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The interaction of inorganic orthophosphate with reconstituted purified collagen fibrils obtained 
from a variety of tissues was studied in vitro. At initial solution concentrations of 1 X 10+ M 
phosphate a t  25 O ,  collagen fibrils bound approximately 150-170 moles phosphate per mole 
collagen. Part of the bound phosphate was incorporated as organic phosphate. The acid 
and alkali stability and the electrophoretic behavior of the primary phosphate-32-labeled com- 
ponents make i t  unlikely that they are phosphorylated amino acids, but suggest that they are 
sugar phosphates. In addition to the readily dissociable and organic phosphate components, 
a fraction of the bound phosphate was very strongly complexed and difficult to separate from 
the collagen, but could be chemically extracted as inorganic orthophosphate. Therefore the 
interaction of collagen and inorganic orthophosphate is seen to encompass a wide spectrum of 
bond types. 

An important consideration in understanding the 
mechanism underlying the nucleation of calcium and 
phosphate as apatite crystals by collagen fibrils in vitro 
(Neuman and Neuman, 1953; Sobel, 1955; Strates 
et al., 1957; Glimcher et d., 1957; Glimcher, 1959, 
1960) are the interaction properties of collagen with 
calcium and phosphate ions. 

Previous in vitro studies demonstrated that purified 
reconstituted collagen fibrils from fish swim bladder 
(ichthyocol) bound as much as 150 moles P/mole 
collagen, and that some of the bound phosphate had the 
characteristics of a covalont bond (Glimcher and Krane, 
1962). The present study further characterizes the 
in vitro interaction of purified reconstituted collagen 
fibrils and inorganic orthophosphate. 

EXPERIMENTAL 
Preparation and Purification of Collagen.-Before the 

collagen was extracted, finely ground or hand-minced 
tissues were first washed for 24 hours in cold 1% 
NaC1, p H  7.4, extracted twice for 48 hours, and once 
for 24 hours a t  2" with 3.9 M KC1, p H  8.3-8.5 (50-100 
mltg patted wet tissue), washed with 1% NaCl for 24 
hours, and finally with cold distilled demineralized 
water until the fluid pressed from the tissue was 
chloride free. Acetic acid-soluble collagens from 
guinea pig skin and chicken leg tendon were obtained 
by extracting the washed tissues with approximately 
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15-20 volumes of 37, acetic acid a t  2" for 48-72 hours. 
Rat tail tendon and mouse tail tendon were extracted 
in 20 volumes of 1 % acetic acid, and carp swim bladder 
in 100 volumes of 0.05% acetic acid. The viscous 
collagen solutions were filtered either through Celite 
or through a 5 - p  Millipore filter and prefilter using a 
specially designed pressure filtration device adapted to 
the standard large Millipore filter pressure unit.' The 
solutions were further clarified by centrifugation a t  
30,000 rpm for 2.5 hours in a Beckman-Spinco Model L 
ultracentrifuge. 

The collagens, except for the carp swim-bladder 
collagen (ichthyocol), were purified as follows. Cold 
25 % NaC1, dissolved in the appropriate concentration 
of acetic acid, was added slowly with stirring a t  2' to 
the clarified acetic acid solution of collagen until a final 
salt concentration of 570 was reached. The solution 
was stirred gently for approximately 1-2 hours, the 
stirring was discontinued, and the fluffy precipitate 
which settled out after 4-12 hours was collected by 
centrifugation a t  6000-9000 rpm a t  2'. The precipitate 
was washed three times by suspending and redispersing 
the collagen fibrils in cold 5% NaCl in the appropriate 
concentration of acetic acid, and was harvested a t  
6000-9000 rpm a t  2'. The collagen fibrils were then 
redissolved in acetic acid, Clarified by ultracentrifuga- 
tion, and reprecipitated by the addition of NaC1. This 
procedure was repeated two more times. The collagen 
fibrils obtained from the last 5% NaCl precipitation 
were dissolved in 1 % acetic acid and clarified by ultra- 
centrifugation, cold concentrated NaCl in 1 yo acetic 
acid was added to a final concentration of 1% NaC1, 
and the p H  was adjusted to 7.4 with NaOH. The 
temperature of the solution was then slowly raised to 
25-30' and held for 0.5-1.0 hour (Gross and Kirk, 
1958). The flocculent precipitate was separated from 
the supernatant, washed, redissolved in cold 1 7, acetic 

1 Millipore Filter Corp., Bedford. Mass. 
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acid, and clarified by ultracentrifugation, and the 
procedure was repeated. The collagen fibrils were re- 
dissolved in 1% acetic acid, dialyzed exhaustively 
against 1 % acetic acid, clarified, and either stored a t  2" 
or lyophilized and kept in a vacuum dessicator a t  2" 
until used. 

