE and visualization of alkaline phosphatase activity

Electrophoresis was performed on 7.5 % (w/v) SDS/PAGE, by
the method of Laemmli [30]. Under mild denaturing conditions,
which can preserve the activity of alkaline phosphatase, the
samples were prepared in Tris buffer containing 2 % (w/v) SDS,
but without the addition of 2-mercaptoethanol or heating before
migration. Proteins were stained using Coomassie Brilliant Blue
R-250 (Merck, Darmstadt, Germany). After SDS/PAGE, under
mild denaturing conditions, the gel was firstly incubated in
buffer containing 0.1 M Tris/HCI, pH 9.6, 100 mM NaCl, 5 mM
MgCl,, 0.25 mM NBT (nitroblue tetrazolium) and 0.24 mM BCIP
(bromochloro-indolyl phosphate) until the bands of sky-blue
colour were clearly visible. The BCIP-NBT revealed specifically
active alkaline phosphatase; other proteins in the same gel were
stained with Coomassie Brilliant Blue R-250 afterwards. The
apparent molecular masses of EAP and BIAP were determined
under denaturing conditions, they were 45 kDa and 64 kDa for
the monomers of EAP and BIAP respectively.

Molecular sieve chromatography assay

The molecular masses of apo-EAP and apo-BIAP were deter-
mined by molecular sieve chromatography, using a Superdex™
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Figure 2 Effect of ions on the dimeric structure of EAP and BIAP analysed by SDS/PAGE and molecular sieve chromatography

(A) Determination of the dimeric structure of apo-EAP and apo-BIAP by molecular sieve chromatography. Trace (i), apo-EAP plus protein standards (ferritin 450 kDa, bovine serum albumin 66 kDa
and cytochrome ¢ 12.5 kDa); trace (ii), native EAP; trace (iii), apo-BIAP plus protein standards; trace (iv), native BIAP; trace (v), protein standards. (B) Visualization of active EAP (lane 1) and BIAP
(lane 2) by BIAP-NBT staining after SDS/PAGE under mild denaturing conditions. (C) Effect of ions on the dimeric structure of BIAP analysed by SDS/PAGE. Lane 1, BIAP in monomeric form under
denaturing conditions; lane 2, dimeric BIAP under mild denaturing conditions; lane 3, dimeric apo-BIAP under mild denaturing conditions. (D) Effect of ions on the dimeric structure of EAP analysed
by SDS/PAGE. EAP or apo-EAP (5 1g) in 10 ! of solution was deposited for each lane, corresponding to approx. 11 .«M EAP monomer. Lane 1, EAP prepared under denaturing conditions. Lanes 2—
8, samples prepared under mild denaturing conditions in the presence of different ions: lane 2, EAP alone; lane 3, apo-EAP alone; lane 4, apo-EAP + 25 M Zn?*; lane 5, apo-EAP + 1 mM Mg?+:
lane 6, apo-EAP +5mM Mg?*; lane 7, apo-EAP 41 mM Ca’*; lane 8, apo-EAP +5mM Ca?*. (E) The role of Zn?* in the conversion of monomeric apo-EAP to dimeric EAP. EAP (5 ug) in
10 el of solution was deposited for each lane, corresponding to approx. 11 .M EAP monomer. Lanes 17, samples prepared under mild denaturing conditions in the presence of Zn?* at different
concentrations: lanes 1-7, 25 M, 10 .M, 8 M, 6 M, 4 M, 2 M and 0 m; lane 8, apo-EAP prepared under denaturing conditions.

200 HR 10/30 column (Amersham Biosciences), a bed volume
of approx. 24 ml and cross-linked agarose and dextran beads 13—
15 um in diameter. The buffer contained 50 mM Tris, 150 mM
NaCl and 1 mM EDTA, pH7.4. The column was incubated
overnight with EDTA-containing buffer then equilibrated using
150 ml of the buffer in order to completely eliminate the pos-
sibility of ions in the column bed. Protein assays were initiated
by injection of 500 w1 protein samples, containing 75 pg/ml apo-
enzyme with or without three protein standards: 12 pg/ml ferritin
(450 kDa), 120 png/ml BSA (66 kDa) or 50 pg/ml cytochrome ¢
(12.5 kDa). Elutions were performed at a flow rate of 0.3 ml/min,
at 25 °C. Protein content was monitored by reading the absorbance
of the eluted solution at 280 nm. The molecular masses of native
EAP and BIAP were determined using Tris buffer without EDTA
(50 mM Tris/150 mM NacCl, pH 7.4) as previously described.

