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Abstract  

Tissue-nonspecific alkaline phosphatase (TNAP) plays a crucial role during skeletal 

mineralization, and TNAP deficiency leads to the soft bone disease hypophosphatasia. 

TNAP is anchored to the external surface of the plasma membranes by means of a GPI 

(glycosylphosphatidylinositol) anchor. Membrane-anchored and solubilized TNAP 

displays different kinetic properties against physiological substrates indicating that 

membrane-anchoring influences enzyme function. Here, we used Electron Spin 

Resonance (ESR) along with spin labeled phospholipids to probe possible dynamic 

changes prompted by the interaction of GPI-anchored TNAP with model membranes. 

The goal was to systematically analyze the ESR data in terms of line shape changes and 

of alterations in parameters such as rotational diffusion rates and order parameters 

obtained from non-linear least-square simulations of the ESR spectra of probes 

incorporated into DPPC liposomes and proteoliposomes. Overall, the presence of TNAP 

increased the dynamics and decreased ordering in the three distinct regions probed by 

the spin labeled lipids DOPTC (headgroup), 5-, and 16-PCSL (acyl chains). The largest 

change was observed for 16-PCSL, thus suggesting that GPI-anchored TNAP can give 

rise to long reaching modifications that could influence membrane processes halfway 

through the bilayer. 
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Introduction 

Alkaline phosphatases belong to a multigene family encoded in humans by 4 

distinct gene loci: ALPP, ALPP2 and ALPI genes encode the placental, germ cell and 

intestinal isozymes, while ALPL encodes the tissue-nonspecific alkaline phosphatase 

isozyme, also known as liver-bone-kidney type 1. In vivo, TNAP plays a crucial role 

during the process of endochondral ossification restricting the concentration of 

inorganic pyrophosphate (PPi), a potent mineralization inhibitor 2-4. Hypomorphic 

mutations in ALPL lead to hypophosphatasia, an inherited error of metabolism 

characterized by soft bones in children and/or adults (rickets or osteomalacia) due to 

accumulation of PPi in the extracellular matrix 5. In vitro, TNAP is a nonspecific 

phosphomonohydrolase (E.C.3.1.3.1) able to hydrolyze phosphate monoesters (ATP, 

ADP, AMP, p-nitrophenylphosphate, glucose-6-phosphate, glucose-1-phosphate, 

glyceraldehyde-3-phosphate), PPi, phosphate diesters (bis-p-nitrophenylphosphate and 

cyclic AMP) and to catalyze transphosphorylation reactions 6-19.  

Regardless of their tissue of origin, alkaline phosphatases are homodimeric 

enzymes and each catalytic site has three metal ions (two zinc ions and one magnesium 

ion) required for the enzymatic activity 1, 20-22. Studies regarding the involvement of 

TNAP in the calcification process have suggested that the enzyme can be found either in 

a soluble form or associated to membranes 18, 23-26. TNAP is associated with the 

membrane through a glycosylphosphatidylinositol (GPI) anchor. The anchor structure 

provides lateral mobility in the membrane and allows for TNAP release by the action of 

phospholipases 1, 13, 18.  

Our research group has demonstrated that the catalytic properties of TNAP vary 

depending on the microenvironment where the enzyme is located. Thus, different forms 

of the enzyme (membrane-bound, detergent-solubilized or phospholipase-treated) show 

different specificities for the various substrates, suggesting that the enzyme’s kinetic 

Page 3 of 17 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 4

properties are significantly affected by the presence of the GPI anchor and/or other 

membrane components 27-32. However, little is known about the effects of the GPI 

anchor on the dynamic properties of the membrane’s acyl chains. To address this issue 

we carried out an ESR study using spin labeled phospholipids that allow monitoring the 

headgroup region (DOPTC) and two different positions along the lipid acyl chain (n-

PCSL). Spectral simulations of the ESR spectra measured before and after TNAP 

addition to a membrane mimetic were used to assess the profiles of ordering and 

molecular mobility of the membrane in the presence of the GPI-anchored protein.  