Ichthyocol was precipitated five times by dialyzing 
0.05y0 acetic acid solutions of collagen against 1% 
NaCl adjusted to p H  7.4 with 0.02 M Tris a t  2" (Schmitt 
etal., 1942). 

Purification of 32PP,.-Carrier-free 12P, was obtained 
from the Oak Ridge National Laboratories and purified 
by column chromatography on Dowex 1-bicarbonate 
(Martonosi, 1960). Extraction of the purified 32P, 
by the Nielsen and Lehninger modification (1955) of 
the method described by Martin and Doty (1949), 
showed that all of the 3 2 P  reacted as P,. 

Preparation of Reaction Tubes.-Preliminary studies 
showed that a variable and often significant amount of 
.l2P, was bound by glass test tubes, particularly at  low 
concentrations of phosphate. A number of procedures 
were investigated in order to eliminate this difficulty. 
The method finally adopted was as follows. Glass- 
stoppered Pyrex test tubes (10 ml) were heated at  90" 
for 24 hours with repeated changes of 15% trichloro- 
acetic acid, and thoroughly washed with doubly dis- 
tilled demineralized water a t  100" and 20'. The test 
tubes and stoppers were then boiled in 0.5 M ethylene- 
diaminetetraacetic acid, p H  9.0, for 4 days, and thor- 
oughly washed with doubly distilled demineralized 
water. They were then placed in an ashing oven a t  
400' for 36 hours, and stored in a vacuum dessicator 
until used. Glassware treated in this fashion bound 
insignificant amounts of 32P1 even a t  phosphate con- 
centrations as low as 1 x 10 -8 M. 

Phosphclte Binding by Collagen Fibrils: Experimental 
Technique.-Wet suspensions of collagen fibrils shown 
by electron microscopy to be of the typical native type 
(-700 A axial repeating structure) were thoroughly 
dispersed and suspended in 10 ml of 0.02 M Tris, r 2 
0.165 NaCl or KC1, p H  7.4, purified "P,, and varying 
concentrations of nonradioactive P, in previously pre- 
pared glass-stoppered test tubes. Toluene was added 
and the glass stoppers were fixed in place with wax 
and cellulose tape. Approximately 20 mg dry weight 
of collagen was used per 10 ml of solution. The 
experiments were done in triplicate. The dry weight 
of the samples was determined by drying down aliquots 
of the wet fibrils and by hydroxyproline determination 
(Stegemann, 1958). The suspensions of collagen fibrils 
were incubated with vigorous shaking a t  25" for 2-120 
hours. At the end of the incubation period the incuba- 
tion test tubes were centrifuged, the supernatant fluid 
was filtered through a 100-A Millipore filter, and ali- 
quots were plated on copper or aluminum planchets. 
Radioactivity of the samples was determined in a 
Nuclear-Chicago automatic gas-flow counter. The 
phosphorus bound per g or mole collagen was calculated 
from the difference between the initial and final net 
counts per minute (net cpm) 92P ml of the supernatant 
fluid and the initial P, concentration, taking into ac- 
count the dilution which occurred beoause of the water 
associated with the collagen fibrils. The validity of this 
procedure was confirmed a t  the higher phosphate 
concentrations by chemical determination of phos- 
phorus on the supernatant fluid. A t  low initial con- 
centrations of phosphate these values were confirmed by 
blotting dry the collagen precipitate to remove solvent 
water, and either determining the total ?zP of the 
sample, or the ratio hydroxyproline on samples 
hydrolyzed for 24 hours in 6 N HC1 a t  105". In experi- 
ments where the aim was to characterize the bound 

phosphate, larger samples of collagen were used a t  
approximately the same solid-to-solution ratio as 
above. 

Characterization of the Collagen-bound Phosphate.- 
Collagen fibrils, which had been incubated with 32P,, 
were blotted dry, redispersed, and dissolved in cold 
197, acetic acid. The collagen solutions (-0.05%) 
were clarified by centrifugation, and an aliquot removed 
for hydrolysis in 6 N HC1, 105", for 24 hours. The 
concentrations of 32P and hydroxyproline were deter- 
mined on this aliquot, and the total moles phosphate 
bound per mole collagen were computed. 