IR spectra for apo-enzymes in 2H,0 buffer

Once apo-enzyme was obtained, it was dried under N, and dis-
solved in ?H,O at the same volume as before drying. An aliquot
of apo-BIAP stock solution was mixed with the same volume of
20mM Ca*", then dried under N, and dissolved in 2H,O at
the same volume as before drying. The sample was incubated
overnight at 4 °C. Tris/HCI buffer (20 mM, p’H = 7.0) containing
either 20 mM Mg** and 0.6 mM Zn** for apo-BIAP, or 20 mM
Mg?* and 0.8 mM Zn”* for apo-EAP were prepared. The Zn>"
ion concentration was adjusted according to a Zn**/apo-enzyme
monomer ratio of two. The p’H was measured using a glass elec-
trode and was corrected by a value of 0.4 (p*H 7.0 =pH 7.4) [31].
A 10 pul apo-enzyme (apo-EAP or apo-BIAP) solution or a 10 ul

apo-BIAP solution in the presence of 20 mM Ca*" in *H,0, was
added to 10 ul of buffer so that final protein concentration
was 10 mg/ml. A 20 ul quantity was then loaded between two
circular CaF, windows separated by a 50 mm thick Teflon spacer.
The IR cell was temperature regulated at 30 °C using a circulating
bath. The optical resolution was 4 cm™' but spectral points were
encoded every 2 cm™'. Scans (256) were recorded for approx.
4 min. Time delay was 6 min before measuring the first IR
spectrum due to the mixing process and transfer of the sample into
the IR cell. Series of IR spectra were measured over time. The
IR difference spectra correspond to the spectrum of apo-enzyme
incubated for the indicated time minus the first spectrum for
apo-enzyme recorded after 6 min incubation. Three independent
measurements were taken and averaged to obtain spectra with
a better signal/noise ratio. The final IR difference spectra were
corrected for water-vapour absorption [32,33].

RESULTS
Effect of ions on the stability of EAP and BIAP dimers

It has been reported that apo-EAP remains dimeric at pH 7.4 [34]
and we confirmed this finding by molecular sieve chromatography.
The elution profile of apo-EAP and that of native EAP were
identical, both protein peaks were superimposed on the protein
peak of BSA (68 kDa) [Figure 2A, traces (i) and (ii)], showing
that both the molecular mass and the global structure of apo-
EAP and native EAP were similar. The same experiments were
carried out to compare apo-BIAP with native BIAP [Figure 2A,
traces (iii) and (iv)], both of their protein peaks were localized at
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the 13 ml elution profile, between the protein peak of BSA and
that of ferritin (450 kDa), showing that both the molecular mass
and global structure of apo-BIAP and native BIAP were similar.
These observations indicate that both apo-EAP and apo-BIAP
remain dimeric at pH 7.4 despite the lack of ions in their active
sites. EAP and BIAP remain active and dimeric after SDS/PAGE
under mild denaturing conditions, as revealed by specific BIAP-
NBT staining (Figure 2B), showing that these two proteins are
resistant to mild SDS/PAGE denaturing conditions, which was
confirmed by activity measurements. After 2h incubation in
medium containing 2% (w/v) SDS, the holoenzymes showed
a slight increase in activity of 12 +2 % for EAP and 18 +4 % for
BIAP, confirming that SDS alone is not sufficient to destabilize
the active structure of both holoenzymes. The apo-BIAP also
kept its dimeric structure after SDS/PAGE under mild denaturing
conditions (apparent molecular mass of 150 kDa) (Figure 2C,
lane 3), as compared with denatured BIAP (apparent molecular
mass of 64 kDa) (Figure 2C, lane 1) and dimeric BIAP (Figure 2C,
lane 2).

