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INTRODUCTION

Our present knowledge of the fine structure of the c¢ole
lagen fibril hes come mainly from studies involving x-ray
diffraction, electron mi@ﬁesc@py and chemical examination of
the amino aecid composition and sequence, each of which ree
vealed some unigque festures indicating that the collagen
class of proteins is based on some plan of molecular archi-
tecture different from thet of any other protein.

Structure of Collapen

A wide variety of inveati@aticns has establﬂaﬁeﬁ the
faet that netive collagen fibrils possess an axial repeat
period of 6L0 i, within which are meny finer bands alse vis-
ible in the electron microscope (2, 47). Xeray diffraction
studies have indicated thaet the bands are due to alternating
regions of strongly paléﬁ or nonpolar amino acids (3, 18).
Since meny of the bands are only 15 g in width the regions
could extend over relatively few amino acid residues. The
work of Gressman et al. (15) has shown thet this situation
| actually exists. If peptides isclated from tryptic digests
of ecollagen were listed in order of increasing content of
diaminoe plus dicarboxylic acids then this was also the order
of decreasing content of preline plus hydroxyproline. OGly-
cine wa&’pr@%ent in all peptides, usually in the amount of
one-third of the total residues., Thus 1t seems probable
that the sequence (=gly - pro - hypro = ) postulated by
Schroeder ot al, {51) and actumslly isolated by Xroner et al.

{24) accounts for a significant portion of the imino amecids



o

in eollagen.

This unusual paﬁ%efa of mmino acid distribution is exe
tremely significent in view of the high content of glyeine,
proline and hydroxyproline found in collagens. In fact these
three anino aclde slone a¢cnunt_f@r some twoethirds of the
total residues in collagen, Only the collagens contain large
amounts of hydroxyproline, Indeed it occurs elsewhere only
in small amounts in olastin and ensmel keratin snd therefore
hydroxyproline is unique to collagen for all practical purs
poses, The emino scid composition of collagen (1l1) is also
remarkable for the low amounis of tyrosine and sulphur con-
taining amino acids, and because of the unusual presence of
a small smount of hydroxylysine which is again unicue to
collagen, Thus, determinetions of the iyrosine content and
the proline:hydroxyproline ratio (approximately 1.2) are
widely used as a check on the purity of collagen samples,

The imino acids have e tertlery nitrogen in their pep-
tlde link snd therefore the polypeptide chains cennot form
single stranded helices, as do meny proteins. Instesd the
collagen structure is based on triads of polypeptide chains
held together by hydrogen bonds between different chains.
The structure best accepted as accounting for the observed
xeray diffraction patterns has a2 polypeptide chain confige
uration similar to thet found in polyglyeine IT (9, LS),
which suggests that every third residue is glycine and is

strongly supported by the work of Grassman elresdy mentioned,



Biosynthesis of Collagen

{4) Hydroxylation of proline

Contrary to the general Qbﬂ@?VﬁtiGﬁ that proteins are
built up from thelr constituent smino ascids, Stetten (55)
in 1949 mede the fundamentel observation that hydroxyproline
of collagen is almost exclusively derived from proline. The
only close parallel teo this obssrvation ls that of hydroxye
lysine being derived from lysine (52), alsc found in collagen,

The lmportance of ascorbic aeid in collagen metaboliam
hes been eataeblished by nmumerous investigabors, using mor-
phologlical criteria (59). The results obtasined by Stetten,
and also the demonstration by Robertson and Schwartz {(4L7)
that the lsck of collagen formation inm ascorbic acid defls
elency is due to inaebility to hydroxylete proline, suggested
that a proline rich mecromolecular precursor of collagen ex-
isted which subsequently became hydroxylated. In later work,
Robertson et al, {ué) anelyzed proline snd hydroxyproline
isoleted from collagen and also nonecollagenous fractions in
guines pilg pranulomas after imjection of Glhmprclina. These
results however were not consistent with the proline rich
precursor theory.

An sltermative suggested by the results of Gould and
Woessner (1), in a study of the changes in proline, hydroxy-
proline and glycins distribution in granuletion tissue of
regenerating skin, wes that the precursor of hydroxyproline
might be en activated proline such as prolyl adenylate or a

prolyl soluble RNA complex., The recent isolation of a sole

L



uble RNA hydroxyproline, from the chick embrye by Manner aad
gould (27), ang from regenerating wound tissue by Jackson,
Wotkins ond Winkler (umpublished results), is gﬁaé evidence
for this tyne of precursor,

This guestion of the exact location of the hydroxylation

con synthesis has provided cone

.....

step along the path of collas
giderable coniroversy. Cerber, Gerber and Altman (13) found
that the speeilic activity of free hydroxyproline was greater
than protein bound hydroxyproline ia both skian and urine, How-
ever, Lindstedt and Prockop (20) could not confirm these find=
ings, More recently Peterkofsky and Udenfriend (37) described
the formation ef hydroxypreline from labelled proline by a

cell free system from chick embryo. Labelled hydroxyproline
was detected only im the ribosomal fraction, presumably in

peptide linkage although evidence of substantial conceatra-
tions of a soluble precursor was not obtained. Despite much

work om the relstiomship of free hydroxyproline to bound
hydroxyproline in various sysiems during the last few years
this comntroversy still persists.

Simce the imhibitiom of hydroxylation of proline in
agcorbic acid deficlency wae first described by Robertson,
the problem of the mechanism of this hydroxylation has re=
ceived considerable attention. Chvapil aﬁd Hurych (&) suc~-
gasefully demonstrated hydroxylation in a medium containing
ethylene diamine tetrazeetic zecid disedium salt, fafaﬁ ascor-
bic acid, Ho0pand proline. The dependence of the hydroxyla-

tion process on ascorbic acid has also been demomstrated by



Stone aﬁﬁ Meister {56) in studies on the synthesis of cole
lagen hydrexyproline im carrageeain granuloma minced slices,.
In the absence of ascorbic acid, tritium from labelled pro-
line wés not foumd to accumulate ina thé water of the medium,

It is now known from studies with 018 that molecular
oxygen rother thon water is involved in the hydroxylation
{b4)., By H3:Clk retention cnalyses in studies using radio~
isotopes of proline it has also beem foumd that only one
hydrogen is lost from proline during the hydroxylation
process (12).

Boucek et al. {7) have shown that in cell free systems
the supermatant fraction, containing mitochondria snd micro-
sowes produced the greatest amouni of hydroxyproline. Une
fortunately whem Hurych sad Chvapil (20) them studied the
affoct of combinatious of different subcellular fractions on
the formation of hydroxyproline, a decreased hydroxylation |
activity was foumd im all samples compared to the comtrols
which contained no biologlcal fractions.