Nondialyzable Collagen-bound 32P.-Aliquots of the 
dissolved collagen as well as thermally denatured 
collagen solutions (heated to 70-90" for 10-30 minutes) 
were dialyzed against continuous changes of large 
volumes of 1% acetic acid in 0.1 M NaC1, followed by 
1% acetic acid, or 1 X 10-3 M phosphate in 1% acetic 
acid for 7 14 days. After dialysis, aliquots of the 
collagen or gelatin solutions were hydrolyzed in 6 N 
HC1, 105", for 24 hours and the concentrations of 3zP 
and hydroxyproline were determined. 

Millipore Filtration.-Aliquots of the dissolved 
collagen or gelatin solutions both before and after 
dialysis were diluted and filtered through 100-A Milli- 
pore filters in specially constructed high-pressure filtra- 
tion units. Under these conditions the solvent was 
forced through the filter, while the majority of the 
collagen remained above the filter. As the volume of 
the solution diminished, fresh acetic acid was added, 
and filtration continued until no further 32P appeared 
in the filtrate, The filtrate was then analyzed for 
radioactivity and protein concentration (Lowry et al., 
1951). 

Horizontal Paper Electrophoresis.-Collagen and gela- 
tin solutions were applied to Whatman No. 1 and 3 
MM paper and subjected to electrophoresis a t  field 
strengths varying from 40 to 240 v/cm over a wide 
range of pH. The location of the radioactivity was 
determined by an automatic recording strip counter 
and that of the collagen or gelatin by staining with 
Amido Black. 

Deionization on Mixed-Bed Resin.-Samples of lyo- 
philized collagen were converted to gelatin solutions 
of approximately 0.5-1.0 yo concentration by dissolving 
them in doubly distilled demineralized water a t  60- 
70". The hot gelatin solution was passed through a 
2.1 x 45-cm jacketed column containing a mixed-bed 
resin (one part IR-120 and two parts Dowex 1)kept a t  
60°, and eluted a t  the rate of 1.0 ml minute.2 Frac- 
tions (10 ml) were collected, and both the radioactivity 
and the protein concentration determined on aliquots 
of each fraction. 

Determination of PI.-Collagen or gelatin solutions, 
collagenase digests, partial acid or alkali hydrolysates, 
and fractions eluted from paper electrophoresis or 
resin-column chromatography were extracted by the 
Nielson and Lehninger modification (1955) of the 
method of Martin and Doty 11949). The procedure 
described by Lipmann and Tuttle (1944) was also 
used. 

Chromatography of Collagenase Digests, and Acid and 
Alkali Digests of Collagen, -Collagen or gelatin solu- 
tions were incubated with purified bacterial collagenase 
in 0.05 M Tris, p H  7.4, 1 X 10-J M CaC12 from 2 to 24 
hours a t  37". Approximately 1.5 mg of collagenase 
was used per 100 mg of collagen or gelatin. Toluene 
was added to prevent bacterial growth. The pH 
was checked a t  intervals and readjusted to p H  7 . 4  

This procedure was developed and suggested to us by  
the Atlantic-Gelatin-General Foods Corp., Woburn, Mass. 



Vol. 3, No. 2, Feb., 1964 INCORPORATION OF ORTHOPHOSPHATE BY COLLAGEN 197 

w > 
3 5  

-I 
w a 

0' 
2 E  
0 

z 
w 
I- 
O 

- 

a I n  

0 
0 20 40 60 80 100 120 180 200 

m l  E F F L U E N T  
FIG. l.-Deionization of approximately 200 mg of gelatin- x*P (thermally denatured guinea pig collagen- 

32P) on mixed-bed resin at 60". Conditions described in text. 

and for the longer digestions additional collagenase 
was added. A t  the end of the incubation the solution 
was clarified either by centrifugation a t  14,000 rpm 
for 30 minutes or by filtration through a fine sinter glass 
filter. The collagenase was precipitated by the addi- 
tion of perchloric acid to a final concentration of 0.3 
M a t  2", and most of the perchloric acid was removed 
by neutralizing with KOH. The clarified supernatant 
was reduced in volume on a rotary evaporator until 
precipitation of more KClO, occurred, the supernatant 
again was reduced in volume, and the procedure was 
repeated several times. The sample was then com- 
pletely dried on the rotary evaporator and taken up in a 
small volume of water and filtered. 