In apo-EAP, lanes 1 and 2 of Figure 2(D) illustrate the migra-
tion of monomeric EAP (apparent molecular mass of 45 kDa;
SDS/PAGE under denaturing conditions) and of dimeric EAP
(apparent molecular mass of 95 kDa; SDS/PAGE under mild
denaturing conditions) as control samples respectively. As shown
in lane 3 in Figure 2(D), apo-EAP is mostly in monomeric form,
indicating that the apo-EAP dimer is not resistant to the denaturing
environment imposed by SDS/PAGE under mild denaturing
conditions. The addition of 25 uM Zn?*" alone (Figure 2D, lane 4)
resulted in almost complete maintenance of the dimeric form of
apo-EAP under mild SDS/PAGE conditions. Addition of Mg**
alone resulted in a partial maintenance of the dimeric EAP, and
variation in the concentration of Mg*" between 1 mM and 5 mM
did not significantly change the rate of maintenance (Figure 2D,
lanes 5 and 6). Therefore addition of either Zn*" or Mg** can
reinforce the apo-enzyme dimer. Addition of 1 mM or 5 mM
Ca’* alone did not induce any significant dimerization, consistent
with the lack of a Ca*" binding site in EAP (Figure 2D, lanes 7
and 8). The ability of Zn”" to affect the rate of maintenance of the
dimeric form of apo-EAP was then monitored by SDS/PAGE
under mild denaturing conditions (Figure 2E, lanes 1-7). In-
creasing the Zn>* concentration from 0 to 25 uM showed that
amaximal dimerization was almost reached using a Zn** concen-
tration of 10 uM for 11 uM monomeric apo-EAP. This indicates
that two Zn** ions per dimer of EAP are sufficient to induce the
stabilization of the EAP dimer against the denaturing environment
imposed by SDS/PAGE under mild denaturing conditions.

Activity recovery of apo-enzymes

The residual activities of apo-EAP and apo-BIAP after the re-
moval of EDTA were approx. 1.5 & 0.5 % for both apo-enzymes.
There was no significant change in activity when apo-
enzymes were incubated with 1 uM Zn?*, whereas incubation of
apo-enzymes with 5 mM Mg** allowed them to regain approx.
5% of their initial activities, suggesting the presence of ap-
prox. 5 % residual Zn*" after the removal of EDTA.

To restore alkaline phosphatase activity, 0.45 uM dimeric apo-
EAP and 0.016 M dimeric apo-BIAP, corresponding to an initial
activity of 4 units/ml for each enzyme, were first incubated at
37°C for 1 h in solution containing one of the missing ions: 1 uM
Zn** (Figure 3A) or 5 mM Mg?* (Figure 3B). The other missing
ion (Mg*" in Figure 3A and Zn*" in Figure 3B) was then added
to the recovery medium. The apo-enzymes were incubated in
medium containing both ions for a further hour at 37°C before
measuring the activities. By addition of the Zn** ion first, then the
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Figure 3 Restoration of activities of apo-enzymes during incubation in
medium containing Mg?+ and Zn?+

Concentrations of 0.45 M dimeric apo-EAP (O) and 0.016 .M dimeric apo-BIAP (@) were
adjusted so that their initial native activities were 4 units/ml. (A) The activities were measured
1 h after addition of 1 «M Zn?*, followed by the addition of 0.1 M-100 mM Mg?*. (B) The
activities were measured 1h after the addition of 5mM Mg?*, followed by the addition of
10 nM-1 mM ZnZ*. The relative activities are expressed as a percentage of the activity of native
enzymes and represent the mean + S.E.M. of 5 independent assays.

Mg** ion, we determined the influence of Mg** on the activity
recoveries of these two enzymes (Figure 3A). In the absence
of Mg?*, the activity restoration was almost negligible but was
enhanced following the increase in Mg>" concentration. Higher
Mg** concentrations, up to 100 mM, induced a slight decrease
in activity restoration in the case of BIAP, but not in the case of
EAP (Figure 3A). This suggests that EAP is more robust than
BIAP towards high Mg** concentrations. The order of ion addi-
tions was reversed to determine the optimal Zn** concentration
for the activity recoveries (Figure 3B). Only a narrow Zn** con-
centration range, approx. 1 uM for BIAP or 5 uM Zn** for EAP,
was optimal in regaining maximal activity under these conditions.
Pre-incubation of apo-EAP and apo-BIAP with 2mM Ca’",
before the re-metalating of apo-enzymes in the activity recovery
medium, had no effect on the activity restoration of these two
apo-enzymes (results not shown), indicating that the active site in
both enzymes is specific only for Zn*" and Mg** ions.