Thus it is aot yet possible to spezk of hydroxylation
by a particular subecellular fraction since the results ob=
tained by Chvepil's group meke it probable that further
metabolism of both proline amd the newly formed hycroxypro=
1ine occurs om addition of the individual subcellulsr frac-
vions to the mediws, Only after imhibicion of the enzymes
responsible for this effect would it be possible to decide
whieh subeellular fractioms are able to coavert prolime to

hydroxyproline.



{11) Tropocollagen biosynthesis

In 1948, Orekhoviteh et al. (32) reported the widespread
scourrence of some soluble forms of collagen. During the
next few years it wes found possible to produce reversibly
from collagen solutions the £ibril having 640 2 periodicity
and in addition severasl atypleal forms of collagen., This
work summarized by Schmitt, Gross and Highberger (L9) suge
gested the existence of a unit of collagen capable of aggre-
gating in different ways (4i8), later referred to as "iropo=-
eollagen™ (16},

dtudy of the various forms of collagen indlceted tropo-
collagen was 2 rodlike partiele about 2800 % in length.
Confirmation of the existence of this hypothesized particle
came when Boedtker and Doty (&), using ultracentrifugstion
to study the denaturstion of collagen, prepared a monodise
perse solution of a particle of moleculsr welght 345,000
having dimensiomns of 2800 R by 1 ﬁ. This macromolecule dis-
soclates into two components, of molecular weights 80,000
and 160,000, which are usually referred to as 4 and B (the
heavier). Doty and Nishihera (10) have since discovered that
the ’5 component at pH 12 gives rise to two units similar to
the A component.,

More recently, Plez, Lewis, Martin end Gross (39) demone-
sbtrated the presence of four major components in denstured
skin ecollagen, by chromatography on carboxymethyleellulose.
Two of the components had sedimentstion behaviours similasr

to the originsl o component, whilst the other two were



similar to the originsl £ component, This suggests that

the collagen molecule contalns three subunits of which two
are o and one is B , the subunits presumably representing
single cheins extending the full length of the molecule.

As the molecule matures the o chalns cross-link intramo-
lecularly in pairs to form B components, extractabllity of
the collegen belng directly related to the extent of crosse
linking, A& more mature form of collagen than the all =l or

P forms is ¥ tropocollagen (1), which consists of the three
stranded helix.

Much histologicel and elsectron optical evidence indle
cates that tropoecollagen molecules, synthesized by the fibro-
blast, are secreted inbto the extrscellular space where aggre-
gation takes plesece. Tropocollagen molecules overlap from
one row to the next, by oneeguarter of thelr length, and all
'pointing in the same direction, which resulis in the 640 )
periodicity characteristic of the collagen Tibril,

(1ii1) Delay in upbeke of bydroxyorolime inte collagen

Studies on intact chick embryos (li2) have demonstrated
the conversion of proline %o hydroxyproline and suggested
thgt the nmicrosomes are the initlel site of ecllagen bilosyn~
thesis, Peterkefsky and Udenfriend (37) have also studied
the hydroxylation process in s cell free system, In the
presensce of fortified mierosomes from chick cmbryo homoges
netes, prolines ﬁlk 1s converted to radicasctive hydroxypro-
line which is found in mleresomal cellegen like protein.

The incorporation of proline and its counversion to peptide



bound hydroxyproline in microsomal, hot trichloroacetic scid
extracts were followed for three hours. While proline ine
@érperaiiom began almost immedistely and was meximal at 20
minutes, rediocactivity was not detected in hydroxyvroline
until after 20 minutes.

This lag period may represent the time necessary for
the hydroxylation of proline bto occur and suggests 1t mey be
possible to study the hydroxylation process independent of
protein formatlon.

(iv) Multiple peak uptake phenomenon
‘In most studies involwving the uptake of isotoplcally

lebelled =smino zcids into collagen a single peak of activity
was observed, The time of peak esctivity and the rate of
f211 to o ninimum level have varied sccording to the condle
tions used in the experiment, bubt in general only one peak
has been observed in the uptake curve. In several distinet
experiments on the uptake of Ot glycine and H3 glycine into
eollagen Bentley and Jackson (i) have observed a double peak
in the upteke curve, This unexpected variation in the pat-
tern of smino acid incorporation was detected because these
workers studied much earlier and more frequent time points
than hed previously been reported. The significance of more
than one pesk of activity is not yet apparent eince there is
no evidence for the existence of two types of collagen in
any particuler tissue, Although purified skin collagen was
countod as such afber incorporation of rediocsctive glycine,

the existence of two pesks could eoncelvably be due to the



presence of & noncollagenous impurity which 1s also taking
up the glyecine.

Use_of Radiolsotopes in the Study of Collagen

An importent fesctor in radioisotope studies on collagen,
emphasized by both the delay in incorporation of hydroxypro-
line into collagen snd the multiple peak upteke phenomenon,
18 the smino mecld to be employed as the isotopically labelled
tracer, Until the last few years many studies on collagen
utilized glycine as the tracer since this smino scid consti-
ﬁut@s approximately one~third of the residues in collegen.
However this necessitstes extensive purification of the col-
lagen and in any case isolation of glyeine, ususlly as the
dinitrophenol derivative (35), is a long and tedious wey to
determine the speeific activity of collagen. |

The recent avallabllity of isotopically labelled pro=-
line hes fulfilled the need for s morve specific tracer than
glycine, Since hydroxyproline, the imino aclid unique %o
collagen, is not taken up for use in collagen synthesis when
fed to growing animals, proline becomes the most specific
tracer we can employ becsuse it is incorporsted into cole
lagen as both proline and hydroxypreoline, However olk DrO-
line is expensive end alsc is not useful in meny investiga
tions om the hydroxylation problem since the specific activ-
ity is independent of the hydroxyl group. Very recently
3,&,33 proline became available at & reasonable cost and is
already widely used in studiecs on collagen and hydroxypro=

line blosynthesis,
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It is thersfore now possible to teke Tull advantage of
the fact that, in many tissues, for all prasctical purposes
all pﬁotéim,h@und hydroxyproline is in collagen. By remov-
ing free smino scids from & protein extract and isoleting
radiosctive hydroxyproline from the total protein hydroly-
sate it would be possible to determine the specific activi-
ties of collagens without further purificatiomn., Comparison
of the rates of incorporation of radloactive proline lnto
collagen proline and hydroxyproline is mother obvious ap=
proach in studies on collagen, however in this case purifi.
cation of collagen ls necessary in addition to separation
of proline and hydroxyproline,

In view of the unusual findings In studies on collagen
bilosynthesis, and the fact that most of these investigations
invelve radicactive isotopes of proline, a reliable method
of isolating pure semples of proline and hgdr@xypr@lima and
determination of thelr specific activitles is sbsolutely
esgential, Without such a method it will not be posslible
to investigate the complex relatlonships between fres amino
acld pool proline and collagen bound proline and hydroxypro-
line.,

