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Abstract Bone is a biological composite material com-

prised primarily of collagen type I and mineral crystals of

calcium and phosphate in the form of hydroxyapatite (HA),

which together provide its mechanical properties. Bone

alkaline phosphatase (ALP), produced by osteoblasts, plays

a pivotal role in the mineralization process. Affinity con-

tacts between collagen, mainly type II, and the crown

domain of various ALP isozymes were reported in a few

in vitro studies in the 1980s and 1990s, but have not

attracted much attention since, although such interactions

may have important implications for the bone mineraliza-

tion process. The objective of this study was to investigate

the binding properties of human collagen type I to human

bone ALP, including the two bone ALP isoforms B1 and

B2. ALP from human liver, human placenta and E. coli

were also studied. A surface plasmon resonance-based

analysis, supported by electrophoresis and blotting, showed

that bone ALP binds stronger to collagen type I in com-

parison with ALPs expressed in non-mineralizing tissues.

Further, the B2 isoform binds significantly stronger to

collagen type I in comparison with the B1 isoform. Human

bone and liver ALP (with identical amino acid composi-

tion) displayed pronounced differences in binding, reveal-

ing that post-translational glycosylation properties govern

these interactions to a large extent. In conclusion, this study

presents the first evidence that glycosylation differences in

human ALPs are of crucial importance for protein–protein

interactions with collagen type I, although the presence of

the ALP crown domain may also be necessary. Different

binding affinities among the bone ALP isoforms may

influence the mineral-collagen interface, mineralization

kinetics, and degree of bone matrix mineralization, which

are important factors determining the material properties of

bone.
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Introduction

Bone is strong and tough because the two constituent

materials, soft collagen protein and stiff hydroxyapatite

(HA) mineral, are arranged in a complex hierarchical

composite structure. Collagen, mainly collagen type I,

contributes not only to the structure but is also responsible

for the flexibility and great tensile strength that allow the

bone to resist stretching and twisting [1]. The HA mineral,

largely calcium phosphates, provides the hardness of bone

and is present in the form of tiny crystals that lie in and

around collagen fibrils in the extracellular matrix [2–4].

Formation of new bone, osteogenesis, involves three

major events: proliferation with collagen type I synthesis

and formation of collagen fibrils, extracellular matrix

maturation, and finally mineralization [5]. During the

extracellular matrix maturation phase, collagen fibrils are

prepared for mineralization and bone alkaline phosphatase

(ALP) is expressed. Mineralization is initiated by accu-

mulation of calcium and inorganic phosphate, followed by
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crystal growth. The mineralization process occurs by a

series of physiochemical and biochemical events in which

ALP plays a pivotal role [6, 7]. The mechanism by which

HA crystals are transferred to the collagen fibers remains

elusive; however, an early report hypothesized the forma-

tion of an ALP-collagen complex as a step in the process

initiating the deposition of crystalline HA in and around

collagen fibrils [8].

There are four different genes encoding ALP isozymes

in humans. Three of these proteins are tissue-specific:

placental, germ cell and intestinal ALP with 90–98 %

sequence identity. The fourth isozyme, tissue-nonspecific

ALP (TNALP), is 50 % identical to the other three iso-

zymes and is mainly found in bone, liver, and kidney [9].

While the TNALP gene is not highly polymorphic, TNALP

expressed in bone exists as numerous isoforms (B/I, B1x,

B1, and B2), differing primarily in the extent and type of

post-translational glycosylation, which affects their kinetic

properties [10–12]. Bone ALP has an essential role in bone

mineralization and mutations leads to hypophosphatasia, a

rare inborn-error-of-metabolism, causing defective bone

mineralization [13]. Moreover, in vitro studies have shown

that inactivation of TNALP prevents collagen calcification

in serum [14].

ALPs are homodimeric and the mammalian enzyme

contains a crown domain [15, 16] comprising a 30 amino

acid loop from each monomer previously reported to be

associated with collagen binding [17, 18]. Mammalian

TNALPs have only about 25–30 % sequence identity with

E. coli ALP containing largely conserved active site resi-

dues and the residues coordinating the metal ions necessary

for enzyme activity. The crown domain is exclusively

found in mammalian TNALPs and is missing in E. coli

which does not have mineralization properties [9, 19, 20].