Samples of collagenase digests, alkali or acid hydroly- 
sates, or collagenase digests further hydrolyzed by 
alkali or acid were acidified to a final concentration of 
0.1 N HC1 and chromatographed on Dowex 50-H+, 
X-2 or X-8 resin. The resin had been previously equili- 
brated with 0.01 N HC1. The column was first eluted 
with either 0.01 N HCl or water, and the radioactivity 
of aliquots of the eluate was monitored. After elution 
of an early major asymmetrical peak, the eluting solution 
was changed to water in the case where 0.01 N HC1 was 
used initially, or the water was continued until no 
further "P was eluted. The column was then stripped 
with 1 M ",OH. The columns were operated at  
approximately 6-10 '. 

High- Voltage Paper Electrophoresis, Paper Chromatog- 
raphy, and Radioau hgraphy . -Appropria te samples 
were subjected to electrophoresis on 58-cm strips of 
Whatman No. 3 MM paper a t  p H  1.9 (formic acid- 
acetic acid), or pH 6.5 (pyridine-acetic acid) a t  3000- 
5000 v in a Servonuclear high-voltage paper-electro- 
phoresis apparatus. a Descending paper chromatog- 
raphy was carried out on Whatman No. 3 MM paper 
in n-butanol-acetic acid-water (4: 1 : 5). Radioauto- 
graphs were prepared by exposing the dried paper 

3 Servonuclear Corporation, Long Island City, N. Y. 

strips on Ansco nonscreen X-ray film for periods vary- 
ing from several hours to several days depending on the 
radioactivity of the samples. 

Amino Acid Analysis.--Samples hydrolyzed in 6 N 
HCl at  105" for 24 hours were analyzed on a com- 
mercial model' of the automatic amino acid analyzer 
described by Piez and Morris (1960). 

Chemicals , Reagents, and Stan dwds . -0- phospho- 
serine, 0-phosphothreonine, and phosphoethanolamine 
were obtained from Sigma Chemical Co. O-phospho- 
hydroxyproline, 0-phosphohydroxylysine, and O-phos- 
photyrosine were synthesized by the method of 
Plimmer (1941), and purified by column chromatog- 
raphy on Dowex-1 chloride. Glucose 1-phosphate, 
glucose 6-phosphate, galactose 1-phosphate, and ribose 
5-phosphate were purchased from Sigma Chemical Co. 
Bacterial collagenase, purchased from Worthington 
Laboratories, was further purified by the method of 
Seifter et aE. (1959). Purified prostatic phosphomono- 
esterase was a gift of Dr. Gerhard Schmidt. Wheat 
germ phosphatase was purchased from Mann Bio- 
chemical Co., and high-specific-activity calf-intestinal 
phosphatase was purchased from Worthington Labora- 
tories. Phosvitin was purchased from Sigma Chemical 
Co. All other reagents used were analytical grade and 
were obtained commercially. 

RESULTS 
Not only did native type collagen fibrils reconstituted 

from acetic acid extracts of a variety of collagenous 
tissues bind inorganic phosphate from solution, but a 
variable proportion of the phosphate (dependent on the 
initial concentration) was nondialyzable and could not 
be removed by Millipore filtration. This fraction did 
not exchange with nonradioactive phosphorus, either 
by dialysis or after equilibration with high concentra- 
tions of nonradioactive phosphorus and subsequent 
high-voltage paper electrophoresis. The phosphate 

4 Phoenix Precision Instrument Co., Philadelphia, Pa. 
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a Reconstituted collagen fibrils (20 mg) prepared from 

rat tail tendon incubated in 10 ml total volume of 0.02 M 
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FIG. Z.-Chromatography and electrophoresis of alkali hydrolysate of collagenase digest of collagen- 
'ZP. Collagen-azP (guinea pig skin) prepared as in Table I and digested with collagenase for 3 hours. 
The collagenase digest was treated with 0.25 N NaOH at 100' for 24 hours prior to chromatography and 
electrophoresis. (A) Chromatography of sample on a 45 X 0.9-cm column of Dowex 50-H +, X-8 resin, 
run at 15 ml/hour. (B) High-voltage paper electrophoresis of fractions eluted from Dowex 50-H + resin. 
Electrophoresis was carried out at pH 1.9 for 20 minutes on 58-cm strips of Whatman No. 3 MM paper 
at 5000 v. Orig. = aliquot of entire sample before fractionation on the Dowex 50-H + resin column; 
",OH = entire fraction eluted with ",OH. 

initial phosphate concentration of 1 x lo-* M, similar 
to that previously reported for ichthyocol (Glimcher 
and Krane, 1962). Under these conditions of maximum 
binding the maximum amount of organic phosphate 
incorporated into the collagen, as determined by ex- 
haustive dialysis followed by chemical extraction for 
Pi, varied from 1 to 3 moles P/mole collagen. 