Kinetics of the activity recovery in apo-enzymes

The kinetics of activity restoration of apo-EAP were measured
under optimal conditions in medium containing 5 uM Zn>*,
5 mM Mg*" and 0.45 uM apo-EAP corresponding to an initial
activity of 4 units/ml, as determined above (Figures 3A and 3B).
Apo-EAP recovered approx. 80 % of its initial activity after
3 min incubation. However, total recovery of EAP activity neces-
sitated several days incubation (Figure 4A). In the case of mam-
malian enzyme, 0.06 uM dimeric apo-BIAP corresponding to
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Figure 4 Kinetics of activity recovery of apo-EAP and apo-BIAP
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(A) Kinetics of activity recovery of apo-EAP. Dimeric apo-EAP (0.45 1.M) corresponding to initial activity of 4 units/ml was incubated in medium containing 5 M Zn®* and 5 mM Mg+ at 37°C. A
small aliquot was taken, according to incubation time, to measure the activity recovery. The activity is expressed as a percentage of the native protein activity. The Figure inset indicates the activity
recovery during the first 10 min of incubation. (B) The effect of Zn?* on the kinetics of activity recovery of apo-BIAP. Dimeric (0.06 1.M) apo-BIAP corresponding to an initial activity of 15 units/ml
was incubated at 37 °C in medium containing 5 mM Mg+ and at different Zn%* concentrations ranging from 0.02 to 0.5 M: trace 1, 0.02 M (A): trace 2, 0.04 uM (<); trace 3, 0.08 uM (®);
trace 4, 0.2 uM (x); trace 5, 0.5 ..M (). A small aliquot, was taken according to incubation time, for activity measurement. Inset: table indicating for each trace, the Zn?* concentration, the ratio of
Zn%+ to dimeric BIAP and the corresponding ratio of final activity recovery after a 40 h incubation. (C) The effect of Mg?* on the kinetics of activity recovery of apo-BIAP. Dimeric apo-BIAP (0.06 M)
corresponding to an initial activity of 15 units/ml was incubated at 37 °C in medium containing 0.5 .M Zn?* and at different Mg?* concentrations ranging from 0.1- 5 mM as indicated in (C): trace
1,0.1mM (O); trace 2, 0.2 mM (M); trace 3, 0.5 mM (x); trace 4, 1 mM (<); trace 5, 5 mM (A). Values shown are the mean of at least four independent assays, with S.E.M. inferior to 10 % of the

mean for each panel.

15 units/ml, was incubated in a medium containing 5 mM Mg**
and 0.02 uM-0.5 uM Zn>* (Figure 4B). In this concentration
range, the activity restoration increased with Zn** concentration.
As compared with apo-EAP (Figure 4A), apo-BIAP needed a
longer incubation time, 6 h, to regain 80 % of its initial activity
under optimal conditions (Figure 4B, trace 5). After 25h, the
activity recovery was almost complete (Figure 4B). At the concen-
tration of Zn*" added, which was lower than that of the apo-
BIAP monomer, the percentage of the final activity recovery of
apo-BIAP was close to the ratio of [Zn**]/[apo-BIAP monomer]
(Figure 4B, traces 1, 2 and 3). This indicates that in the presence
of excess Mg>" in the recovery medium, the binding of one Zn**
ion per active site of BIAP is sufficient for this enzyme to regain
almost all of its native activity. At aZn** concentration of 0.5 uM,
the activity restoration of 0.06 uM dimeric apo-BIAP is faster
in an increasing Mg** concentration range of 0.1 mM-5 mM
(Figure 4C). The total activity recovery of apo-BIAP was con-
sistently observed within this Mg** concentration range (Fig-
ure 4C). However, at a relatively low Mg concentration, as
compared with a higher Mg?* concentration, a longer incubation
time was required to reach complete activity recovery (Figure 4C,
trace 1). The same experiments were performed in the presence
of 2mM Ca’* in the activity recovery medium; the Kinetics of
activity recovery of apo-EAP and apo-BIAP were not affected by
the presence of 2 mM Ca?", indicating that the Ca*" has no ap-
parent effect on the activity of EAP and BIAP.

