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Collagen preparations from bovine tissues were analysed for their carbohydrate
content. Crude preparations of tropocollagen and polymeric collagen were found
to be contaminated with considerable amounts ofmannose, fucose and hexosamine,
sugars known to be present in the mucoprotein of the interfibrillar material with
which collagen is associated in vivo. A pure preparation of tropocollagen obtained
by ethanol precipitation procedures contained only galactose and glucose in the
approximate ratio of 7:3 residues/3000 amino acid residues. Purification of crude
polymeric collagen by EDTA extraction or by crude bacterial amylase extraction
considerably decreased the mucoprotein contamination, particularly in the enzymic
treatment, which yielded a preparation containing predominantly galactose and
glucose in the ratio of 4:2 residues/3000 amino acid residues. The results confirm
previous work that demonstrated the purity of these collagen preparations as
inferred by amino acid analysis. The results also indicate the suitability of the pure
tropocollagen and the amylase-extracted polymeric collagen for studies on the role
of the carbohydrate residues in intramolecular and intermolecular cross-linking in
collagen.

The isolation of collagen free from the interfibril-
lar material with which it is associated in vivo has in
the past proved difficult, particularly with insoluble
polymeric collagen. Comparison of the amino acid
composition of the isolated material with that of the
purified gelatin obtained by Eastoe (1955) has
frequently been used as a criterion of purity, though
the absence of hexosamine has also been considered
as an index of purity (Gross, Dumsha & Glazer,
1958; Jackson, Leach & Jacobs, 1958; Kuhn,
Grassmann & Hofmann, 1959). Exhaustive extrac-
tion of non-collagenous material has been found to
decrease the hexosamine content of collagen prepa-
rations to a very low level (0.1-0.2%, w/w), but
complete removal has often proved difficult (Bowes,
Elliott & Moss, 1955; Drake, Davison, Bump &
Schmitt, 1966).
Recent papers from this Laboratory (Steven,

1967; Steven & Jackson, 1967) have described the
purification and amino acid composition of mono-
meric and polymeric collagens. The present paper
reports the determination and composition of carbo-
hydrates associated with these collagen prepara-
tions and confirms their high degree of purity.

METHODS

Materials. Hexamethyldisilazane and trifluoroacetic acid
were purchased from Koch-Light Laboratories Ltd.,
Colnbrook, Bucks. Dowex 50 was purchased from V. A.
Howe and Co. Ltd., London, W. 11. Activated charcoal

was purchased from Hopkin and Williams Ltd., Chadwell
Heath, Essex.

All other chemicals were supplied by British Drug Houses
Ltd., Poole, Dorset, and were of AnalaR grade whenever
available.
Anhydrous pyridine was prepared by redistillation at

114-116o of pyridine previously dried over NaOH pellets.
Preparation ofmonomeric and polymeric collagens. A crude

preparation of acetic acid-soluble tropocollagen was ob-
tained from calf skin (Steven & Tristram, 1962) and purified
by the ethanol precipitation procedure described by Steven
& Jackson (1967) to yield pure tropocollagen.
A crude preparation of polymeric collagen was obtained

from ox tendon by the method described by Drake et al.
(1966) for the extraction of 'insoluble collagen'. EDTA-
extracted polymeric collagen was prepared from ox tendon
by the EDTA extraction procedure of Steven (1967).
Amylase-extracted polymeric collagen was also prepared
from ox tendon by using crude bacterial a-amylase (Steven,
1964) and purified by salt precipitation to remove physically
associated non-collagenous materials (Steven & Jackson,
1967).

Hydrolysis ofcollagen. About 70-100mg. of dried material
was refluxed in a 50ml. flask fitted with an air condenser
(100cm. in length) with lOml. of 33% (w/v) Dowex 50 (H+
form; 4% cross-linking; 200-400 mesh) suspension in
0-05N-HCI. The resin was prepared just before use by the
procedure described by Moore & Stein (1951). After hydro-
lysis the flask and contents were cooled and the suspension
was quantitatively transferred to a column (40 cm. x 1-2 cm.
diam.) with a sintered-glass disk at the base. The procedure
described by Anastassiadis & Common (1958) for the
separation of neutral sugars from the amino acids and
amino sugars was followed but with double their volumes of
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distilled water and HCl (2N). Hence the neutral sugars were
eluted in 50ml. of distilled water (eluate I) and the amino
acids and amino sugars eluted in 50ml. of HCI solution
(eluate II).
The optimum time for hydrolysis of collagen was 18hr.,

when release of hydroxyproline, neutral sugars and hexos-
amine reached a maximum (Fig. 1).