Prior studies have mainly reported binding of various

ALP isozymes to collagen type II [8, 18, 21, 22]. The

objective of the current study was to investigate the binding

properties of human bone ALP to human collagen type I,

the major structural component in the extracellular matrix

of bone providing a stable template for mineralization. This

is, to our knowledge, the first study to compare the binding

properties between collagen type I and the two major

TNALP forms, bone and liver ALP, and also the bone ALP

isoforms B1 and B2. A surface plasmon resonance (SPR)-

based analysis, supported by electrophoresis and blotting,

showed that bone ALP, including its two isoforms, pro-

vides the strongest interaction to collagen type I. These

findings demonstrate that formation of an ALP-collagen

complex cannot be predicted by the presence of the crown

domain, but is dictated to a large extent by the individual

glycosylation patterns of each bone isoform. Future studies

will have to show if the uniqueness of bone ALP in this

respect is associated with the mineral-collagen interface

in vivo being a necessary requirement for optimal material

properties of bone.

Materials and Methods

ALP and Human Collagen Type I

All reagents were obtained from Sigma (St. Louis, MO,

USA) if not stated otherwise. The collagen used in all

experiments was a commercially available native-like

human collagen type I preparation purified from human

neo-natal fibroblasts, with a purity of C99.9 % (determined

by SDS-PAGE) (Advanced BioMatrix Inc., San Diego,

CA, USA). This collagen preparation comprises 97 %

collagen type I and the remainder is collagen type III. The

amino- and carboxy-terminal ends are removed by pepsin

treatment in order to reduce the potential of in vivo

immunogenicity responses. There are no cross-links pre-

sent in this collagen preparation and the collagen does not

self-assemble into collagen fibrils. Human bone, liver, and

placental ALP were obtained from Calzyme Laboratories

Inc. (San Luis Obispo, CA, USA) and E. coli ALP from

Sigma. The bone ALP isoforms B1 and B2 were purified

from extracts from human osteosarcoma SaOS-2 cells

(ATCC-LGC Promochem, Rockville, MD, USA) as

reported elsewhere and identities were confirmed by HPLC

[12].

Modification of Bone ALP

Bone ALP was treated with neuraminidase type V (product

no. N2876, Sigma) in order to remove terminal sialic acid

residues to study the potential influence on binding inter-

actions with collagen type I caused by these negatively

charged oligosaccharides. Neuraminidase was immobilized

on cyanogen bromide-activated agarose (Sigma) to ensure

complete removal of all neuraminidase after desialylation

of bone ALP; this was important since neuraminidase

interacts with collagen type I. Bone ALP was subsequently

incubated for 4 h at 37 �C with the immobilized neu-

raminidase in a 20 mM Tris buffer at pH 7.6 containing

20 lM zinc acetate. The agarose-coupled neuraminidase

was removed after incubation by centrifugation. The effect

of the neuraminidase desialylation was assessed on a native

gel as described elsewhere [12].

Bone ALP was also incubated at 65 �C for 15 min in

order to study the binding properties to collagen type I after

heat inactivation, which irreversibly destroys structures

affecting the active center of the heat sensitive native bone

ALP [18].
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Measurements of ALP Activity and Protein

Concentration

Total ALP was measured by a kinetic assay in a 96-well

microtitre plate format. In brief, a total volume of 300 lL
solution was added per well, containing 1.0 M diethanola-

mine buffer at pH 9.8, 1.0 mM MgCl2, and 10 mM p-nitro-

phenylphosphate. The time-dependent increase in absorbance

at 405 nm (reflecting p-nitrophenol production) was deter-

mined on a Multiscan Spectrum microplate reader (Thermo

ElectronCorp.,Vantaa, Finland).Total protein concentrations

were measured by the Pierce bicinchoninic acid protein assay

kit (Thermo Scientific, Rockford, IL, USA).