 

Materials and Methods 

Materials 

Mammalian CHO-K1 cells were purchased from Rio de Janeiro Cell Bank (Rio de 

Janeiro, RJ). Spin labels DOPTC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and n-

PCSL (1-acyl-2-[n-(4,4-dimethyloxazolidine-N-oxyl)stearoyl]-sn-glycero-3-

phosphocholine) with n=5 and 16, were purchased from Avanti Polar Lipids. Synthetic 

phosphatidylcholine DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) was from 

Avanti Polar Lipids (Alabaster, AL). The chemical structures of the labeled lipids can 

be found elsewhere33. Organic solvents and other chemicals were from Sigma-Aldrich. 

 

Cell culture and preparation of membrane fractions rich in TNAP  

Cells were prepared and cultured according to Simão et al 28. Membrane-bound 

recombinant human TNAP was obtained from transfected CHO-K1 cells as described 

by Simão et al 34. 
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Solubilization and partial purification of GPI-anchored TNAP with 

polyoxyethylene-9-lauryl ether (polidocanol) 

Membrane-bound TNAP (0.2 mg/mL) was solubilized with 1% polidocanol (w/v, 

10 mg/mL final concentration) for 1 h, with constant stirring, at 25ºC. After 

centrifugation at 100,000xg for 1 h at 4ºC, detergent-free solubilized enzyme was 

obtained using 200 mg of Calbiosorb resin and 1 mL of polidocanol-solubilized enzyme 

(~ 0.03 mg of protein/mL) as previously described 35. All protein concentrations were 

estimated in the presence of 2% (w/v, 20 mg/mL) SDS 36. Bovine serum albumin was 

used as a standard.  

 

Liposome preparation and incorporation of GPI-anchored TNAP into liposomes 

Dipalmitoyl phosphatidylcholine (DPPC) liposomes were prepared from a 10 

mg/mL chloroform stock solution of lipids. Spin-labeled phosphatidylcholines were 

incorporated at a concentration of 0.5 mol % of total lipids by drying down the 

chloroform lipid solutions under a stream of nitrogen, followed by further drying in a 

SpeedVac Concentrator system (Thermo Scientific) overnight. The dried lipid film was 

resuspended in 50 mM Tris-HCl buffer, pH 7.5, containing 2 mM MgCl2, and the 

mixture was incubated at 50ºC for 1 h, with vigorous stirring using a vortex at 10-min 

intervals. The mixture was passed through an extrusion system (Liposofast, Sigma) 

using a polycarbonate membrane of 100 nm, and the suspension of relatively 

homogeneous unilamellar vesicles was stored at 4ºC.  

DPPC-proteoliposomes containing TNAP were prepared by mixing and 

incubating 1 mL of liposomes and 10 mL of detergent-free TNAP in 50 mM Tris-HCl 

buffer, pH 7.5, containing 2 mM MgCl2 for 1 h, at 25ºC. The mixture was then 

centrifuged at 100,000xg for 1 h, at 4ºC. The pellet was resuspended in 0.5 mL of the 
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 6

same buffer. TNAP activities in the supernatant and in the resuspended pellet were 

assayed and used to calculate the percentage of protein incorporation. p-

nitrophenylphosphate (pNPP) activity for TNAP was assayed discontinuously, at 37ºC, 

in a spectrophotometer by following the release of p-nitrophenolate ion as described 

before 19, 34, 37. 

Enzymatic release of TNAP from proteoliposome was performed as described 

before by Pizauro et al. 13, 27, 29, 34, 35. The proteoliposomes were incubated in 50 mmol/L 

Tris–HCl buffer, pH 7.5 with specific phosphatidylinositol phospholipase C (0.1 U of 

PIPLC from B. thuringiensis) for 1 h under constant rotary shaking, at 37 °C. The 

incubation mixture was centrifuged at 100,000×g for 1 h, at 4 °C.  

 

 

Electron spin resonance (ESR) measurements 

Continuous wave ESR spectroscopy was carried out at room temperature (22 ± 1 

°C) on a Jeol JES-FA200 spectrometer operating at X-band (9.2 GHz). Solutions 

containing TNAP incorporated in the spin-labeled DPPC liposomes were drawn into 

capillary tubes for ESR experiments. All ESR spectra were measured with the following 

experimental parameters: field range of 100 G, microwave frequency of 9.2 GHz, 

modulation frequency of 100 kHz, modulation amplitude of 100 kHz, and microwave 

power of 10 mW. The ESR spectra were processed utilizing OriginPro8 software. 

