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CROSSLINKS OF BONE

P. ARBAULT!*, E. GINEYTS?, M. GRIMAUX,

P. SEGUIN}, AND P. D. DELMAS?
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ABSTRACT

HPLC assessment of urinary Pyridinoline (Pyr) and Deoxypyridinoline (Dpyr)
requires the use of large amounts of purified Pyr and Dpyr as externai standards.
We have developped a procedure for large-scale pyridinoline (Pyr and Dpyr)
purification from sheep bone combining successively gel filtration, partition
chromatography and semi-preparative HPLC. After bone powder (500 g)
hydrolysis in 6N HCI (5 liters), the concentrated hydrolysate (600 ml) was
separated by gel filtration on a Biogel P2 column (2.4 liters), allowing the
elimination of 95% of impurities and the reduction of the pyridinolines solution to
150 ml. Then partition chromatography was carried out on CF1 cellulose where
non-polar contaminants were suppressed. Finally, drawing on analytical HPLC
knowledge, an isocratic semi-preparative HPLC was developed using a reversed
phase Cjg column (250 mm x 10 mm) with HFBA as the ion pairing agent. The
last impurities were thus eliminated, and the Pyr was separated from the Dpyr. By
this sequence of processes, 15 mg of pyridinoline and 1.8 mg of deoxypyridinoline
were purified. This optimized procedure allows the large-scale production of Pyr
and Dpyr from large amounts of bone or other tissue in a relatively short time, and
requires only conventional biochemical reagents.

* Author to whom correspondence should be addressed,
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INTRODUCTION

In recent years, new markers have been developed for the diagnosis and
management of metabolic bone diseases. Bone formation can be evaluated by
serum measurement of osteocalcin (1,2) or alkaline phosphatase (2). Bone
resorption was first assessed through the determination of urinary hydroxyproline
whose level increases in cases of bone degradation, such as in osteoporosis or
Paget's disease (3). However, this marker cannot be considered as bone-specific
since it may be influenced by gelatin in the diet, by extra-osseous collagen
synthesis, and by complement activation (4,5). This lack of specificity makes
hydroxyproline a poorly sensitive marker for monitoring bone resorption. Since the
identification of pyridinoline (Pyr) by Fujimoto (6,7) and of deoxypyridinoline
(Dpyr) by Ogawa (8), several authors have investigated the interest of these
collagen pyridinium crosslinks as markers for metabolic bone disease.

Deoxypyridinoline is not specific for type I collagen of bone, but it is found in
large amounts in bone only. Pyridinoline is present in large concentrations in
tissues like bone (type I collagen), cartilage (type II collagen), and in several other
connective tissues such as aorta and tendon (9,10). In adult human bone, the molar
ratio of Pyr to Dpyr is about 3.5 : 1. In urine, the Pyr/Dpyr ratio is usually similar
to that found in bone, indicating that urinary pyridinolines seem essentially to
originate from bone collagen breakdown (11). First clinical results demonstrated
that urinary Pyr and Dpyr increase occured in many diseases such as Paget's
disease (12,13), osteoporosis (14,15), hyperparathyroidism (12,13,16), or cancers
with bone metastasis (17).

Urinary Pyr and Dpyr are currently quantified, after acid hydrolysis and
cellulose separation, by reversed phase high performance liquid chromatography
(HPLC), where both crosslinks are detected by their natural fluorescence (9,10,12-
19). For Pyr and Dpyr measurements in tissues, Eyre (9,10) and Black (18)
developed HPLC methods with internal standards, respectively pyridoxamine and
pyridoxine. But for urinary assays all the authors work with Pyr and Dpyr as
external standards (12-19) which require large amounts of both molecules.

This paper describes a procedure for large-scale purification of pyridinoline
and deoxypyridinoline, involving three steps with successively gel filtration,
partition chromatography and semi-preparative HPLC.
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MATERIALS AND METHODS

Bone powder preparation

Metacarpal bone was collected from a nine-year old sheep. Bone (500 g) was
frozen in liquid nitrogen, broken into one centimeter square pieces with a hammer
and crushed into a fine powder with a Retsch mill (Bioblock, Iflkirch, France),
under liquid nitrogen. Lipids were eliminated by washing the powder several times
with acetone and water. Demineralization was carried out by stirring the powder in
a 0.5 M EDTA solution pH 7.4 (five liters) during 24 hours. This solution was
centrifuged and the pellet was pooled and dried.