Survey of Previous lfethods for Determination

of Specific Activities of Proline and Hydroxyproline

As & preliminary to using the above approaches in study-
ing the sarly stages of hydroxyproline end collagen blosyne
thesis it was necessury to examine the methods that sre

availsble for 1solating pure ssmples of proline and hydroxy-



proline from protein hydrolysates. Specific methods of
measuring the amount of @raliné or hydroxyproline in both
isolated pure samples and »rotein hydrolysates were necose
sary and also a method of isolation that was capable of
separating proline from hydroxyproline so that each could

bhe ﬁ@tarminﬁd slmultaneously. Since the studies on collagen
would involve determinatioms of specific radloactivity ab
different time points methods were also assessed in terms

of rapldity snd sultebility for isotope work,

(1) Colorimetric determinations
Accurate measurement of amino selds may be carried oub
by a variety of photometric ninhydrin methods., However, the
poor colour yield in the reaction of ninhydrin with imino
acids makes such methods low in sensitivity, particularly
in the case of hydroxyproline., Plez et al. (33) described
2 falrly simple procedure for the measurement of cyolie
inino eecids, which employs ninhydrin In glaclel gcetic acid,
The colour reaction was carried out at room temperature and
absorbance read at 350 mp, Yhereas hydroxyproline reached
maximal colour in 130=1L0 minutes, proline colour develoDw
ment took even longer, 230 minutea. 1In the case of proline
the reaction could be speeded up by performing the renction
in a boiling weber beth and reading the colour at L0 minutes,
Troll and Lindsley (57) modified the ninhydrin reaction
in seversal ways to s2llew accurate measurement of preline in
a2 protein hydrolysste, These workers showed that interfering

substoneces such as lysine and ornithine could be removed from



solution 8%t pH }.0 by "permutit sccording to Folin" ion ex~
change resin, In addition to this modification, the final
coloured product weg exitracted into a smeller volume of ben-
sene mnd this phase read in & colorimeter at 515 mp. By
these improvements in the methed accurate measurement of
solutions of prolime contalning l-5 ug/ml were possible,

Thiz modificabion by Troll and Lindsley was based on
the belief that the only smino szeids interfering with the
method were ornithine, citrulline, lysine, hydroxylysine and
eysteine, However ¥Wesser (2%) hes recently shown that the
mathod ia subject to interferonce by almost all the common
srine acids and by some d4i and tripeptides when they are
present =t econcentrations 10 or 20 times that of proline.

A simple modification involving 2ddition of glycine to the
solution to be analyzed eliminates interflerence by 10 of
the emino aclds md inereeses the sensitlvity of the method
by 50%.

Several modificetions of the isatin colour reactlions
with preline or hydroxyproline {33, 3L) sllow very &p&eif&c
deterninations bto be pg@rormaé on filter paper chromatograms
or on the eluted colour product, However these methods were
deslgned for use wlith pure solubions of imino aclds and
would certainly net allow measurements on hydrolysates,
Referonce will later be made %o the use of one such staining
procedure in qQualitstive exmination of chromatographed
imino sclids, however these methods have 1little value in

roubine guantitation of prolinme and hydroxyproline.

12



13

As previously mentioned the ninhydrin resction is une
suitable for measurement of hydroxyproline because of the
very low colour yield., Several methode for the quantitative
analysis of hydrexyproline have involved oxidsatien of the
imino acid to pyrrole and then condensetion of the pyrrole
with pedimethyleminobenzaldehyde to form a chromophore suit-
able for spectrophotometry (17, 31, L1l). In a recently de-
scribed method for hydroxyproline assay Prockop and Udene-
friend (43) extracted the pyrreole into toluene to separate
it from interfering substances and to insure specificity of
the colour reaction. |
| Since toluene solutions sre frequently used as the
- medlium in which seintillation counting is carried out, this
extraction of pyrrole into toluens makes possible both col-
orimetric measurement of the amount of hydroxyproline and
radiocactivity meassurements on the finel toluene solutiom
containing the pyrrole. This cuts out several of the usual
steps in the process of radioactivity measurement by liquid
seintillation counting, viz., drying down an aqueous solu-
tion of hydroxyproline, desiccation and then dissolution in
hyamine hydroxide followed by addition of the toluene con-
tainiug the phosphor.

In view of these pcssibilitiea Prockop et al. (i1, 36)
have modified their method several times so that at the
presént time their method is the best avallable for measure
ing the specific activity of labelled hydroxyproline in blo-

logicel materials. One of the most recent of these modifi-



catlions sgllows the simulbtaneous messurement of the radliocace
tlvity of proline and hydroxyproline in a single semple,
which is o feature often to be desired.

An outline of the Prockop procedure is shown below.
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by chloramine T, Beéaus@ the initlal oxidation products of
hydroxyproline were not eztractable from alkaline solutions
by chloreform or toluene, interfering radiosctive materials
were removed by several such extractions before the pyrrole

was formed, Since proline is slso oxidized by chlorsmine T
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and its oxidation product is seluble in toluens the follow-
ing procedure is used. The product of proline oxidation is
extracted inbo toluene and then several more extractions are
carried out to remove btraces of this compound remaining in
solubion, TUpon hesting the extracted resction mixture the
hydroxyproline intermediate oxidstion produet is then con-
verted to pyrrole which is extracted into toluense. In order
to ensure consistent recoverles relastively large amounts of
carrier proline and hydroxyproline are added. Recovery of
carrier proline is determined by compsrison with a radiocacw
tive standard; the recovery of carrier hydroxyproline is
determined colorimetrically. In this way colorimeiric meas-
urement and scintillation counting on the toluene solutions
containing the various oxidation products of the imino ascida
allow the radioceactivities of Glh oroline and Glh hydroxyproe-
line %o be messured in a single allquot, |

Although this method offers many advanteges over the
time cenn&ming paper or column chromatographic sepsrations
of these Imino acide it also has many undesiresble features.
The method is complex and it is concelveble that the inter
mediates in the oxidation process have besn Inadequabtely
characterized, The quentitation of the method is poor since
the relatively large amounts of carrier proline ané hydroxy-
proline may preclude investigation of frections having e low
specific activity. Also,; in axperimﬁnxa involving 13 proline
s loss of 50% of the tritium is inherent in the methed due %o

the oxidation step. Despite these dissdvantsges it should be



stressed that this 48 at present the most suecessful method
of separating simultaneously proline snd hydroxyproline in
mualtiple samples of bilological materials available,

{31) Separation of imine acids

{a) Column ehromatography

Several methods of separating amino aclds by column

chromatography have been described. In 1949, Moore and Stein
{29) achieved geparation of & number of amino scids on starch
columns using organic solvent mixtures. Two years later
these workers reported a procedure for the chromatograephic
separation of mixtures of smino acids by gradient elution
analysis on.ﬁawex}SG ion exchange resin (30). However it

was not easy to obtaln pure samples of proline end hydroxy.
proline by this procedure. More recently Levine {25) employed
the nitrous acid reaction as a preliminary step to isolation
of prol@n@ and hydroxyproline from protein hydvolysates,
Isolated nitroso imine acids were regenerated to imino aclds
by hydrolysis with 6 N HC1 and then separated by gradient
elution with dilute HC1 on a column of Dowex 50 resin, in
reletively high yields,

Although the use of nitrous acid teo destroy the amino
aeclds in a proteln hydrolysate was a useful approach which
has since been used in several methods, Levine's method sufle
fers from the general disedventages of employing column
chromatography for this purpose. This type of chromatoge
raphy is unsuitsble for multiple smmple werk and can easily

become very time consuming unless it can be automated, which



would be somewhet expensive., Although separation of amine
gelde this way has become roubtine and elso sutomated, bee
cause hydroxyproline ccecurs ley in collagenous proteins
many of these mothods were reported without any mention of
the poeition of hydroxyproline in the aystem.