Spectral simulations of the ESR spectra were performed using the NLSL 

program developed by Freed et al 38 and available for download at 

http://www.acert.cornell.edu/index_files/acert_resources.php. The simulations yielded 

the average rotational diffusion rate R1 and the coefficients c20 and/or c22 of an orienting 

potential experienced by the nitroxide moiety. Order parameters, S0 and/or S2, can be 

calculated from those coefficients as described elsewhere 38. Other parameters used as 
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input in the simulations, such as magnetic tensor (g- and hyperfine) components, were 

obtained from previously published data 38. The fitting procedure followed similar 

strategies as those described in Basso et al 39. To avoid local minima and to obtain error 

estimates for each varied parameter, the fits were initiated from different sets of seed 

values. Once minimization of the parameters was concluded, their final values were 

compared and their average along with the respective standard deviation were used as 

final results 40. The procedure led to percent error estimates of: R1 (2 %) and order 

parameter (5 %). 

 

 

Results 

Several reports suggest that lipid membrane composition can modulate TNAP 

phosphomonohydrolase activity 27-30, 32. In addition, evidences indicate TNAP is found 

in special regions of the membrane called lipid rafts, microdomains rich in cholesterol 

and sphingomyelin 1, 41-43, 44, 45. However, the docking mechanisms of most GPI-

anchored proteins, such as TNAP, and the possible effects of this anchoring mechanism 

on the enzymatic activity are still unclear.  

Sharom et al. 46 used Förster resonance energy transfer (FRET) to examine the 

anchoring of PLAP and concluded that the GPI-anchored protein is close to the 

membrane bilayer and the calculated distance was about 10 Å from the membrane. 

Here, we used ESR of labeled phospholipids to examine the anchoring mechanism of 

TNAP. The line shape of the ESR spectrum is very sensitive to the spin label ordering 

and dynamics in membrane bilayers 47-51. Moreover, spectral simulations, based on the 

routines developed by Freed et al 38, allow for a detailed quantification of both ordering 

and dynamics.  
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The headgroup region of the membrane models was probed by DOPTC spin label 

and the corresponding ESR spectra of DOPTC incorporated in liposomes of pure DPPC 

or in proteoliposomes harboring TNAP are shown in Figure 1. A qualitative analysis of 

these DOPTC ESR spectra indicates that the three typical lines observed in the nitroxide 

spectrum become narrower in the presence of TNAP, suggesting the spin probes are 

undergoing a somewhat faster motion. To clearly quantify this finding we performed 

NLSL simulations of both spectra. The best fits to the experimental data are seen as red 

lines in Figure 1. From the fits, an R1 value of 0.11×109 s-1, which corresponds to a 

correlation time of 3.30 ns, and an order parameter of ca. 0.37 were found. In the 

presence of TNAP, R1 is increased to 0.16×109 s-1 (τc 2,23 ns) and ordering is reduced 

to 0.30. Hence, when TNAP is in the membrane mimetic, ordering and dynamics are 

changed such that the spin probes are in a more fluid and less ordered environment at 

the headgroup region. This result suggests that the enzyme itself does not touch the 

membrane surface thus allowing for the headgroup to experience a less hindered motion 

that leads to slightly higher dynamics and less ordering. 

 

 

Figure 1 – Room temperature ESR spectra (black line) along with the best fit (red line) from the 

NLSL simulations of DOPTC spin probe incorporated in DPPC-liposome (A) and of DOPTC 

incorporated in DPPC-proteoliposome containing TNAP. Lipid/protein ratio was 1/8,000. 
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 9

Besides probing the headgroup of the phospholipids with DOPTC, we also 

checked for changes in the lipid carbon acyl chains of the membrane caused by the 

presence of GPI-anchored TNAP. To do so we used two additional spin probes: one 

with nitroxide radical at carbon 5 (close to the water/lipid interface) and the other with 

the probe at carbon 16 (at the end of the acyl chain).  