The effect of time of incubation and initial Pi con- 
centration on the total amount of phosphate hound 
and the amount of organic phosphate formed is illus- 
trated in Tables I11 and IV. 

In addition to the phosphate which was easily re- 
moved from the collagen (by dialysis or Millipore 6ltra- 

tion) and the organic phosphate, there was a variable 
amount of bound phosphate which was not organic as 
determined by chemical extraction, but which was 
exceedingly difficnlt to remove. This fraction re- 
mained with the collagen or gelatin after Millipore 
filtration ana after all but the most extensive dialysis 
against nonradioactive phosphorus (Table I). Even 
after the latter procedure, a small fraction still remained 
which reacted chemically as P, (Table I). Further- 
more, a fraction of the 3*P which was eluted from the 
mixed bed resin with the gelatin could be extracted 
chemically as Pi, the amount depending on how well 
dialyzed the sample was prior to passing it through the 



200 MELVIN J. GLIIbkCSER AND STEPHEN M. KRANE Biochemislry 

TABLE IV 
EFFECT OF TIME OF INCUBATION ON THE BINDING OF 32Pi 

BY COLLAGEN FIBRILS AND ITS INCORPORATION INTO 
COLLAGEN AS ORGANIC 3 2 P a  

Collagen Solutions 

32P 3 2 P ,  

3 2P Filterable Chemically 
Bound thru 100 A Extracted 

Time of from Millipore (Martin- 
Incubation Solution Filter Doty) 

(hours) ( ‘ ,c)  ( ‘/d ( 56) 
2 2 9 . 3  2 8 . 2  26 0 
6 28 9 27 6 29 0 

26 7 2 . 8  1 9 . 6  16 1 
50 7 3 . 6 .  9 4  8 1  

120 7 0 . 4  9 9  11 2 

a Reconstituted collagen fibrils (ichthyocol) (20 mg ’tube) 
incubated as in Table I for times shown with P, a t  initial 
concentration of 1 X 10-6 M P. At the end of the incuba- 
tion, fibrils were washed once, centrifuged, pressed dry on 
filter paper to remove solvent water, and redissolved in 1 %‘: 
acetic acid. 

resin. Negligible amounts of 32P, could be eluted from 
these columns when 32P, or mixtures of 31PI and 3*P, 

were chromatographed alone, or when a2P, was added 
to gelatin solutions just prior to chromatography. 

The efficacy of various phosphomonoesterases in 
hydrolysis of the organic phosphate of gelatin- 32P 
compared to phosvitin is shown in Table V. The 
collagen-phosphate bond was more stable to alkali 
than to acid (Table VI).  

Attempts to identify the phosphorylated component 
or components in collagen have thus far been unsuccess- 
ful. Procedures which have been used included partial 
digestion of the 32P-labeled collagen with acid, alkali, 
and collagenase, and combinations of enzymatic and 
alkali degradation. High-voltage paper electropho- 
resis, paper chromatography, and resin-column chroma- 
tography of the partial hydrolysatesr evealed a number 
of 32P-labeled fractions that were readily distinguishable 
from 32P,, adding further evidence to the previous ob- 
servations that a t  least part of the collagen-bound 
phosphate was covalently linked. The results of many 
experiments may be summarized as follows: (1) Some 
of the 3’P-labeled fractions were more negatively 

charged than P, a t  pH 1.9, while others were either less 
negatively charged than P, at  this pH, moving in the 
region of phosphoserine, or had an overall net positive 
charge and moved slightly toward the cathode. (2) 
Further acid hydrolysis of many of these fractions 
produced the following: (a) The 32P-labeled compo- 
nents which were more negatively charged than P, were 
hydrolyzed to P, only. (b) Those fractions which 
moved with phosphoserine at  p H  1.9 released P, and 
the more negatively charged components which moved 
more rapidly than P, a t  p H  1.9. Furthermore, when 
the original fractions which moved with phosphoserine 
at  pH 1.9 were electrophorestd at  pH 6.5, they were 
shown to be distinct from phosphoserine. (c) The 
positively charged components also formed 3*P-labeled 
fractions which were more negatively charged than P, 
at pH 1.9. It therefore appears that the primary 
32P-labeled compounds in collagen are represented 
by those negatively charged fractions moving more 
rapidly than P, at  p H  1.9. (d) The most prominent 
32P-labeled components which were more negatively 
charged than P, at  p H  1.9 were eluted from the paper 
electrophoretograms and on further electrophoresis 
were shown to move in the region of the sugar and 
glycerophosphates. A typical experiment in which 
many of these components can be seen is illustrated in 
Figure 2. 