(k) FPilter paper chrowstography

A number of workers (3)4) have used filter psper chromte
tography methods to separete proline and hydroxyproline.
However, none of these methods was impressive since prelimi.-
nary deselting was usually invelved and two dimensional sepe
srabions often required, Even the preliminery use of nitrous
sgcid treatment éﬁ&ﬁ not solve these problems since prelimie
nary desalting i1s 8till needed and although & single dimene
sionel separation is then possible the amounis which may be
geparated are not lmpressive,

A major difficulby in thils type of separstion is that
although relisble methods exlst for the quantitstive photow
metric determination of 1Imino acids on the sprayed chromato-
gram or on the eiu%@ﬁ colour reaction products, such highly
coloured compounds show considerable self-absorption when
one tries to measure thelr radicactivity by seintillation
counting.

Most workers using filter paper chromatography employ
the niltrous acid reaction followed by desalting ou ion exw
change reslin as prepaoratory steps and therefore thelr proe
cedupre is probably as time consuming as methods perfloming

the setual chromebtography on the ilon exchange column itself.



Thin leyer Chromabogrephy

A mathod of chromabogrsphy uhiich hes never been appliied
to ths separstion of Imino aclde i3 thin layer chromabography,
a new method of adsorption and partition chromatography om a
micre scale, which supplements the previcusly known methods
of colwmn, paper snd lon exchange chromatography. In opera-
tion a glass plate is costed wlth s thin lsyer of adsorbent
which adheres %o the plate., The layer repraesents en "opan”
colum,. The sample is spotted on this émating a8 a solution
and i2 developed in a tenk containing a small amount ol the
appropriate solvent, usuelly by the ascending technigue.

Only short travel distamces {approximately 10«15 om) zre
required,

During the lsat few years equipment for thin layer
chromatography has become commerclelly svallsble and the
mﬁth@@,whiah»was originelly designed for separstion of oils
i and lipide, has been applled to separation of many organie
compounds {60},

The main features of Stghl*s rapid thin layer techunilaue
(55} are the simplicity of method snd apparatus and the wide
guantitative rangze hendled, This suggests thin layer chromae
tography may be the method of cholce in separation of proline
and hydroxyproline,

Desipn of & Rapilé Method of Isolating

Pure Samples of Proline and Hydroxyproline

It wap declded to investipgste the suitadbility of thin

layer chromatography for separstion of lsrge amounits of proe
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line and hyéroxgpralim@ repidly and from multiple samples.
In accordance with filter paper ahremétmgra@hy findinge,
pubenol/acetic acid/wster solvent (62:27:10 v/v) wes used,
with cellulose powder s the sdsorbent (5).

48 a preliminary step proteln hydrolysates would be.
nitrous aecld trested and the anino acid desmination prode
ucts removed by ether extractions as in the work of Levine.
If possible thin layer ch?ama%agyaphy would be performed
directly orn the nltrous scld treated residue after erxtrace
tion with ether, The regemeration and deselting eteps would
be omlitted provided the thin layers were capsble of separse
ting the imino zecids from e solution contalning some reside
ual #slt introduced with the nitrous acid resgsnt.

Having determined the sultablility of this system for
t80leting the imino acids as pure samples from protein hye
drolyaates, by examination of recoveries at each stage and
purity of eluted samples, otc., the validity of using the
method would have to be confirmed., Two methods of checking
the validlty were decided on, one invelving a simpls mixzbure
of radiosctive proline and nonradioactive hydroxyproline,
the other being an application of ths method to study of a
hiological system.

Applications of the Method, in order to confirm:

(1) Validity of the method

After chromabtography and slution of various mixtures of
proline and hydroxyoroline of which only the proline was rae-

dloactive the radicactlvity found in sach sampls was measured



and corrected to d.p.m., by the use of internsl stendards.
As distinet from stralghtforwsrd expression of % contamina-
tion the results were considered in terms of changes in the
specific radiocactivity of the proline, and more important,
the appareﬁt specific redioactivity of the hydroxyproline.
Significance of these results was viswed in relation to the
renge of specific amctivities of proline snd hydroxyproline
usually encountered in radloisotope studies on collagen.
(11) The multiple peak uptake curve of collagen

Before undertaking further inveatipgations of the nature

of the double peeks found in the uptake curves of collagen
it was necessary to confirm the multiple peak phenomenon
uaing the specific tracer 33 proline. This would exclude
the possibility that conteamination could have been respone
sible for the results obtalined by Rentley and Jackson who
counted purified skin collagen after incorporation of
labelled glycines., This confirmation experiment, if in
agreement with the findings in several distinct experie-
ments by these workers, would also be a valuable confirma-
tion of the thin layer chromstography method., |

The collagen fraction studied by Bentlsy snd Jackson
was that soluble in neutral salt solution. After a pere
sistent controversy about the soluble precursors of cole
lagen Jackson and Bentley (21) investigated the significance
of these extractable collagens and showed that & whole spec=
trum of collagen aggregates of varying degrees of cross

linkege exist in developing connective tissues, The frace
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tion soluble inm C.1lh M NaCl, which had previocusly been shown
to contein tropocollagen molecules (22), contalned the most
récently synthesized collegen. It was this newly formed
collagen, extracted from gulnea plg skins, that was examined
by Bentley snd Jackson when the multiple peak phenomenon was
gheserved, The seme fraction was used in the study presented
here as confirmation of the thin layer chromatography meihod
for separabtion of proline and hydroxyproliue,.

In the skin experiment described the thin layer chromae
tography method has been used to isolste pure samples of
radicactive protein bound hydroxypreline in hydrolysates
from relatively crude neutral selt extrects of skin, at

verious time intervels after injection of 3,U,H3 prolins.
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EXPERIMENTAL
Apparstus

Desaga«Brinlman equipment was ué@é for thin layer chro=
matography. The glass plates used were 8"xB" and the appli-
cator was nonad justeble glving e s%aﬂﬂard layer of 250/1
thickness.