The environment probed by 5-PCSL is closer to the membrane surface, where 

the nitroxide radicals are subjected to a natural more restricted motion due to the higher 

degree of packing of the bilayer 52. This more restricted type of motion is clearly 

reflected in the low-field line of the 5-PCSL ESR spectrum (Figure 2) in the absence of 

the enzyme. The lines are much broader and the lineshape much “distorted” than those 

observed for DOPTC. The simulation of 5-PCSL spectrum in the control experiment 

yielded an R1 value of 0.083×109 s-1 (τc of 2.00 ns), in agreement with our qualitative 

observation of slower dynamics probed by 5-PCSL when compared to DOPTC, and an 

order parameter of 0.32. A lineshape change is observed in the presence of GPI-

anchored TNAP. The simulation also shows such alteration with the R1 value increasing 

slightly to 0.091×109 s-1 (τc of 1.83 ns) and the order parameter decreasing to 0.24.  
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 10

 

Figure 2 – Room temperature ESR spectra (black line) along with the best fit (red line) from the 

NLSL simulations of 5-PCSL incorporated in DPPC-liposome (A) and of 5-PCSL incorporated in 

DPPC-proteoliposome containing TNAP. Lipid/protein ratio was 1/8,000. 

    

 

Finally, the spin-labeled phospholipid 16-PCSL was used to probe TNAP-

induced alterations further down the acyl chain. 16-PCSL is located in the middle of the 

bilayer and thus gives rise to ESR spectra associated with much higher mobility than the 

other probes used in this work. This is clearly seen in its spectra (Figure 3) that present 

sharp and intense lines, especially the low- and mid-field resonances, whose intensity 

ratio is closer to one (this ratio can be used as a measure of label mobility). To quantify 

the order and dynamics of the labels in the absence and in the presence of TNAP, NLSL 

simulations of the spectra in Figure 3 were again performed. The best fit to the 

experimental spectrum in the absence of the enzyme was achieved with an R1 value of 

0.66×109 s-1 and a negligible order parameter of 0.06. It can be readily seen that this is 

the fastest regime of motion observed amongst the different regions probed by the set of 

labels chosen in this paper. In the presence of the GPI-anchored TNAP, the ESR 

spectrum shows differences in its line shape that qualitatively indicate an increase in 

dynamics (low- and mid-field line intensities become very similar). The simulation of 

the spectrum led to R1 of 2.40×109 s-1 and again a negligible order parameter of 0.04. 
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Figure 3 – Room temperature ESR spectra (black line) along with the best fit (red line) from the 

NLSL simulations of 16-PCSL incorporated in DPPC-liposome (A) and 16-PCSL incorporated in 

DPPC-proteoliposome containing TNAP. Lipid/protein ratio was 1/8,000. 

 

 

Discussions 

The use of spin labeled lipids and ESR has proved to be one of the most valuable 

spectroscopic methods for studying protein interactions with biological membranes. 

This is due to the sensitivity of spin label ESR to dynamics in the ns timescale 53. In this 

sense the studies of GPI-anchored TNAP performed here using ESR allowed us to get 

valuable insights on the effects caused by the presence of TNAP on the dynamic 

organization of lipids in the membrane mimetic system. Previous studies, such as those 

reported by Ciancaglini’s 27, 29, 32 and by Roux’s group44, 45, 54, have dealt with the same 

problem. However, here we can dissect the effects of TNAP presence as a function of 

the depth within the bilayer due to the localization of the spin label moiety in very 

specific region of the bilayer, especially for DPPC membranes in the gel phase. 

Furhermore, Murphy and Messersmith55 have shown that DPPC liposomes are an 

adequate initial choice of model of matrix vesicles involved in biomineralization.  
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The ESR spectra for all probes used in DPPC-containing models revealed that 

the enzyme increased the membrane dynamics and decreased the bilayer order (Figure 

4). The quantitative results obtained from the NLSL simulations of the ESR spectra are 

expressed in terms of the rotational diffusion rate (R1), interpreted as the fluidity of the 

membrane, and the order parameter. From these values, we can see that the presence of 

the GPI-anchored TNAP led to intermediate increases of R1 at the polar head group 

(from 0.11×109 s-1 to 0.16×109 s-1) and in the region closer to the bilayer surface (from 