Bone powder hydrolysis

Envisaging large-scale hydrolysis, we adjusted the bone powder concentration
in the hydrolysis solution and measured the pyridinoline release: one to ten grams
of bone powder were mixed with 100 ml of 6N HCI solution, and hydrolysis was
performed in a glass bottle at 110 °C under agitation for 24 hours. After
hydrolysis, one milliliter samples were taken and analyzed for their free pyridinoline
(Pyr and Dpyr) contents by HPLC after analytical cellulose purification (described
hereafier).

Large scale production: five hundred grams of bone powder in five liters of
6N HCI solution were heated at 110 °C under reflux during 24 hours. The
hydrolysate was concentrated under reduced pressure and by heating at 45°C, to
600 ml of solution.

Gel filtration

A first analytical run was carried out to monitor the pyridinoline elution: 50 mi
of concentrated hydrolysate were injected into a K 50/30 column (Pharmacia, St
Quentin en Yvelines, France),containing 400 mi of Biogel P2 superfine gel (400



08: 00 25 January 2011

Downl oaded At:

1984 ARBAULT ET AL.

mesh) (Biorad, Paris, France). The elution was performed with a 250 ml/hour flow
rate using ultraviolet (UV) detection at 280 nm. Twelve milliliter fractions were
collected and analyzed by analytical HPLC to measure their pyridinoline
concentration.

Large-scale process: about 300 ml of hydrolysate were processed in a BP 113
column (Pharmacia) containing 2.4 liters of Biogel P2 fine gel (200-400 mesh).
Elution was carried out at a 900 mlhour flow rate and followed up by UV
detection at 280 nm. The 600 mi of hydrolysate was purified in two runs.

Pyridinoline fractions were pooled and concentrated under reduced pressure
by heating at 45°C, to 150 ml of solution.

Partition chromatography

For these steps, a CF1 cellulose slurry was prepared by mixing 1000 ml of 1-
butanol, 250 m! of acetic acid, 250 ml of water (4:1:1 solvent mixture), and 100
grams of Whatman CF1 cellulose powder (Touzart et Matignon, Vitry sur Seine,
France).

Analytical cellulose column: successively, five hundred microliter fractions of
hydrolysate, gel filtration solutions, or of cellulose solutions were mixed with 500
ul of acetic acid and 2 ml of 1-butanol. They were processed in a ten milliliter
polypropylene column (Bioblock) containing 5 ml of cellulose slurry. After three
washes with 5 ml of 4:1:1 solvent mixture, the pyridinoline fraction was collected
with 2 ml of water. The residual 1-butanol fraction was eliminated by pipetting,
and the water fraction was removed by evaporation using a Savant speed-vac
apparatus (Bioblock).

Large scale cellulose: one hundred and fifty milliliters of pyridinoline solution
were mixed together with 450 ml of CF1 cellulose slurry, 600 ml of 1-butanol, and
150 ml of acetic acid in a polypropylene bottle, and left for three hours under
shaking. The slurry was passed through a G2 filter, then the recovered cellulose
was suspended in 600 ml of 4:1:1 solvent mixture, left under shaking for 30 min,
and refiltered on a G2 filter. After repeating this washing step three times, the
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cellulose was suspended in 400 ml of water to release pyridinolines, left thirty
minutes under shaking, and passed through a G2 filter after which the solution was
coltected for pyridinoline analysis by HPLC. This release step was repeated once
more and the pyridinoline fractions were pooled and their water content
evaporated. Filtrate from each step was analyzed by HPLC for pyridinoline yield
assessment.

HPLC

Analytical HPLC: pyridinoline and deoxypyridinoline were assayed by the
HPLC method, as previously described by Uebelhart (1990)(12). The HPLC
system included LKB 2150 pumps and LKB 2152 LC controller (Pharmacia). The
reversed-phase column was a Lichrospher 100 RP 18 endcapped, 5 um beads
diameter, 125 mm x 4 mm column (Merck, Nogent sur Marne, France). The
detector was a LS II Filter Fluorimeter (Perkin-Elmer, St Quentin en Yvelines,
France) with a 300 nm excitation filter and a 395 nm emission monochromator.
The samples were diluted in a 1% heptafluorobutyric acid (HFBA) (Sigma, La
Verpilliere, France) solution and eluted isocratically with a 15% acetonitrile - 85%
water -10 mM HFBA solution, at a flow rate of 1 mV/min. Purified human Pyr and
Dpyr prepared and calibrated as previously described (12) were used as external
standards.