A1l redicactivity meassurements were cearried cubt using a
Packerd Trie-Carb model 31l automatic secintillation spectrome
eter,

Materials

Nitrous acid wes prepered by edding 3 ml of LO% sodium
nitrite solution to 10 ml of concentrated HCl, in en ice
bath. After salt had settled the supernatant was removed.

Proline and hydroxyproline standards were purified by
chromatography on Dowex 50 x 8 (H') lon exchenge resin with
an elution gredient from 1.5 ¥ HC1 %o L W HC1,

Eenz@ie-ﬁlgaaci&; a,clhanaglyeina; 3,&,HB-L-pP@lime;
and uniformly 1abellﬁdﬂclh«Laprolin@ end H3~t@1u@ﬂs, were
81l obteined from NWew Englend Nuclesr Corporstion.

Seintilletor solution: reagent grade toluene containe
ing 0.4% 2,5-diphenyleoxazole (PPO) and 0.01% 2,2-p-phenylenc-
bis (S-phenyloxazole} (POPOP),

Thin layer chromatography
Forty gram of cellulose powder (without Casag binding

agent) was suspended in 200 ml of distilled water and spread
on the plstes using the applicater., These quantities were

found sultebls for filling the spplicator and getiing an
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even flow of the right thickness., Plates were then air
dried snd stored in a desliccator. Unknowns and marker spots,
containing proline and hydroxyproline; were applied to the
thin plates in 10«20 A volume&}containing‘laﬁ~500 prem of

- each imino acid, After asscending chromatogrephy for 5 hours
in bubanol/acetic meid/water solvent (63/27/10 v/v), plates
were dried at 110° € for 15 minutea., The marker spots were
then spfaysﬁ with 0.2% ninhydrin in acetone sand the plates
heated at 110° ¢ for 15 minutes to reveal the positions of
proline and hydrozyproline.

Blution of proline end hydroxyproline

The positions of the unknowns were outlined in penecil,
“using the stained marker spota as 2 reference, and the collue
lose within the pemcllled ereas cut out with a razor blade
and collscted in a2 tubs, Imino ecids were eluted from the
cellulose by two successive extractions with bolling dis-
tilled water, using 10 ml of water each time. Eluates were
pooled, filtered and made up to 25 ml with distilled water.
Determinations of proline and hydroxyproline and slso radio-
scbivity measurements were carried out on this eluste.

isolation of imino seids

One to ten mgm of protein was hydrolyzed in 6 N HCl for
3% hours at 138° ¢ in sesled tubes, Hydrolysates were doe
colorized with setivated charcosl, filitered and evaporated
to dryness in e stesm bath., Excess nltrous acid resgent
{1 m1/mgm of smino ecids) was added to the hydrolysate resi-

due, the mixture allowed to stand at room temperature for 10



minutes and then heated at 13%Q G, until the colour was only
faintly yellow. The acld miziture was evaporated off in &
steam bath and the residus extrected with 5 ml of sather to
vemove demmination produeta. Under these conditions imino
aelds are present unchanged or as unstable nenitrosc derivae
tivea. After ether extraction the residue 18 taken up in
0.1 ml of 70% ethanol, which lesves much of the selt behind.
Proline and hydroxyproline could then be zeparated from this
solution by thin layer chromatography as described,

Determination of apﬁﬁifia activitiss

Proline determinations were by the Troll and Lindsley
modificetion of the Chinard ninhydrin rsaction (56) and hy-
droxyproline determinaztions by the method of Woessner (57),
A ¥mown volume of eluate wes also evaporated to drynsss in a
glesa vial, the residus dlesolved in one ml of X-10 Hyamine
hydroxide, 10 ml of scintillabtor solution added snd radiocace
tivity measured by liquid seintillation counting. The
counting efficlency waes debermined by the use of Glh-bensaic
acld or H3 toluene as internsl standard. Counts »er minubte
(copem,) weve then corrected %o disintegrations per minute
(d.pem.) and specific activibties expressed as d.p.m.//xﬁole
of preline or hydroxyproline. ,
Application of the method: in viveo incorporstion of g3

preline into collagen hydroxyproline
Thirty-three young femesle guinea pigs were decapiteted

in groups of three abt regulsr intervals between 2 and 8

hours after intraperitoneal injection of U5 poof 3,&,33-L~



prolins/animel. #fkin was removed from each group, cooled,
and erushed after being frozen in liquid nitrogen, A weighed
smount of skin was extracitad three $imes with 0,14 I Wacl
solution buffered to pH 7.5 with phosphabe. 411 extractlions
were carried out st 2° ¢ for 2l hours. Bxtracts were pooled
and £ilteved snd an aliquot of sach removed for determinse
tion of totsl collazen extracted, The aliqguots were dialyszed
three times, 2 hours at a time, against 0,01 ¥ acetlc meild,
dried, hydrolyzed md collsgen deitermined by messuremsnt of
nydroxyproline in the hydrolysate, The rest of this neutral
salt axtract was precipliteted with sclid HeCl te 2 finsl cone
ecentration of 20%, followsd by resoluticn in 0,01 ¥ acetic
acld and dialysis three times, Cor 2L hours esach time,
againat this same solutlon, This single precipitaetion end
dlalysis were necessary to remove the free amine acids pres-
snt In the exitract. The Tinal collagen solubtions were dried
down in a stoam bath, the residuss hydrolyzed and hydroxye
proline isolated as deseribed above, The specifllc activity
of protein bound hydrvoxyproline was obtalned for all exe
tracts and the Incorporation of 3 proline into collagen
hydroxyproline thus determined for the particular time

points studied,
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Figure 1. Quantitative chromatographic separation of equal
amcimt;a of proline and hydroxyproline in mixtures
contalning up to one mgm total imino acid.
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Figure 2., Area to be eluted for maximum purity.
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TABLE I

N Recovery of Tmino Acids oy Elution

Initial dpg # of Pooled é(g %
line Elutions(l) Eluted Recovery

Hydroxypr
200 1 118 59
2 128 Bl
g 131 é5
131 65
200 L 122 61
200 ; 12 63,

(1) Each elution consisted of 10 ml of boiling
distilled water,



Figure 3.

Pelstionship of appareat pesitioam o recovery
by elution. The emount of proline chromato=

grephed was 200 pg in each case. Arecs depic~
ted by A, B, C and D on the chromatogram were
cut out and eluted twice with 10 ml distilled
waﬁgr. Elution recoveries aré shown in Table

il.
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TABLE II
Relationship of Apparent Position to Recovery

q; RElution

Eluiggatlj | %%uggglig? £ Recover:_iil
A 126 63
B U2 ’ 71
c 178 89
D 168 8l

(1) See Figure 3 for description of relative
areas denoted by A, B, C and D.