No 32P-labeled component which could be identified 
as any of the 0-phospho- amino acids possibly present 
in collagen (0-phosphoserine, 0-phosphothreonine, 0- 
phosphohydroxylysine, 0-phosphohydroxyproline, and 
0-phosphotyrosine ) was liberated after acid or alkali 
hydrolysis of the 32P-labeled collagen or of the frac- 
tions isolated after collagenase degradation. 

There were several preparations of collagen in which 
the bound nondialyzable phosphate reacted chemically 
as P,, and not as organic phosphate. Repeated at- 
tempts using fibrils prepared from these collagen solu- 
tions also failed to demonstrate the incorporation of 
organic phosphate by the collagen fibrils. On the 
other hand, when a larger number (as many as twenty) 
of separate aliquots of collagen fibrils, prepared from a 
solution of collagen which did incorporate dzP, as 
organic phosphate, were incubated separately with 
various concentrations of nonradioactive phosphate and 
32P,, organic phosphate-32 could be detected in all 
samples. 

TABLE V 
LIBERATION OF Pi FROM GELATIN-32P AND PHOSVITIN BY PHOSPHATASES’’ 

Pi or 32Pi Released 

Substrate 

Time of Incubation 

1 Hour 4 Hours 24 Hours 
- 

Enzyme pH ( %) ( %) ( %I 
Gelatin-$$€’ 
Phosvitin 
Gelatin- 32P 

Phosvitin 
Gelatin-:’*P 
Phosvitin 
Gelatin-ZzP 
Ph6svitin 

Prostatic 
Prostatic 
Wheat Germ 
Wheat Germ 
Intestinal 
Intestinal 
Intestinal 
Intestinal 

5 . 6  
5 . 6  
5 . 6  
5 . 6  
5 . 6  
5 . 6  
8 . 8  
8 . 8  

2 . 6  
0 . 8  

2 4 . 7  
2 0 . 0  
2 7 . 6  

3 . 4  
4 6 . 3  

3 . 3  

5 . 6  
0 

29 .5  
4 0 . 5  
4 1 . 1  
8 . 0  

5 8 . 4  
5 . 3  

1 2 . 6  
1 . 5  

48.5 
5 5 . 0  
5 3 . 3  
2 4 , 3  
7 0 . 6  
1 7 . 4  

Solutions of guinea pig skin gelath+$P, prepared by thermally denaturing dialyzed c ~ l l a g e n - ~ ~ P  (see Table I ) ,  and 10 
mg phosvitin were adjusted to the appropriate p H  and incubated a t  37” for times shown with the various enzymes. Suc- 
cinate buffer, 0.05 M, was used a t  pH 5.6, and glycine, 0.05 M was used a t  p H  8.8. MgClg present a t  final concentration 
of 1.5 X 10-3 M. Release of a2PI from gelatin-azP was analyzed directly on the solution by the modified Martin-Doty pro- 
cedure. Release of Pi from phosvitin was measured by stopping the reaction with the addition of trichloroacetic acid, 
final concentration lo%, and determining the P, in the supernatant by the method of Fiske and Subbarow. The amount 
of each enzyme used liberated the following amounts of P, from p-nitrophenylphosphate at 1 X lo-’  M under the same 
conditions of incubation (fimoles PJhour): prostatic, 49.7; wheat germ, 27.0; intestinal a t  p H  5.6, 0.8; intestinal at pH 
8.8, 50.0. 
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However, because of these results, and because of 
the unusual nature of the reaction described, the small 
amounts of phosphate incorporated as organic phos- 
phorus, and the long incubations usually employed 
(20-24 hours), the possibility was considered that trace 
bacterial contamination might account €or the results. 
The following observations make this possibility un- 
likely. (1) The reaction proceeded when the experi- 
ments were carried out under completely sterile condi- 
tions. Cultures of the collagen a t  the conclusion of the 
sterile experiments revealed no bacterial growth after 2 
weeks. (2) In other experiments done with the usual 
precautions, but not with sterile technique, cultures of 
the collagen samples also revealed no bacterial growth. 
(3) The reaction proceeded and organic phosphate 
could be identified within 2 hours. (4) Dilute acetic 
acid solutions of 8 ZP-labeled collagen retained, the 
3.P after centrifugation for 3 hours a t  4000 rpm or 
after filtration through bacterial filters. (5) Collagen 
fibrils prepared from collagen solutions which had been 
filtered through bacterial filters also incorporated a2Pj 
as organic phosphate. (6) Ultraviolet-absorption spec- 
tra of concentrated "P-labeled collagen solutions re- 
vealed no additional shoulder or peak in the region 
260-280 mp. (7)  Incubation of 32P-labeled gelatin 
with purified ribonulease failed to release the 32P from 
the gelatin. (8) None of the highly labeled fractions 
contained ultraviolet-absorbing material on scanning 
the paper strips used for electrophoresis. (9) RNA 
and various mononucleotides (labeled with 32P and 
mixed with gelatin) could be separated from the 
gelatin on the mixed-bed resin column. Previous 
studies with IC-labeled ATP and ADP had shown 
essentially no binding of these substances by collagen 
fibrils (Krane and Glimcher, 1962). (10) The primary 
[j2P-labeled components in the collagen were not 
identified as ribose-5-phosphates. 