Semi-preparative HPLC: the preparative HPLC system consisted of two Shimadzu
LC8A pumps (Touzart et Matignon), a SCL6B system controller (Touzart et
Matignon) and a LKB 2510 Uvicord SD detector (Pharmacia). The semi-
preparative HPLC conditions were previously optimized using a Lichrospher RP
18 endcapped 250 mm x 4 mm column (Merck).

The dried pyridinoline fraction was dissolved in 15 ml of a 20% HFBA
solution. Pyridinoline and deoxypyridinoline were separated from final endogenous
contaminants by reversed-phase HPLC on a Lichrospher RP 18 endcapped, S5um
bead diameter, 250 mm x 10 mm column (Merck). The separation was performed
isocratically at a 5 mi/min flow rate, using a solvent mixture of 15% acetonitrile -
85 % water 10mM HFBA. Afier 25 min, the acetonitrile gradient was brought up
to 100% in 10 min to wash the column. The elution was monitored with a 280 nm
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UV detector. Finally, Pyr and Dpyr were quantified using the analytical HPLC
procedure and their respective spectral characteristics were controled by excitation
and emission spectra with an LS 50 luminescence spectrometer (Perkin Elmer).

Statistical analysi

Results are expressed as mean + 1 standard deviation (SD). Student's t test
was used for comparison of two means.

RESULTS AND DISCUSSION

In his report, D. Eyre (9) described the purification of Pyr from 40 g of
cartilage which had been hydrolyzed in 2 liters of 3N HCIl. Using the same
experimental conditions, 25 I of 6N HCI solution would have been necessary to
carry out the hydrolysis of 500 g of bone powder. Our investigations demonstrate
that the hydrolysis can be performed at a concentration of 100 g of bone/l with a
good pyridinoline release yield compared to classical conditions at 10 g/l
concentration (see table n° 1). The hydrolysis solution volume can thus be reduced
to S liters for 500 g of bone.

After this step, the hydrolyzate contained a mixture made of amino acids and
mineral salts. Prior to the CF1 cellulose step, a gel filtration on Biogel P2 was
added to eliminate the smallest molecular weight particles and to reduce volume
before the cellulose step. The Biogel P2 chromatograms (see figure n° 1) were
similar for the large scale application and the Biogel P2 development, showing a
good extrapolation of this step. Pyridinolines were eluted from the first fractions
and most of the smallest molecules could be eliminated. At 280 nm, the peak area
calculation showed that 95% of impurities were eliminated. In the large scale
production, the volume was reduced to 150 ml. Thus the cellulose purification
could be performed with small 1-butanol volume and container, which would allow
manipulation under a classical laboratory hood and so avoid inhalation of 1-
butanol, a toxic solvent. Although the volume was reduced to 150 ml, the final
HPLC step could not take place with so much solution. Therefore, a CF1 cellulose
step had to be performed to eliminate other contaminants and to reduce volume.
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TABLE 1

Hydrolysis Solution: Influence of Bone Powder Concentration on the Amount of

Pyridinoline Released.

mg of released Pyr for
Hydrolysis conditions n 100g of hydrolyzed bone
(Mean £ 1 SD)
1g of bone powder 4 4.58 £0.59
/100 m! HC1 6N
10g of bone powder 4 53910.769
/100mi HC! 6N
a: non significant difference.
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FIGURE 1. Typical chromatograms of gel filtration step. A: Biogel P2 development.

B: large-scale Biogel P2. Bars indicate fractions containing pyridinolines.
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TABLE 2

Cellulose Purification: Amount of Pyridinoline Present in each Solution (Fixation,
Washes, Release).

The Pyr amount was assessed after each step of this purification. HPLC measurements were
performed in the aqueous fractions of the 4:1:1 solutions after fixation, washing, and in the
purified pyridinoline solution.

Aqueous fraction Aqueous fraction Agqueous fraction
recovered inthe 4:1:1 recovered in the 4:1:1  containing purified
solution after fixation solution after washes pyridinolines

Pyridinoline 10.6% 11.0% 78.4%
1 P yr
A B ¢ |
Pyr

Fluorescence intensi

_ ] i

T T T T 1 T T 1T 1
0 § 1 0 5 0B 0 5 w15

Time (min)

FIGURE 2. Analytical HPLC chromatograms for pyridinoline fractions after bone
powder hydrolysis (A), gel filtration (B) and partition chromatography (C). Column:
Lichrospher 100 RP 18 endcapped, beads diameter 5 pm (125 mm x 4 mm). Solvent:
85% water-15% acetonitrile 10 mM HFBA.
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TABLE 3
Semi-preparative HPLC: Influence of Quantity of HFBA in the Injection Solution.
The amount of HFBA in the injection solution was increased and the pyridinoline rate in the

first fractions (Elution time: 2-5 min) of the semi-preparative HPLC was monitored by
analytical HPLC method.