0.083×109 s-1 to 0.091×109 s-1), whereas the order parameters reported a decrease in 

both cases. This means that the lipids experience a higher degree of freedom to move 

around when TNAP is present, which induces a smaller orienting potential and higher 

fluidity 29 (Figure 4). In particular at the head group, the increase in R1 and the decrease 

of the order parameter indicate that the TNAP structure itself does not lie on the surface 

of the membrane as also observed for PLAP by Sharom et al. using FRET techniques 46 

and for another GPI-anchored alkaline phosphatase by Ronzon et al.54 

The largest change observed in our ESR results comes from the dramatic 

increase of the R1 values for the 16-PCSL probes. These probes are located half way 

through the bilayer and are naturally in a more fluid and less ordered environment when 

compared to the probes that report on other regions of the bilayer as one can see from 

the R1 values obtained from pure DPPC liposomes. In our case, 16-PCSL is not 

submitted to an orienting potential, which gives rise to close to zero values of the order 

parameter that were not affected much by the presence of the GPI-anchored enzyme (it 

changes from 0.06 to 0.04). However, R1 values showed a four-fold increase when 

TNAP is in the proteoliposomes, changing from 0.66×109 s-1 to 2.40×109 s-1. This result 

indicates that the GPI-anchored TNAP is able to affect the bilayer organization deep 

down to the end of the lipid acyl chain, inducing higher fluidity (Figure 4).  
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Ronzon et al56 showed that GPI-anchored alkaline phosphatase was able to 

disorder the hydrocarbon chains of DPPS monolayers in a much more pronounced way 

than for DPPC monolayers. Here, using ordered DPPC bilayers, we showed TNAP is 

capable of perturbing the whole extension of the acyl chains with a great effect right in 

the middle of the bilayer. Any process that needs some sort of long extent change within 

the bilayer can then be affected by the presence of TNAP and its GPI-anchor. For 

example, GPI-anchored TNAP has the ability to spontaneously insert into the lipid 

bilayer and several reports have suggested that this protein associates preferentially with 

cholesterol- and sphingolipid-rich regions called raft domains 29, 32, 37, 57. It has been 

proposed that acyl and alkyl chain lengths of GPI-anchors in proteins could determine 

raft association 58. Thus, the length and order of aliphatic chains in both the fluid and 

the ordered phases are expected to affect the GPI-anchored protein-domain interactions 

and the fluidity changes induced by TNAP could be related to the recruitment and to the 

association of other raft related proteins like Annexins. Moreover, since TNAP has been 

shown to preferentially partition in lipid ordered domains, our results could be extended 

to reveal the effect of TNAP presence on the dynamic structure of ordered bilayers such 

as DPPC in the gel phase liposomes used in this study. 
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Figure 4 – Comparison of ESR best fits from NLSL simulations of DOPTC, 5-PCSL and 16-PCSL 

incorporated in DPPC-liposome (black line) and DPPC-proteoliposome containing TNAP (red line) 

emphasizing the spectral changes induced by TNAP.  

 

In order to check whether the observed changes were due to the presence of the 

whole GPI-anchored TNAP structure or whether they could also be induced by the GPI 

motif only, the TNAP-containing proteoliposomes were treated with PIPLC from B. 

thuringiensis, which cleaves specifically GPI anchors, allowing a selective release of 

the TNAP protein chain to the solution 13, 29, 59. This sample was then submitted to ESR 

experiments using DOPTC and 5-PCSL probes. The corresponding spectra are shown in 

Figure 5 and one can see there were much smaller changes in this case. About 70% of 

TNAP activity was lost after the treatment (data not showed), indicating TNAP is not 

completely removed from the proteoliposomes and the smaller changes observed in 

Figure 5 could be attributed to the presence of GPI-anchored TNAP that remained in the 

sample even after treatment. This result highlights the importance of having the whole 

protein structure along with the GPI motif in order to promote in full the alterations 

described above.  
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Our data underscore the importance of obtaining direct structural information on 

this physiologically relevant GPI-anchored enzyme in a lipid bilayer environment. We 

conclude that TNAP is probably close to the membrane surface and that this proximity 

can be related to the modulation of catalytic activity by the lipid composition as 

previously reported 27-30, 32, 52. Further studies are necessary to fully understand the 

implications of the GPI-anchoring mechanism on TNAP structure and function and on 

membrane protein organization in matrix vesicles.  

 

 

 

 

Figure 5 – Room temperature ESR spectra from (A) DOPTC and (B) 5-PCSL incorporated in 

DPPC liposomes. Pure liposomes treated with PIPLC protease (black line) and TNAP 

proteoliposomes treated with PIPLC protease (blue line).     
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