DISCUSSION 

The incorporation of 32P as protein-bound phospho- 
serine after the in vitro incubation of 32P, with intestinal 
and &bacterial alkaline phosphatases has been reported 
by Agren et al. (1959), Engstrom (1959, 1961, 1962), 
and Schwartz and Lipmann (1961). 

There are many differences, however, between the in 
vitro reaction of P, and collagen, in the present study, and 
that reported for the alkaline phosphatases. The phos- 
phate incorporation into alkaline phosphatases occurs 
and reaches equilibrium within 10 seconds a t  0' as well 
as 30" (Schwartz and Lipmann, 1961), and is reversible 
by dilution. With collagen, on the other hand, the 
reaction was first detected at  approximately 2 hours, 
did not reach equilibrium until approximately 24 hours, 
and did not proceed a t  O " ,  and the organic phosphate 
uas not removed by dilution, dialysis, or exchange with 
"PI. Furthermore, the primary '?P-labeled compo- 
nent in collagen does not appear to be 0-phosphoserine 
or any other of the 0-phospho- or N-phospho- 
amino acids. The evidence which supports this con- 
clusion is as follows. In contrast to the reported alkali 
lability of 0-phospho- bonds in protein-bound amino 
acids (Perlmann, 1955), and (except for imidazole N- 
j)hosphohistidine) tBoyer et ul., 1962) the extreme acid 
and alkaline lability of N-phospho- amino acid bonds in 
proteins (Perlmann, 1955), the collagen-phosphate bond 
was relatively stable in both alkali and acid, and more 
stable in alkali than in acid. Moreover, the primary 

1 1P-labeled component or components were more nega- 
tively charged and moved more rapidly than P, on 
paper electrophoresis a t  pH 1.9, ruling out the possi- 

TABLE VI 

ALKALI" 
THE STABILITY OF THE COLLAGEN-32P BOND TO ACID AND 

32PI Liberated (Martin-Doty) 
( 57) 

50 O 70 O 
Experimental 

Conditions 5 hr 24 hr 5 hr 24 hr 

HC1, 0 .25  N 18 18 27 41  
"OH, 0 25 N 3 4 5 7 
HC1, 2 0 N 34 5 1  58 64 
NaOH, 2 . 0  N 11 9 28 38 

( 1  Dialyzed collagen-32P solutions prepared from rat  tail 
tendon as described in text were adjusted -to the condition 
shown and the 3 2 P i  liberated as determined by the modi- 
fied Martin-Doty procedure. 

bility that these components are single O-phospho- 
amino acids or imidazole N-phosphohistidine. 

Williams and Sanger (1959) have isolated polymers 
of 0-phosphoserine from partial acid hydrolysates of 
phosvitin and casein. They also demonstrated that 
the polymers of 0-phosphoserine phosphates moved 
faster than 0-phosphoserine a t  pH 1.5. Polymers of 
0-phosphoserine phosphates, isolated from phosvitin 
under conditions described by Williams and Sanger 
(1S59), were subjected to electrophores% on paper under 
similar conditions used for collagen-3 zP hydrolysates. 
The most negatively charged polymer of O-phospho- 
serine phosphate moved slightly more rapidly than P, 
as compared to the very rapidly moving peaks isolated 
from collagenase and alkali digests of 3'P-labeled col- 
lagen. Furthermore, further acid hydrolysis of the 
polymer 0-phosphoserine fractions resulted in the 
release of 0-phosphoserine, whereas in the case of the 
fractions isolated from collagen only P, was liberated 
under similar conditions of hydrolysis. 