HFBA Pyridinoline (% of total) in
the first HPLC fractions
1% 42%
3% 30%
5% 22%
10% 10%
20% 5%

Yields were studied (table n° 2) demonsirating that about 78% of Pyr was
recovered after this step. Analytical HPLC before and after cellulose showed that
many contaminants were eliminated (figure n°® 2).

At this stage, some contaminants were still present, and pyridinoline
purification needed an HPLC step. Extrapolating the conditions of the analytical
method, a large-scale HPLC was performed isocratically with the same solvent.
First of all, the column length was increased two-fold, in order to obtain a good
resolution for the separation between Pyr, Dpyr and other products. Similarly,
HFBA was adjusted in the injection solution to improve the separation of
pyridinolines from the remaining impurities. Using 1% HFBA, only 50% of the
expected Pyr and Dpyr were separated from the contaminants. The remaining
fraction of Pyr-Dpyr was eluted simultaneously in the first fractions (elution time
2-5 min) with the usual contaminants. When the amount of HFBA was brought up
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FIGURE 3. A typical chromatogram of semi-preparative HPLC for final step of
pyridinoline purification. Column: Lichrospher 100 RP 18 endcapped, beads diameter
5um (250 mm x 10 mm). Solvent A: 85% water-15% acetonifrile 10 mM HFBA.
Solvent B: 100% acetonitrile, From 0 to 20 min: 100% A, then a linear gradient over
15 min from O to 100 % B.

from 3% to 20% (table n° 3), the Pyr-Dpyr presence in the first fractions decreased
to reach 5%, which allowed a good pyridinoline recovery. It must be stressed that
the amount of HFBA had to be increased either when the preparation contained a
lot of impurities or when the quantity to be injected was greater. In our large-scale
HPLC conditions (figure n°3), HFBA was fixed at 20%. Finally, in order to
separate pyridinoline from deoxypyridinoline, the amount of HFBA in the solvent
was studied. At 1.3 ml for 1 liter of 15% acetonitrile solution, Pyr and Dpyr were
eluted respectively at 19.5 min and 21 min. These elution times became
respectively 23 min and 26 min with 2 ml HFBA for 1 liter of solution, allowing
perfect separation of the two crosslinks (see figure n° 4). The increasing amount of
HFBA in the solvent mixture delayed the pyridinolines’ elution by enhancing their
reversed phase interactions.
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FIGURE 4. Pyridinoline (Pyr) and deoxypyridinoline (Dpyr) separation at 1.3 ml
HFBA (A) or at 2 ml HFBA (B) in 15% acetonitrile solution.

Using this pyridinoline purification process, about 15 mg of pyridinoline and
1.8 mg of deoxypyridinoline were purified from 500 g of bone powder. A brief
estimation after hydrolysis showed that 500 g of sheep metacarpal bone contained
potentially about 25 mg of Pyr and 2.5 mg of Dpyr. Thus, using the complete
process, the final purification yield was about 60% for Pyr and 72% for Dpyr.
Whilst, pyridinoline losses were generated throughout the three-step process, due
to the analytical investigations carried out to optimize the purification conditions,
the CF1 cellulose was indeed shown to be crucial for pyridinoline recovery: twenty
two percent of total Pyr appeared to be in the 4:1:1 solution of fixation and
washing steps (see table n° 2). These pyridinolines could be recovered by allowing
the solution to decant at room temperature overnight. The aqueous phase is
collected, evaporated, and can be dissolved in water for a new run in the CF1
cellulose step. Deoxypyridinoline represents about 10% of total Pyr-Dpyr in sheep
bone. However, larger amounts could be obtained using human or chicken bone,
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which contain about 25% and 50% of Dpyr respectively (9). In conclusion, a large

scale pyridinoline production was developed by using three different purification

steps in sequence. This process allows the purification of large quantities of

pyridinoline and deoxypyridinoline from all types of tissues in a relatively short

time.
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