HPLC Analysis of ALP Isozymes and Isoforms

All the investigated ALP preparations (i.e., human bone,

liver, and placental ALP preparations, B1 and B2 bone

ALP isoforms, and E. coli ALP) were analyzed by a pre-

viously described HPLC assay [23, 24]. In brief, the vari-

ous ALP forms were separated using a gradient of 0.6 M

sodium acetate on a weak anion-exchange column, Syn-

Chropak AX300 (250 9 4.6 mm I.D.) (Eprogen, Inc.,

Darien, IL, USA). The column effluent was mixed on-line

with the substrate solution (1.8 mM p-nitrophenylphos-

phate in a 0.25 M diethanolamine buffer at pH 10.1) and

the ensuing reaction took place in a packed-bed post-col-

umn reactor at 37 �C. The formed product (p-nitrophenol)

was then directed on-line through the detector set at

405 nm. The areas under each peak were integrated and the

total ALP activity was used to calculate the relative activity

of each of the detected ALP forms.

Electrophoresis, Blotting and Detection of ALP-

Collagen Type I Interactions

Human bone, liver and placental ALP and E. coli ALP

were separated on a Tris/Glycine polyacrylamide gel

4–12 % under native conditions. Samples for ALP activity

staining were adjusted to 60 U/L. For blotting, the bone and

liver ALP samples were diluted to a protein concentration

of 15 lM and placental and E. coli ALP to a protein

concentration of 7 lM.

After electrophoresis, half of the gel was stained for

ALP activity using 1.0 M 2-methyl-2-amino-1,3-propane-

diol buffer at pH 10.3 containing 3 mM MgCl2, 4.4 mM

naphthyl phosphate and 1 g/L Variamine Blue RT salt (4-

aminodiphenylamine diazonium sulphate). From the other

half of the gel, the various ALP forms were transferred to a

polyvinylidene difluoride (PVDF) membrane (Bio-Rad

Laboratories AB, Solna, Sweden) and stained with Ponceau

S (Bio-Rad Laboratories AB) to ensure successful transfer.

The membrane was incubated in a blocking solution of 5 %

dry milk in a Tris-buffered saline buffer pH 7 with 0.1 %

Tween 20. After blocking, the membrane was incubated

with 1 lM human collagen type I in blocking solution

overnight at 4 �C. The membrane was subsequently incu-

bated with a polyclonal antibody against human collagen

type I (Abcam plc, Cambridge, UK) for 2 h, diluted 1:3000

in blocking solution. Bound collagen was detected using

HRP-conjugated streptavidin (GE Healthcare Bio-Sciences

AB, Uppsala, Sweden) diluted 1:20000, followed by an

enhanced chemiluminescent detection system (ECL plus;

GE Healthcare Bio-Sciences AB).

Interaction Analysis by SPR

Interactions between ALP and collagen type I were studied

with a Biacore 3000 instrument (GE Healthcare Bio-Sci-

ences AB) operated at 25 �C. All sensor chips and reagents

for SPR analysis were obtained from GE Healthcare Bio-

Sciences AB. HEPES-buffered saline (HBS-N: 10 mM

HEPES, 0.15 M NaCl, pH 7.4) was used as running buffer

and the flow rate was 10 lL/min. Human collagen type I

was immobilized on a CM5 sensor chip using conventional

carbodiimide coupling, where injection of an aqueous

mixture of 250 mM ethyldimethylaminopropylcarbodi-

imide (EDC) and 50 mM N-hydroxysuccinimide (NHS)

for 7 min was followed by coupling of collagen (1 lM in

10 mM sodium acetate, pH 5.0, 7 min) and deactivation of

remaining active esters with ethanolamine (1 M, pH 8.5,

7 min). Prior to immobilization, the negative charge of the

surface was reduced by injecting EDC/NHS (7 min)

promptly followed by ethanolamine (7 min). This proce-

dure was repeated once. A reference flow cell was prepared

by treating the surface as above, with the exception of

omitting the collagen coupling step.

Stock solutions were diluted in HBS-N. E.coli ALP,

placental ALP and bone ALP isoforms B1 and B2 were

diluted to a final protein concentration of 1 lM, while bone

and liver ALP, that were about 50 % pure (from SDS-

PAGE), were diluted to 2 lM. For interaction analysis,

each ALP preparation was injected during 5 min, followed

by efficient regeneration with two 1 min pulses of 10 mM

glycine–HCl pH 1.5. Each flow cell was used for two

sequences of ALP injections (sequence: bone ALP, liver

ALP, placental ALP, E. coli ALP, heat-inactivated bone

ALP, neuraminidase-treated bone ALP, heat-inactivated

and neuraminidase-treated bone ALP, bone ALP isoform

B1, bone ALP isoform B2). Five different flow cells with

immobilized collagen were used in total.