(2) Two pooled elutions used in each case,

{3) In each cease 200 f&g proline was chromatow
graphed,
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TABLE III

Furitg of Eluted Imino Acids

Initial doD ol % Contami- d.p.m,
Proline Hidmﬁ::ﬂm Bluted (1)  nation Mole

91 6,888 8,690
105 57 0.8 G
182 13,817 8,710
210 | 230 1.1 g
273 » 20,10l 8,510
315 28l) b 318

(1) Two elutioms with 10 ml boiling distilled water.
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TABLE IV

Rp Values of Imino Acids

Re Color with Ninhydrin
LeProline 0,70 Yellow
N-Nitroso-L-Proline 0.6l Reddish-yellow
L-Hydroxyproline 0,36 Yellow
N-Rltroso-L-Hydroxyproline 0,35 ___Orenge
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Pigure 4., Effect of nitrous acid treastment upon a hydroly-

sate of gelatin,

GT: One mgm of gelatin hydrulysste.

GTH: Q;m mgm of gelatin hydrolysate aftexr

| nitrous acid sreamant. |

GTNE: As GTN but also ether extracted.

H«PRO, N-HYPRO: Marker spots of nitrous acid
treated proline and hydroxyproline re-
spectively.
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TABLE V
Removal of Amino Acid Derivetives by Ether Extractions

(results as disintezrations per minute)

Nitrous Acld Treated %

Sample (1) Untreated or Extracted Lost
¢ pProline 516 355 3
581 387 33
clb.giyeine 21,281 105 99.5
18,027 222 —

(1) Amounts used: proline 80 pe including cold proline
glycine 209 f(ﬁ including cold glyecine.

(2) Three successive ether extrasctions of 5 ml were used

on each sample,
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TABLE VI

Overall auo‘vg gr gm Acids

Untrested Trested(l) =Eluted(?) ¢ Overell

(p8) (pm) (g Recovery
Proline 200 172 128 63

(1) Witrous acid treatment ra‘llowe& by a single extraction
with 5 ml of ether,

(2) Two elutions with 10 ml of boiling distilled water,
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Figure 5. Speeific activitr of rediocactive protein bound
hydremralim in 0.1} ¥ WaCl extracts @r guinea
pig skin between 2 and 8§ hours aﬂmr intrnpem-
toneal injection of 45 e of 3,4,H3 proline.
Caleulations of a.p.m./‘u Mole hydroxyproline are
as shown in Table VII balw. '

TABLE VII. Determination of the S
in %E §! Results of the skin experiment are ozprenod
as d.p.m./ pMole of hy&roxyproum,, -which was ualculatcd as

ecific Activities Shown

shwn below, Correction &t Copem, to d,pom. was necessary
since self-absorption di%‘fax*a from semple to semple, making
comperisens of c.p.m./yMole of little value in this type
of experiment, One ml of H> tolueme, having a lmown d.p.m.,
was added to each vial and the samples recounted. | The ef=-
ficleney of counting was them calculated from the increase

in c.p.m, end the semple d.p.m., then determined,

Point e.,p.m. in Effi. d.p.m. proline d.pem,/
hours 1 CoD oM ciency (13 Counted i Mole

167 = M 3,89 5,57 72 10,180
:3% 166 “%3 §.09 %, 01’; 106 6, 681
ﬁ% 23 789 88

(1) After subtraction of background c.p.m.
(2) After addition of 11,475 d.p.m. of H3 toluene.

(3) Corrected for the 265% loas of 53 during in vivo hydroxw
Ylation of proline.
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12500 Specific Activity of Protein Bound Hydroxyproline
in 0.14 M NaCl Extracts of Skin
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‘ RESULTS AND DISCUSSION
Thin layer ehramatogﬁaph; of imino acids

Although separation of pr@liua and hydroxyproliﬁa 18
adequate using this system, it is advisaeble to include a
rafaranea'mixturﬂ on each chromatogram since Rr values on
thin layers are nht a8 reproducible as on filter paper.

Each sample should preferably be aepplied to a thin plate in
duplieate, using the same volume each time, smd ome of these
steined with ninhydrin, in order to determine the exact po=
sitions of proline snd hydroxyproline after separation.
Three or four unknowns mey be separated on each plate even
when ssmples are chromstographed in duplicate.

Mixtures contalning up to 500 pe of each imino acid
applied in up to 50 A of 70% ethanol cen be separated as
shown in Figure 1. The usual working range on the plates
involves 100250 HE qf each im&nﬁ ecld, separation of which
is quite good. BShould larger quantitles of imino acids be
required, use of the verisble thickness applicator may in-
crease the mmounts sepereted by a large factor.

Recovery of imino acids by elution
Since more then 909 of the totel imino acid recovered

was found in the fi&at two elutions with distilled water, es
is shown in Table I, only two elutioms, each of 10 ml, were
considered necesseary in subsequent work. Recovery from the
chromatogrems was initielly only in the reglon of 60%, howe
ever this was inereased to T0¥ by taking a slightly larger

areas for elution, es depleted in Figure 3.



The low colour yield of the ninhydrin resction with
imine scids is probably partly responsible for this sltua-
tion. An alternative stslning procedure with greater sen~
sitivity involves spraying with 0.2% isatin in acetone and
heating at 75° ¢, which reveals both imino acids as blue
spots (52), If the chromstogram is then sprayed sgaein, this
time with a solution of 1 g of p-dimethylaminobenzaldehyde,
90 ml of acetone end 10 ml of concentrated HC1l the hydroxy-
proline spot turns e purple red colour (23). However, since
100200 (g of esch imino scid 1s easily obtainsble with a
reasonable dogree of purity, =s seen in Table III, exact
recovery is not too importent and therefore in routine use
ninhydrin steining is usuelly satiafactory. g

The quantitetive relationship between the area of cellu
lose eluted end recovery is shown in Table II. Whereas the
recovery can be inoressed enormously by incressing the srea
1t a2lso presumebly incresses contaminetion. In subsequent
work only a2 small increase in the arees eluted has been come
monly used which has resulted in recoveries in the region
of 70% {as seen in Table VI). In view of the guentities
handled by this method this recovery was conaldered quite
adequate and no further effort was mede to increase the
elution recovery beyond this level.