Structural changes during the activity restoration of apo-enzymes

To check whether the activity recovery of apo-enzymes was
accompanied by secondary structure changes, we measured their
IR spectra according to incubation time in the restoration medium.
The IR spectrum of apo-BIAP (Figure 5A, top trace) in the
amide-I region indicated one peak centered at 1651 cm™ and
a shoulder at approx. 1635 cm™'. IR difference spectra for apo-
BIAP in the recovery medium were recorded at each hour, up
to 5h (Figure 5A, traces 2-6). An increasing 1458 cm™' broad
band associated with an 'H-O-’H band and an N-H peptide
backbone (amide II) was revealed. Only very small changes in
the amide-I region were observed and were better shown on an
enlarged scale (Figure 5B, traces 2—6). The magnitude of the
structural changes to apo-BIAP induced by the fixation of ions
was assessed by determining the ratio between the intensity of
the amide-I bands of apo-BIAP (Figure 5B, trace 1) and its
corresponding amide-I changes induced by addition of ions for
different incubation times (Figure 5B, traces 2—6, corresponding
to difference spectra measured after 1, 2, 3, 4 and 5h). The
COBSI (change of backbone structure and interaction index) [35],
which is the ratio of intensities (AA/2A), was 0.0053 for trace
6 (incubation time 5 h). This value corresponded to 2.6 amino
acids, per BIAP monomer, involved in the structural changes to
BIAP caused by Zn** and Mg>* binding. The difference spectra
for apo-BIAP in the recovery medium, according to incubation
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Figure 5 IR difference spectra for apo-BIAP induced by the fixation of Zn%+
and Mg?* in 2H,0 huffer

(A) Comparison of structural change to apo-BIAP, induced by the fixation of ions, with the
secondary structure of apo-BIAP by IR spectroscopy. Trace 1, IR spectrum for 0.15 mM dimeric
apo-BIAP in medium without ions. Traces 26, IR difference spectra for 0.15 mM dimeric apo-
BIAP with 0.6mM Zn®+ and 20mM Mg?* at different incubation times (1, 2, 3, 4 and
5h). Increasing incubation time corresponds to a higher H/2H exchange rate as indicated
by the increase in the 1458 cm~" band. The same absorbance scale was used for all spectra.
(B) Determination of the magnitude of structural changes to apo-BIAP induced by the fixation
of Zn?+ and Mg?+ ions. Trace 1, IR spectrum for apo-BIAP at time 0. Traces 2-6, IR difference
spectra for apo-BIAP at times 1, 2, 3, 4 and 5 h. The absorbance scale was expanded x40 com-
pared to the scale of the upper spectrum. The calculated intensity of the IR spectrum (trace 1)
corresponding to AA and the calculated intensity of the IR difference spectrum (trace 6,
5h) corresponding to AA, are indicated by their shaded surfaces. The AA/2A ratio, in the
1760~1600 cm~" region, permitted us to determine the magnitude of peptide backbone structural
change to apo-BIAP induced by the fixation of ions [34].

time, indicated that the structural changes slowed down after
2h incubation (Figure 5B, trace 3). Indeed, after 3 h, there
were no further structural changes (Figure 5B, traces 4-6) in
contrast with the continuous increase in the 1458 cm™' band
(Figure 5A, traces 4-6). Therefore the spectral alterations in the
1750-1550 cm™' region cannot be assigned to 'H-*H exchange
but were instead associated with small distortions of the pep-
tide backbone or the side chains of the amino acid residues. The
IR changes are probably too small to be interpreted in terms
of secondary structure alterations, such as the shift of «-helical
structure to B-sheet structure. The decrease in the 1651 cm™!
band and the concomitant increase in the two other bands
located at approx. 1630-1590 cm™' may reflect the formation of
stronger hydrogen bonds during recovery of the native structure.

© 2005 Biochemical Society

.001 "

1: EA

2: EA

3: EAl

4: EA

5: EAP 60 min ©

6: BIAP 5 hour 9

T 1 ] I

1750 1700 1650 1600

Wavenumber (cm™')

Figure 6 IR difference spectra for apo-EAP induced by the fixation of Zn?*
and Mg?* in 2H,0 buffer

Traces 1-5, IR difference spectra for apo-EAP in recovery medium at different incubation times
(6, 12, 18, 24 and 60 min), only the 17501550 cm~" region of the spectra is shown. Buffer
composition was 20 mM Tris/HCI, 0.4 mM monomeric apo-EAP, p?H = 7.0 containing 0.8 mM
Zn%+ and 20 mM Mg%+. Trace 6, the IR difference spectrum for apo-BIAP with ions, at 5h
incubation, is identical to trace 6 in Figure 5.