The liberation of P, from collagen-phosphate by 
phosphatases roughly parallels that obtained with 
phosvitin as a substrate. In view of the relative speci- 
ficity of the phosphatases towards phosphomonoesters, 
these data are consistent with the premise that the 
collagen-phosphate bond is a monoester. 

The suggestion that N-P bonds in protein-bound 
amino acids could be distinguished from 0-P bonds 
by the use of intestinal alkaline phosphatase a t  pH 5.6 
and 8.6 (Perlmann, 1955) was not confirmed, since 
similar amounts of phosphate were removed at  both 
pH values from phosvitin, in which only O-phospho- 
serine is known to be present. Moreover, the intestinal 
alkaline phosphatase had phosphomonoesterase activity 
a t  pH 5.6 using p-nitrophenylphosphate as substrate. 

The relative alkali stability and acid lability of the 
phosphate bond in collagen, the enzymatic release of P, 
by phosphomonoesterases, and the electrophoretic 
behavior of the primary collagen-32P components sug- 
gest that the primary ?lP components are sugar phos- 
phates. Both glucose and galactose (as  well as other 
hexoses) have been identified in highly purified colla- 
gens (Beek, 1941; Grassman and Schle'ch, 1935; 
Gross et al., 1958; Kuhn et ul., 1959). 

Since the formation of a covalent phosphate bond 
requires energy, and is accomplished with collagen 
simply by incubating the protein with d i p ,  a t  25", some 
possible mechanisms should be offered. Although no 
definite answer can be given, there are a t  least three 
mechanisms which may be considered. 

It is conceivable that the interaction of inorganic 
orthophosphate with collagen fibrils results in a local 
change in the configuration of the primary, secondary, 
or tertiary structure of the collagen, and that the 
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accompanying change in entropy due to the configura- 
tional change supplies the free energy required. In 
support of this possibility are the findings of Mandel- 
kern and Meyerb who have recently studied the shrink- 
age temperature of collagen and elastoidin in the 
presence of varying concentrations of inorganic phos- 
phate as compared to other ions at  similar pH and ionic 
strength. They found striking increases in the shrink- 
age temperature with increasing concentrations of 
phosphate, suggesting some local rearrangement and 
stabilization of the collagen structure as the result of 
the collagen-phosphate interaction. 

Secondly, the rearrangement of groups in the collagen 
as the result of its strong interaction with phosphate 
could also lead to the replacement of a preexisting ester 
of the type R-0-R’ by a phosphate ester. This 
possibility is supported by the findings of Gallop et a!. 
(1959) and Blumenfeld and Gallop (1962) of the 
presence of ester or “esterlike” bonds in collagen. 

The third possibility is that the JzP, is exchanging 
with organic phosphate already present in collagen. 
Recent studies on the protein-bound organic phosphorus 
content of various highly purified collagens (Fessler, 
1960; Glimcher and co-workers6) have shown the 
presence of sufficient amounts of organic phosphorus 
to account for such an exchange. However, this seems 
unlikely in view of the findings that the 3*P, once 
incorporated into the collagen as organic phosphate 
does not exchange with nonradioactive phosphorus. 

In addition to the organic phosphate and to the 
rapidly reversible and presumably electrostatic collagen- 
phosphate interaction, there is also a very tightly bound 
phosphate moiety, which is difficult to remove either 
by dialysis, electrophoresis, or filtration, but which 
reacts as P, on chemical extraction. There thus 
appears to be a whole spectrum of phosphate bonds 
formed with collagen after incubation with P,, ranging 
from the simple reversible electrostatic bond on the 
one hand to an organic phosphate link a t  the opposite 
extreme. 

These interaction properties of collagen and inorganic 
phosphate meet a number of the criteria described by 
Glimcher and Krane (1962), necessary in order that 
inorganic ions bound to organic matrices may partici- 
pate in either crystal nucleation or crystal growth, and 
offer further evidence for the postulated role of phos- 
phorus in the mineralization of collagenous matrices 
(Glimcher, 1960; Glimcher and Krane, 1962). 
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