Purity of eluted samples

Table III shows the results of an experiment whieh was
designed to assess the vallidity of using the eluted samples
to determine the specific activity of free or protein bound



hydroxyproline. To a mixture o¢f proline and hydroxyproline

was sdded 2 negliglble smount of u3 proline of high specifie

activity. Inereasing emounts of this solution containing
100=-300 g of each imino scid were chromstogrephed and the
eluted samples analyzed to determine the apperent specifie
radiocactivity of proline and hydroxyproline over this renge
of separation. Colorimetric messurements of the amount of
contemination had indicated little or noc contamination in
eluted samples, however in the type of experiments requlred
for study of collagen bidnynthesia‘evsn s minimal smount of
conteminetion of high radiosctivity could lead to a very
misleading set of results. AB cen be seen in Table III the
emount of conteminstion 1s of a low order, particulerly if
one considers the short length of chromatogram and the rae
pldity of the method employed. However considerably more
significent than this is the fact that the specific activity
of the proline stays essentially the seme and the effect of
this amall amount of contemination on the specific radicac~
tivity of the hydroxyproline is extremely small,

The specific ectivities found for hydroxyproline are
less than would vesult from 1 &.p.mJ/”ﬂg which is near the
lower limits of scintillation counting enyway. To illuasirate
this point the lowest specific activity recorded in the skin
sxparimant.iQVleing uptake of 53 preline into collagenm hy-
droxyproline, results of which may be seen in Table VII, was
262 (i.0., 2 ﬁ.p.m./;xg). This figure in reletion to the

1,00&deOOOAL@.mf(&M01$ values obbtained for the rest of the
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time points is essentially zero. In addition to this, the
efficiency of counting as much as 1ﬁa,fcg of radioactive
hydvoxyproline 1s usually only in the reglen of 5-7% which
makes the actual e,p.m. recorded extremely elose to backe
ground enyway. @hﬁl if the specific ectivity 13 not nmore
then 2 &;psmmltxg, in meny instances this mmount of son-
tamination would not even be detected by seintilletion
counsting,

The resulte presented in Table III therefore clesrly

indicate that separation of the imino aeclds by the thin layer

chromabography method is sultable for studles on eollagen
that invelve the use of radicactive proilne.
Nitrous se¢ld reaction

Table IV showe that conversion of the imino acids bto
thelr nitroso derivatives does not gignificantly affect the
Re values. Colorimetric determination of nltrous acid
tresated Imino aecids gives the seme results as the imino
- acids themselvea,

Under the excess nitrous acld conditions used, all of
the emino acide sre effoctively desminated, The effeet of
nitrous acid on s hydrolysate of gelatin iz shown in Pigure
k, in which the amounts of hydrolysate smd isolated imineo
aclds seen on the chromatogram ere all related to 1 mgm of
gelatin,

Removal of smino ecid derivatives

A ninhydrin stelned chromatogrsm of an amiﬁn aclid mixe

ture which has been nitrous acid trested will reveal only
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spets of proline and hydroxyprolins. However, the presence
of smino =cid derivatives, and also the large smount of salt
introduced with the nitrous acid reagent, will interfere
with separation of the iminn seids. There sre seversl weys
of removing unwented materials sfter the nitroue acid stage.
Pesalting oen Dowex S0 (8') resin or extractions with ether
are both quite effective, however the latter method is rapid
and more convenient. Complete deselting was not carried out
since the thin layers are not as sensitive to the presence
of salt as filter paper chromatogrems, However, the salt
concentration was kept fairly low by the use of 707 ethanol
as solvent preparatory to chromatogrephy.

Semples of ol glyeine and ol preline were put through
the proeedure and the radiosctivities followed at each stege,
in order to smsess the efficleney of ether extrsetions., The
regsults of this experiment sre shown in Teble V. Glycina is
effectively removed by nitrous scid trestment followed by
three extractions with ether, each of S ml, however some
lose of proline plso occurred, In subsequent work e aingle
extrection with 5 ml of ether was used, which results in
ouly 15% loss of proline, es may be seen in Teble VI. Sepa-
ration of proline and hydroxyproline from e ritrous acid
treated hydrolysate wes quite good after one extraction with
ether,

Although there will be differences in the extent to
which perticuler amino ascid derivetives are extrected with

ether, figures obtained by the use of lebelled glycine ere
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a good indleation of the efficiency of ether extraction
since glycine seccounts for spprozimately oneethird of the
total residuss in collagen,

Overall recoveries

The overall recovery of proline and hydroxyproline
alfter nitrous acld treatment, 2 single ether extraction and
cheomatography, followed by two elubtions with distilled
water, is shown in Teble VI. After reducing the mmber of
other extractions and talting a slightly larger area fov
alution than was indicated the overall recovery was in the
reglon of 607, which cumpérea favourably with other methods
of aseparation of proline snd hydroxyproline.

Multiple peak uptake curve of collagen
Tn 1962 Stone and Melster (56), using tritlated proline

to investigate ths synthesls of cellagen hydroxyproline in
carrageenin granuloma mineed slices, obsarved a loss of both
hydrogens from the eavbon positlion on which hydroxylation
oceurs, Conourrently Ebert and Prockop {(12), using similer
technigues to study the synthesis of collagen in vivo, obe
served the loss of only one hydrogen from the carbon of pro-
line that becomes hydroxylated, In addition, comparison of
ﬁ3:clh ratios of proline and hydroxyproline 1solated from
eollagen, after administration of labelled proline, indicaw
ted thabt only one hydrogen was lost from proline during hy-
droxylation, In the skin experiment, results of whileh are
shown in Figure 5, specific setivities, expressed as d.,p.m./

ftmsla hydroxyproline, are caloulated on the basis of only



75% of the tritium in prblina being retained in collagen
hydroxyproline, as lhpwn in Tabie Vitl,.

The aurpwiuing presence of more than one peak in tha
uptaks curve of eellggen‘waa initially estaeblished by counte
ing purified collagen at regular time intervals after edmin-
istration of Glh,glycina end 33 glycinm. The existence of
these pesks of aetivity, however, could conceivebly have
been duévta the presence of a noncollagenous impurity with
a difrarént rate of uptake ol glyeine. The results presented
here daﬂinitulx exclude the‘paﬂéibility,af the phenomenon
being due to eantamigatien, since o similsr pebtern of radio-
Aaﬁivzty is seen upon counting isolated protein bound hy-
dréxxpralinn, practically unique to collagen. Using the
thin layer ahramstpgraphy'mathod to isolate hydroxyproline,
Bentley end Jackson have now demonstrated these peaks of
aativity in vbunﬂ granulation tisuue 1n,the guinea pig.

Dr, Jeroms Gross, studying collagen blosynthesis in the
chick embryo, has also observed this unusual verietion in
the uptake curve (urpublished communication).

The results of the skin experiment are in good agree~
ment with the pattern of raﬁiaasti#ity in the uptake curve
described by Bentley snd Jeckson. This demonstrates the
validity of using the thin 1aﬁer chromatography mathod of
separation af proline and hwﬂvoxyprol$n§ in collagen studies
whieh ianlvo isotoplcally 1abelledypra1$na. Thué, thin
1:3&; chromatography separation of proline and hydroxypro-
1line, in studies using isotopilcally lsbelled proline, should
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allow many problems of collagen snd hydroxyproline biosyne
theais teo be investigaeted using = direct approasch. Collagen
may be studled without extensive purificetion, as is demon-
strated by the skin experiment confimming the multiple peask
uptake curve of collagen, Is@lgﬁian of pure samples of both
proline and hydroxyproline from purified collegens by this
technique, end comparison of the rates of uptake of lebelled
proline at regular time intervals after administration of
isotope is another useful approach in studying the early
ateges of collagen biosynthesis,

The double peak uptake curve of collagen was originally
demonstrated by following the incorporation of lsbelled emine
acid into collsgen for 6 hours efter administration of 1soe
tope, In the study presented here, in which incorporation
of H3 proline into collagen hydroxyproline was determined
at intervals between 2 and 8 hours after injection, a third
pegk was observed at the 7 hour time point.