A previous incubation of apo-BIAP with 20 mM Ca** did not
change the shape or magnitude of IR difference spectra for apo-
BIAP induced by the addition of Zn** and Mg*" (results not
shown), suggesting that Ca** did not affect the structure changes
to apo-BIAP induced by the addition of Zn** and Mg>*.

The same experiments were performed using apo-EAP (Fig-
ure 6). Since the time delay between addition of the ions and the
first measured IR spectra was approx. 6 min, it was not possible
to follow the structural changes directly related to the 80 %
activity recovery (Figure 4A). Slight structure changes could still
be observed in the amide-I region 24 min after measurement of
the first IR spectra (Figure 6, trace 1-5). Despite some back-
ground interference, two negative bands located at 1675 cm™!
and 1656 cm™ could be distinguished on the IR difference
spectra for EAP (Figure 6, traces 1-5). These bands could be
associated with the protein structure changes, as they stopped
after 24 min, whereas the bands corresponding to N-°H - N-'H
(amide-II) and '"H-"H exchange (1458 cm™') continued to increase
with time (results not shown). The structural changes to EAP
(Figure 6, traces 1-5) observed in the amide-I region were approx.
three times smaller than the structural changes to apo-BIAP (Fig-
ure 6, trace 6) under the same conditions. In addition, the shape
of their IR difference spectra were distinct.

DISCUSSION
Preparation of apo-enzymes using EDTA

EDTA, anion chelator, was used to inactivate alkaline phosphatase
and was removed from apo-enzymes by several filtration steps
through Centricon-30 membranes, to ensure that the final EDTA
concentration was sub-nanomolar. Apo-EAP and apo-BIAP are
inactive after ion removal, but their activities may be restored by
the addition of ions (Figures 3 and 4), indicating that inactiv-
ation of EAP and BIAP by EDTA is reversible. An excess amount
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of calcium (2-5 mM) did not affect the activity recovery of BIAP
and EAP (results not shown), nor the reinforcement of monomer—
monomer interaction of apo-EAP under mild SDS/PAGE con-
ditions (Figure 2D), demonstrating that the eventual binding of
EDTA to alkaline phosphatase through its ions did not occur. This
conclusion was confirmed by the determination of ion content in
apo-enzyme by ICP-AES, indicating that Zn** and Mg*" were not
detectable under the technical limits of ICP-AES. These findings
show that the recovery of activity of apo-enzymes was mainly
associated with Zn*" and Mg?* ions.

Comparison of stability in the dimeric form of apo-EAP and
apo-BIAP

Apo-EAP was inactive and dimeric [Figures 2A, traces (i) and
(i1)] consistent with the finding that zinc atoms are not essential
for maintaining the dimeric form of EAP [34]. Both Zn>* and
Mg>* enhance the stabilization of the dimeric form of apo-EAP
against mild SDS/PAGE denaturation (Figures 2D and 2E). The
affinity of Zn** for the M1 site of apo-EAP is much higher than
for the M2 site [6]. Therefore at very low Zn>" concentration,
the cation binds firstly to the M1 site. Given the amount of Zn*"
necessary for stabilization of the dimeric form of apo-EAP under
mild SDS/PAGE conditions (Figure 2E), which corresponds to
a Zn**/dimeric enzyme ratio of close to 2, it was inferred that
binding of Zn?>* to apo-EAP occurs in a ‘pairwise’ manner. In
the absence of Mg”*, the binding of one Zn®" ion to the M1
site in one monomer of apo-EAP greatly enhances the affinity
of the M1 site in the second monomer for Zn*, as if two Zn**
ions simultaneously associate to the two M1 sites in apo-EAP.
This result is consistent with the positively cooperative process
of Zn*" binding to apo-EAP [21,36]. In contrast with apo-EAP,
apo-BIAP completely lost its activity but retained its dimeric
structure under mild SDS/PAGE conditions (Figure 2C). This
finding showed that interactions between the two monomers
of eukaryotic BIAP are much stronger than those taking place
between the two monomers of prokaryotic EAP, consistent with
the 25-30 % similarity between the two enzymes. The presence
of additional secondary structure elements in mammalian alkaline
phosphatases, including the interfacial-crown-domain, calcium-
binding domain and the N-terminal «-helix [17,20,23], and their
absence in the prokaryotic enzyme, may account for the differ-
ence in the interactions between the two monomers. The effect
of cation-binding on the secondary structure of apo-BIAP is
relatively weak, only approx. 0.5% of the overall secondary
structure is affected (Figures SA and 5B), indicating that the core
of BIAP is relatively rigid. The rigidity of the active site in BIAP
was also observed during the phosphate binding [37].