After reference subtraction, signals 5 s before the end of

each ALP injection were used as a measure of binding.

These values were normalized with respect to the collagen

immobilization levels in the different flow cells, assuming

linearity in binding in this concentration range.
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For affinity analysis, a sensor chip with immobilized

collagen type I and a reference flow cell was prepared as

described above. Bone ALP samples at 0.16, 0.31, 0.63,

1.25, 2.5, 5, 10, 20 lM diluted in HBS-N (these values

refer to estimated ALP concentrations after considering

contaminants in the bone ALP preparation) were intro-

duced sequentially at random order for 10 min, followed

by washing at pH 1.5 as described above. After reference

subtraction, the response at the end of each injection was

plotted as a function of bone ALP concentration and a 1:1

Langmuir binding model was fitted to the data using the

BIAevaluation 4.1 software (GE Healthcare Bio-Sciences

AB) to obtain the equilibrium dissociation constant Kd.

Statistical Analysis

Statistical analysis was done with Systat (Systat Software

Inc., San Jose, Ca, USA). The multiple comparisons were

performed by one-way analysis of variance (ANOVA) with

Tukey’s test for post hoc analysis, and intergroup com-

parisons were done by Student’s t test. A p value of\0.05

was considered statistically significant for all analyses.

Values are presented as mean ± standard error of the mean

(SEM).

Results

HPLC Analysis of ALP Isozymes and Isoforms

All four bone isoforms (B/I, B1, B1x, and B2) were

detected in the bone ALP preparation with similar retention

times as reported elsewhere [25]. The purified B1 and B2

bone ALP isoforms had retention times corresponding to

those of the isoforms in the bone ALP preparation. One

major peak was detected for the human liver ALP prepa-

ration. The human placental ALP eluted as one peak, and

E. coli ALP as one split peak (Fig. 1).

Electrophoresis, Blotting and Detection of ALP-

Collagen Type I Interactions

Human bone, liver and placental ALP had similar migra-

tion patterns in the Tris/Glycine polyacrylamide gel, while

E. coli ALP migrated somewhat further (Fig. 2). Blotting

of the different ALPs to a PVDF membrane and incubation

with human collagen type I, revealed a protein–protein

interaction between collagen type I and bone ALP, whereas

no interactions were observed with liver ALP, placental

ALP or E. coli ALP (Fig. 2). Moreover, collagen did not

interact with any of the contaminating proteins present in

the bone and liver ALP samples.

Interaction Analysis by SPR

Human collagen type I was immobilized in five different

flow cells at a level of 8000–10,000 Resonance Units (RU).

When introducing bone ALP to the collagen-modified

surface, there was a mean ± SEM (n = 10) response of

272 ± 29 RU (Fig. 3a). As collagen did not interact with

any of the contaminating proteins in the blotting experi-

ment (Fig. 2), this signal was attributed to an interaction

between bone ALP and collagen type I. In contrast, liver,

placental, and E. coli ALP had much weaker interactions

with collagen type I, i.e., liver ALP, 28 ± 3 RU; placental

ALP, 54 ± 3 RU; and E. coli ALP, 40 ± 3 RU (all

n = 10). The protein–protein interaction between collagen

type I and bone ALP was significantly stronger in com-

parison with the other ALP forms, p\ 0.001 (Fig. 3a). The

human bone ALP isoform B2 bound significantly stronger

to collagen type I, 254 ± 10 RU, in comparison with the

B1 isoform, 124 ± 4 RU (n = 10), p\ 0.001 (Fig. 3b).

Notably, a prerequisite for this analysis was the use of

efficient but gentle regeneration of the surface between

each ALP injection. Washing of collagen in the flow cell

with 10 mM glycine–HCl at pH 1.5 efficiently disrupted its

interaction with ALP but was found not to influence its

binding properties during subsequent analysis, as demon-

strated in the case of B1 and B2 in Fig. 3b.

The response from the interaction between bone ALP

and collagen type I was largely unchanged (3 % increase)

after heat inactivation of bone ALP. In contrast, the

response decreased to 69 ± 8 % (of the original RU value)

(p\ 0.001) after neuraminidase treatment and to

41 ± 8 % (p\ 0.001) when bone ALP was both heat

inactivated and desialylated by neuraminidase (Fig. 4).