A possible explenation for the double pesk put forward
by Bentley and Jackson was that extractability of the eol-
lagen varies at certeln times after synthesis. This theory
wes based partly on the results of Henrigques, Henrigues end
Neuberger (19) who had studied the specific activity of the
free amino acid pool at verious time intervals after injec-
tion of labelled emino scld. The cell surface was envisaged
a8 a site of salteration of extractsbility since Porter and
Pappas (li0) had observed collagen fibrils at the cell sure
face that could not be washed off during preparation of the
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tissue for electron miorosvopy. However, the presence of
more than two peasks of sctivity, in the upteke curve de-
seribed here, may invalidate application of the findings

of Henrigues ot al., to the uptake of proeline into collegen
hydroxyproline. This would make alterations in extractebile
ity & less likely explanation of the phenomenon.

Studies being caerried out in this department, using the
thin layer chrometography method, include differentiation
between extracellular and intracellular uptske of 33 proline
into hydroxyproline of neutrsl sslt soluble collagen, to de-
tormine if the peaks oceur in both fractions. In eddition
the uptake of E3 proline into akin collagen proline and hy=
droxyproline is being exemined in parsllel with determina=
tions af‘th@ specific activity of proline snd hydroxyproline
in both the skin and pleasma free emino acid pools, Compari-
son of the patterns of radiosctivity in each of these frace
tions over the first few hours of collagen synthesis may
provide some better explanation of the neture of these un-
usueal pesks in the uptake curve of collagen.

In all this work the method described in this thesls
has been successfully applied both to hydrolysates of proe
teins and more recently to proline and hydroxyproline of
the free amino acid pools of both skin and plasma, It
should therefore prove to be a useful and inexpensive method
of separating proline snd hydroxyproline in sdequate amounts
for useful studies on the many problems concerned with the

biochamistyry of collagen.



SUMMARY

A rapid method of isolating pure samples of proline and
hydroxyproline from protein hydrolysates has been developed,
which is suitable for multiple samples snd particulerly use-

ful in studies involving redioactive isotopes. Amino acids

are destrmyad by treatment with nitrous acild and their ree
action products removed by extraction with ether. Proline
end hydroxyproline ere thus isclated as n-nitroso derive-
tives and are separated by thin layer chromatography on
cellulose, Mixtures including up to 500 pg of each imino
acld are separeble within 5 hours on a 250 M thick layer,
The imino acids may be eluted, determined colorimetrically
and redicectivity measured by scintillation counting. |

Studies using isotopically lsbelled imino acids are
thus possible by this simple technique, even when low spe-
cific activities are involved. Application of the teche
nique to collegen studies sllows determination of the spe-
cific radicectivity of protein bound hydroxyproline te be
performed on relatively crude protein extracts.

Using this technique, the incorperation of H3 proline
into skin collagen hydroxyproline has been studied between
2 end 8 hours after injection of isotope into guinea pigs.
The results confirm the multiple peek uptake curve of cole
legen described by Bentley eamnd Jackson in studies employing
lebelled glycine emd alsc demonstrate the validity of the
method. Since protein bound hydroxyproline is practically

unique to collagen, the results presented here definitely

L2



exclude the possibility that contemination of collagen can
be the explanstlion of the pseks of activity found in the

uptake curve.
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APPENDIX

Hydroxyproline Measurement by the Method of Weessner (58)
Stenderds: Prepare a stock solution by dissolving 25 mgm
of vacuum drled Lehydroxyproline in 250 ml of 0.001 W HC1.
Working standards are prepared dally by diluting the stock
solution with distilled water to obtaln concentrations of
QOS L 205 l“wmlm
Buffer: 50 gm of citric acid monohydrate

12 ml1 of glscial acetic scid

120 gm scdium acetate trihydrate

3l gm sodium hydroxide
Make to 1 liter with distilled water and adjust to pH 6.0.
Chloramine T (sodium p-toluene sulfonchloramide)

‘ 1,41 gm chloramine T

20 ml of distilled water

30 ml of methyl cellosolve

50 ml of buffer
Perchloric acid: 3.15 ¥ solution in distilled water.
p=Dimethyl aminobenzaldehyde (PDAB): 20% (w/v) solution

in methyl cellosolve, dissolved by warming to 60° C.

HMethod: Protein hydrolysastes are neutrelized and diluted,
to the range of 0,5 « 2.5 rtg/ml. Two ml samples of the
unknowns end standards ere plsced in 16 x 150 mm test tubea.
Oxidation of hydroxyproline is initiated by adding 1 ml of
chloramine T to each tube. The tube contents are mixed and
allowed to stand at room tempersture for 20 minutes. Chlore
amine T 1s then destroyed by adding 1 ml of perchloric acid
to esch tube, mixing emd standing for 5 minutes, Finally

1 ml of PDAB solution is added, end the mixture well shaken.

Tubes are placed in a 60° ¢ water beth for 20 minutes,



cooled in an jce bath., The color is stable for at leasst 1
hour, Optical densitiea are resd at 557 m ¢ and hydroxye

proline determined from the standard curve.

Proline Determinati the Method of Troll and Lindsle

Stenderds: Solutions of proline containing 1 « & ftgm/ml.
Ninhydrin vesgent: 1.25 gm of ninhydrin dissolved by heate
ing to 30° ¢ 4n 30 ml glaecial acetic acid amd 20 m1l 6 M
Cltrate buffer pH L,0s Permutit removes interfering sub-

stences such as lysine snd ornithine quantitatively from
solution at this pH.

Method: Protein hydrolysstes are neutrslized end diluted %o
the working renge with citrate buffer. Ten ml of the un-
knowns and atanéarés ere shaken with one-tenth of their
walght of "permutit sccording to Folin" resin (éec&las)

for 5 minutes, To 5 ml of this solution is added 5 ml of
glacial acetic acid end 5 ml of ninhydrin resgent., The |
tubes ave heated in 2 boiling watar bath for 1 hour in
plastic serew capped tubes. The solutions are then coocled
in en ice Bath and extracted with 10 mlyaf benzeno by
shaking vigorously for S’m;nutaa, The phases are aaparatéd,
by filtration if necessary, snd the opticel density of the

benzene phase read in & colorimeter at 515 m fre
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