Comparison of ion sensitivities of prokaryote and
eukaryote enzymes

The M1 site is highly specific for Zn*", whereas a Mg*" ion in the
M3 site is essential for catalytic activity of EAP [3,7,9]. A second
Zn*" ion in the M2 site enhances the fixation of substrate in the
active site, but it is not essential for catalytic activity and does
not directly participate in catalysis [38]. The binding of Mg*" in
the M3 site can increase the rate of catalysis and thermodynamic
stability of EAP [7,9,10] and at high concentrations the Mg*"
cation may bind in the M2 site of EAP as well. When Mg** sub-
stitutes Zn>* in the M2 site, a decrease in affinity of EAP for
the substrate is observed, however, k./K, is not significantly
affected, since a concomitant increase in the k. value of EAP
occurs due to a much easier release of phosphate from its active
site [6]. Our observations on ion sensitivities in apo-EAP are

consistent with the main conclusions of previous reports. More
precisely, at a fixed Mg** concentration, the enhancement of the
activity recovery of apo-EAP with the increase in Zn>* concen-
tration could be interpreted as a progressive binding of Zn>* to the
M1 site. At a ratio of two Zn** ions per apo-EAP dimer, the con-
formational equilibrium is mostly shifted towards the stabilized
dimers (Figure 2E). A higher Zn*" concentration results in satu-
ration of the M1 site, the M2 site then becomes occupied leading to
maximum activity restoration. A much higher Zn** concentration
could displace the Mg®" ion from the M3 site, resulting in a de-
crease in the activity of EAP (Figure 3B). Alternatively, at a fixed
Zn** concentration, the progressive increase in activity recovery
of apo-EAP in an increasing Mg?* concentration could correspond
to Mg?" binding in the M3 site. A further increase in Mg**
concentration may displace the Zn** ion from the M2 sites without
any significant change in EAP activity (Figure 3A).

The ion sensitivity of apo-BIAP was very similar to that of
apo-EAP (Figure 3A and 3B). At the concentration of Zn**
added, which was lower than that of the apo-BIPA monomer,
the percentage of the final activity recovery of apo-BIAP was
close to the ratio of [Zn*']/[apo-BIAP monomer] (Figure 4B,
traces 1, 2 and 3). This indicates that in the presence of excess
Mg”" in the recovery medium, the binding of one Zn** ion per
active site of BIAP is sufficient for this enzyme to regain almost
all of its native activity. The M1 binding site of BIAP is highly
specific as is the case for EAP. The M3 site must be occupied
by Mg?* to obtain optimal activity. The replacement of Mg** by
Zn*" in the M3 site could explain the decrease in the activity
recovery of apo-BIAP upon addition of an excess amount of
Zn** (Figure 3B). From these findings, it is tempting to speculate
that minor variations in Zn*" concentration (around a few uM)
could modulate the activity of alkaline phosphatases under physio-
logical conditions. A higher concentration of Mg*™ (up to 50 mM)
is needed to observe a slight decrease in activity recovery of
apo-BIAP, however, this concentration is outside the expected
physiological range between 0.1 and 1.5 mM [39-41], therefore a
fluctuation in Mg>* concentration is not expected to affect BIAP
activity in vivo. The selectivity and sensitivity of the M1 and
M3 sites towards cations are very well conserved from E. coli
to mammalian enzymes despite differences in the rate of activity
recoveries and in monomer—monomer interface interaction.