The affinity between collagen type I and bone ALP was

estimated from a steady state analysis, where bone ALP

samples at concentrations spanning two orders of magni-

tude were introduced to the sensor chip and the response at

the end of each injection was monitored as a function of

bone ALP concentration (Fig. 5). Three experiments with

different identically prepared surfaces yielded Kd values of

0.89, 1.6, and 2.5 lM (mean 1.6 lM), indicating a mod-

erate binding strength. However, these Kd values are

slightly underestimated, because the interactions did not

fully reach steady state during the experiment.

cFig. 1 Chromatographic ALP profiles of human bone ALP, bone

ALP isoforms B1 and B2, liver ALP, placental ALP and E. coli ALP.

Peak identities and retention times are as follows: Bone ALP B/I

5.09 min, B1x 5.76 min, B1 6.50, and B2 9.59 min. Bone ALP

isoform B1 6.80 min. Bone ALP isoform B2 9.68 min. Liver ALP

12.17 min. Placental ALP 12.35 min. E. coli ALP 6.18 and 7.72 min
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Discussion

This is the first report, to our knowledge, to demonstrate

that different glycosylation properties are of significant

importance for protein–protein interactions between human

collagen type I and bone ALP. The different binding

affinities among the bone ALP isoforms may influence the

mineral-collagen interface, mineralization kinetics and

degree of bone matrix mineralization, which determines

the mineral-to-collagen ratio, and thus the mechanical

properties of bone.

The very first indication that ALP has affinity for col-

lagen (type II) was reported in 1984 by Vittur et al. [8].

Later, Bossi et al. [18] demonstrated (based on affinity

chromatography) that binding of chicken collagen type II

to murine TNALP was almost 30 times stronger than

binding to human placental ALP and ten times stronger

than binding to E. coli ALP. In addition, they showed that

collagen binding was mediated by a loop situated in the

ALP crown domain. The loop amino acid sequences in the

two mammalian ALPs were non-identical in 50 % of the

positions, which was proposed to account for the difference

in binding ability [18].

Collagen type I, the main component of bone matrix,

has been reported to bind considerably weaker to chicken

TNALP in comparison with collagen types II and X [21,

22]. In the current study, we addressed the relative binding

strength of human collagen type I with respect to E. coli

ALP, human placental ALP, and different isoforms of

human TNALP in vitro. Intriguingly, it was demonstrated

that bone ALP and its isoforms, known to be involved in

mineralization, bound significantly stronger to collagen

type I than other human ALPs expressed in non-mineral-

izing tissues.

While the presence of a crown domain in ALP may be a

prerequisite for collagen type I binding, it is not sufficient

as demonstrated in the current study. E. coli ALP (lacking

the crown domain) indeed interacts weakly, however, not

weaker than placental ALP and liver ALP (both comprising

the crown domain). Also when the amino acid composition

of the proteins is identical, there are substantial differences

in binding abilities, as evident when comparing the inter-

action data from liver ALP and bone ALP, or from the

bone ALP isoforms B1 and B2. Instead, these differences

must be attributed to individual glycosylation properties of

the same TNALP protein core. This interpretation was

further confirmed by removing terminal sialic acid residues

from bone ALP by neuraminidase treatment, whereby the

binding ability of the protein was reduced to 69 % of

untreated bone ALP. Interestingly, while enzymatic inac-

tivation by heating did not significantly influence the

ability of bone ALP to bind collagen type I, heating of bone

ALP lacking sialic acid residues radically reduced the

binding interactions, suggesting that glycosylation plays an

important role for structural stability of the TNALP

molecule. The importance of sialic acids for collagen

binding has previously been shown by Seales et al. [26],

who suggested that sialic acids are of importance for

functional regulation of b1 integrin.