Active structure and native structure of EAP and BIAP

The binding of Zn>" or Mg" in the active site of apo-EAP is a key
factor for the stabilization of its dimeric form (Figures 2D and 2E),
and the structural changes to EAP caused by ion binding should
not be restricted to the vicinity of the active site, but must extend
to the interface region of EAP. As apo-EAP recovers 80 % of its
full activity within 3 min (Figure 4A), the binding of Zn** and
Mg>* should be a very fast process. However, due to the roughly
6 min delay in preparing the sample and measuring IR spectra,
the results for EAP (Figure 6) could not provide any evidence of
such a large shift in domains or conformational change. The small
structural changes to EAP, corresponding to less than one amino
acid residue, ‘stopped’ completely after 60 min (Figure 6), but a
small continuous increase in activity recovery was still observed
(Figure 4A). Proline isomerization is unlikely to be the cause
of slow annealing and reactivation during this phase [42]. It has
been suggested that the slow conformational changes to EAP,
from the high-lability to the low-lability form (native form), on
the time scale of days are due to the slow binding of Mg*" to apo-
EAP -« Zn** [10]. However, given our findings, the binding of Mg?*
to apo-EAP « Zn*" is a fast process, since approx. 80 % of its native
activity is recovered in less than 3 min under optimal conditions
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(Figure 6). This state in which EAP contains Zn** and Mg>" ions
in their active sites should correspond to the high-lability form of
EAP that is not fully active. A longer incubation time is needed
to convert the less active and high-lability form of EAP [10] into
the native and low-lability form of EAP corresponding to its full
stability and activity recovery (Figures 4A and 6) [10]. The shape
of the IR difference spectra for apo-BIAP (Figure 6, trace 6)
during its slow structural restoration was different from that of
apo-EAP (Figure 6, traces 1-5), reflecting different environments
surrounding the active site of these two enzymes. However, as in
the case of apo-EAP, the secondary structure changes to BIAP
did not parallel the kinetics of its activity recovery. The structural
changes corresponding to the alteration from two to three peptide
backbones slowed down after 2 h incubation of apo-BIAP in
the recovery medium and almost stopped after 3 h (Figure 5B),
whereas activity recovery of apo-BIAP continuously increased
beyond 3 h of incubation (Figures 4B and 4C). This suggests
that some of the structural changes associated with the activity
recovery for both enzymes are too small to be detected by IR
spectroscopy and that distinct and subtle structural changes are
required for their optimal activity recoveries.

Calcium and alkaline phosphatase

Calcium can slightly affect the activity of rat osseous plate alkaline
phosphatase by binding to Zn** or Mg®" binding sites only in the
absence of these two ions. Then Zn** or Mg?" may regain their
specific binding-sites at a relatively low concentration despite the
presence of a relatively high concentration of Ca** and restore
the native activity of the enzyme [43]. The mutation of amino
acids that are associated with the inactivation of human tissue non-
specific alkaline phosphatase and severe hypophosphatasia could
correspond to several amino acids implicated in the coordination
of Ca*" in the M4 site [23]. There is no specific binding-site for
Ca*" in EAP, whereas such a site exists in mammalian tissue non-
specific and placental alkaline phosphatases [17,20,23]. Although
the amino acids participating in the coordination of Ca*" are well
conserved for the four types of mammalian enzymes, so far the
calcium-binding effects on the activity of mammalian intestinal
alkaline phosphatase have not been reported. Our findings indicate
that the change in Ca*" concentration from 15+ 10 «M in buffer
to a relatively high concentration (up to 20 mM) has no apparent
effect on the activity of alkaline phosphatases, or on the kinetics
of activity and structure recovery of apo-enzymes induced by
Zn*" and Mg**. Whether the putative calcium-binding site in the
case of BIAP is accessible or not remains to be investigated.
Alternatively, calcium could bind to BIAP without affecting its
activity and overall structure.

In conclusion, although the sensitivity of EAP and BIAP to
Zn** and Mg** ions was similar, significant differences in dimeric
structure stability of apo-enzymes were observed between EAP
and BIAP, as well as in the kinetics of their activity and se-
condary structure recoveries. These differences reflect the distinct
environments around the active sites of these two enzymes.

We thank Dr Marie-Hélene le Du for helpful suggestions and discussions. We thank
Dr John Carew for correcting the English prior to submission.
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