Bone ALP cleaves the mineralization inhibitor inorganic

pyrophosphate into two phosphate molecules, thus fine-

tuning the local extracellular levels of pyrophosphate and

phosphate necessary for optimal mineralization conditions

[27]. Van den Bos et al. [28] investigated the relationship

between the amounts of phosphate and ALP-complexed

collagen implants to induce de novo mineralization. They

demonstrated that there is a clear positive correlation

between the amount of phosphate and the degree of mineral

uptake and mineralization. The bone ALP isoforms (B/I,

B1x, B1, and B2) display different catalytic properties,

which is attributed to their distinct N-linked glycosylation

patterns. Previous kinetic studies have demonstrated

35-fold higher catalytic efficiency in terms of kcat/KM for

the B2 isoform in comparison with B1 for both p-nitro-

phenylphosphate (an in vitro substrate) and inorganic

pyrophosphate (the endogenous substrate), thus generating

higher phosphate concentrations at sites of mineralization

[12]. The current study shows that isoform B2 binds

stronger to collagen type I than isoform B1, which further

supports our hypothesis that these bone ALP isoforms

Fig. 2 (Top panel) human bone ALP, liver ALP, placental ALP and

E. coli ALP separated on a Tris/Glycine gel under native conditions

and stained for ALP activity. (Bottom panel) human bone ALP, liver

ALP, placental ALP and E. coli ALP blotted from a Tris/Glycine gel

to a PVDF membrane and incubated with human collagen type I,

revealing a protein–protein interaction between collagen type I and

bone ALP, whereas no interactions were observed with liver ALP,

placental ALP or E. coli ALP

C. Halling Linder et al.: Bone ALP and Collagen Type I Interactions 289

123



influence the mineralization process to various degrees

besides cleaving inorganic pyrophosphate.

Bone strength is determined by the geometry at the

organ level, cortical and trabecular bone microarchitecture

and intrinsic material properties that influence its strength,

stiffness, and toughness [1, 2]. The mechanical properties

of any bone depend mainly on the mineral content (min-

eral-to-collagen ratio); the higher the mineral content the

stiffer and more brittle (less tough) the bone. The best

examples, provided by nature, are deer antlers with low

mineralization but high impact resistance and, contrast-

ingly, ear bones with high mineralization that need to be

stiff for acoustical reasons [29, 30]. Cortical and trabecular

bones are formed by individual osteons and bone packets,

respectively, which are produced at different time points

during the bone remodeling cycle. This leads to a hetero-

geneously mineralized bone material with a characteristic

mineralization density distribution reflecting bone turn-

over, average bone matrix age, and mineralization kinetics

[4, 31]. The remodeling rate is considered to be higher in

trabecular bone in comparison with cortical bone [32].

Differences among the bone ALP isoforms are apparent in

terms of distribution in various skeletal sites with respect to

trabecular and cortical bone. Trabecular bone has about

twofold higher activities of the B2 isoform compared with

B1, and cortical bone has about twofold higher activities of

Fig. 3 a. SPR sensorgrams showing human bone ALP (blue), liver

ALP (black), placental ALP (red), and E. coli ALP (green) interacting

with immobilized human collagen type I. Discontinuities at the start

and end of each ALP injection are due to subtraction with data from a

reference measurement where no collagen was present. Signals 5 s

before the end of each injection were used as a measurement of

binding. Values are normalized with respect to the collagen immo-

bilization levels in the different flow cells. Mean ± SEM values

(n = 10) were bone ALP, 272 ± 29 RU; liver ALP, 28 ± 3 RU;

placental ALP, 54 ± 3 RU; and E. coli ALP, 40 ± 3 RU. The

protein–protein interaction between collagen type I and bone ALP

was significantly stronger in comparison with the other ALP forms,

p\ 0.001. Bone ALP (black box), liver ALP (lined box), placental

ALP (gray box), and E. coli ALP (white box). b SPR sensorgrams

showing human bone ALP isoforms B1 (red) and B2 (blue)

interacting with immobilized human collagen type I. Solid lines

correspond to the first injection of B1 and B2 in the sample sequence,

while dashed lines are the same sample injected on the identical

sensor chip after the surface had been subjected to eight other samples

and 18 pulses of washing at pH 1.5, indicating excellent stability of

the binding properties of the immobilized collagen upon regeneration.

Mean ± SEM values (n = 10) were 124 ± 4 RU for B1 and

254 ± 10 RU for B2. Significant differences were found between

the binding affinities of B1 and B2 to human collagen type I,

p\ 0.001. Bone ALP isoform B1 (black box); and bone ALP isoform

B2 (white box)
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the B1 isoform compared with B2 [33, 34]. As the B2

isoform is more effective in cleaving pyrophosphate (a

potent inhibitor of mineralization) into free phosphate

necessary for HA formation, the higher amount of B2

present in trabecular bone could provide for a milieu

facilitating a higher remodeling rate. The delineated dif-

ferences with respect to protein–protein interactions

between bone ALP and collagen type I could influence

intricacies of the mineral-collagen interface, mineralization

kinetics, mineral-to-collagen ratio and, hence, the material

properties of trabecular and cortical bone determining bone

strength.

Coexpression of TNALP and collagen type I is neces-

sary for mineralization in bones and teeth, and both are

specifically expressed in osteoblasts and odontoblasts,

respectively [14, 35]. While this compellingly indicates

that ALP and collagen act in concert in the mineralization

process, it is unclear whether this interaction is realized by

direct binding or by other indirect events. In vivo and

in vitro studies have suggested that mineral deposition can

be induced by covalently coupling ALP to collagen type I

[36]. Bovine intestinal ALP was used in these experiments,

suggesting that mineral-inducing properties per se are not

bound to a specific ALP isozyme. However, our results

indicate that affinity for collagen type I is specific to bone

ALP. This finding prompts further studies to establish

whether direct ALP-collagen binding takes place in vivo,

and if this putative interaction is directly involved in the

induction of mineral deposition in bone tissue.

In this work, a carefully designed SPR study allowed for

quantification of binding differences between the ALP

isozymes and isoforms. A further strength was the use of

bone ALP preparations from two different origins. A par-

tially purified commercially available bone ALP prepara-

tion from human bone tissue was studied together with

highly purified preparations from human osteoblast-like

cells, and significant binding to collagen was demonstrated

with bone ALP from both sources. Importantly, results are

presented for the two endogenous bone ALP isoforms B1

and B2, which are commonly investigated as a single entity

due to the complexities of separating them. Besides the

delineated results from the current study, previously veri-

fied molecular and functional differences among the bone

ALP isoforms (discussed above) clearly show the impor-

tance of investigating these isoforms independently. A

limitation of the study is the use of only one type of col-

lagen, i.e., collagen type I, although this is the only col-

lagen present in significant concentrations in bone matrix.

The collagen used in this study was a highly purified

preparation (C99.9 %) with no extracellular bone matrix

compounds present that can interfere with the ALP-colla-

gen binding.

In summary, although the characterization of binding

between human bone ALP and collagen type I is by no

means complete, our results do provide novel insight into

intricate interactions between two fundamental players of

skeletal mineralization. This study presents the first evi-

dence that glycosylation differences in human TNALPs are

of importance for their interactions with collagen type I.

While the presence of the crown domain in human bone

ALP may be a prerequisite for binding, it is definitely not

sufficient since other TNALP isoforms (i.e., liver ALP) did

not interact with collagen. Differential binding amongst the

two bone ALP isoforms B1 and B2 further indicates that

glycosylation properties play a regulatory role in protein–

protein interactions between bone ALP and collagen type I.

The delineated differences could potentially influence

Fig. 4 SPR response of native human bone ALP 100 % (black box);

bone ALP heat inactivated at 65 �C for 15 min 103 ± 11 % (lined

box); bone ALP treated with neuraminidase to remove terminal sialic

acid residues 69 ± 8 % (gray box) (p\ 0.001); and bone ALP

treated with neuraminidase and heat inactivated at 65 �C for 15 min

41 ± 8 % (white box) (p\ 0.001). Mean ± SEM values (n = 10)

are shown

Fig. 5 Monitoring the SPR response at (close to) steady state as a

function of bone ALP concentrations (shown in diamonds) and fitting

a Langmuir 1:1 binding model to this data (curve) indicated a

moderate affinity between collagen type I and bone ALP. Data shown

here resulted in Kd = 2.5 lM

C. Halling Linder et al.: Bone ALP and Collagen Type I Interactions 291

123



intricacies of the mineral-collagen interface and mineral-

ization kinetics and hence the mineral-to-collagen ratio

determining the mechanical properties of bone. Additional

studies are needed to elucidate the functional implications

of the demonstrated protein–protein interactions and the

mechanisms by which the different bone ALP isoforms

contribute to the intricate process of skeletal

mineralization.
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