Colorimetric analyses. The carbohydrate content of
eluate I was determined by a modification of Devor's
method (Fuller & Northcote, 1956). To 2ml. samples (in
triplicate) of eluate I in tubes cooled in an ice-water bath
was added l-naphthol reagent (4ml.) prepared by dissolving
2g. of 1-naphthol in 500ml. of conc. H2S04 and keeping the
solution overnight in the dark. The tubes were shaken
vigorously, heated at 1000 for 10min. and cooled, and the
E555 values were measured. Results are expressed in terms
of moles of galactose, which was run as a standard.
The hydroxyproline present in eluate II was determined

by the method of Woessner (1961). A lml. portion of eluate
II was diluted to 50ml. with distilled water and samples
(2ml.) of the diluted solution were used in the Woessner
procedure.
The hexosamine content ofeluate II was determined after

initial concentration of the solution and removal of HCI. A
40ml. portion of eluate II was evaporated to dryness on a
rotary evaporator at 300 and final traces of HCI were re-
moved by leaving overnight over NaOH pellets. The
residue was dissolved in distilled water (5ml.) and a 2ml.
portion (in duplicate) put through the procedure of
Johansen, Marshall & Neuberger (1960). Results are
expressed in terms of moles of glucosamine, which was run
as a standard.
When a standard solution of hydroxyproline (5mg.),

galactose (0-5mg.) and glucosamine hydrochloride (0-18mg.)
was put through the hydrolysis procedure, separated and
analysed as described above, the mean percentage recovery
+S.D. of each was: hydroxyproline, 96-3+ 3-4 (10); galac-
tose, 94-7+ 6-4 (12); glucosamine hydrochloride, 91-4+ 3-2
(9). Numbers of determinations are given in parentheses.

c:

o

Chromatography. The sugars present in eluate I were
evaporated to dryness on a rotary evaporator at 300. Then
Iml. of distilled water was added and the solution passed
through a column (10cm. x 06cm. diam.) of 0-2g. of
activated charcoal prepared by the method of Thomson
(1958), to remove traces of a water-soluble pigment arising
from the resin hydrolysis. The sugars were eluted with
distilled water (5ml.) and further concentrated on the
rotary evaporator before chromatography.

Standard sugars and the unknown solutions were applied
to Whatman no. 1 chromatography paper (45 cm. long) and
two successive descending runs of 20hr. and 18 hr. respec-
tively were made with the organic phase of the solvent
system benzene-butan-l-ol-pyridine-water (1:5:3:3, by
vol.) (Gaillard, 1953). Sugars were detected by spraying
with aniline hydrogen phthalate solution (Partridge, 1949).
The Rglucose values were 0 87 forgalactose, 1-20 for mannose,
1-42 for xylose and 1-46 for fucose.

Confirmation of the identity of the sugars present and
their quantitative determination were carried out by gas-
liquid chromatography. A portion of the concentrated
sugar solution obtained above was evaporated to dryness
and the trimethylsilyl derivatives were prepared by the
method of Brobst & Lott (1966). Anhydrous pyridine
(0-05ml.) was added to the samples in stoppered flasks to
dissolve the sugars. Hexamethyldisilazane (0-045ml.) and
trifluoroacetic acid (0-005ml.) were added, the samples
were shaken vigorously for 30sec. and chromatographed
after standing for 15min. Analyses were performed on a
Perkin-Elmer 800 machine with dual SE-30 columns [1.5%
silicone gum rubber E.301 on hexamethyldisilazane-treated
Chromosorb W (80-100 mesh) in 6ft. x kin. outer-diameter
stainless-steel tubes]. The separations obtained in this work
were achieved under the following conditions: an injection-
block temperature of 200°, column temperature program-
ming from 1400 to 1700 at 1-70fmin. and a nitrogen carrier
gas flow rate of 30ml./min. In order that the retention
times ofthe trimethylsilyl-sugars and the size ofthe response
recorded on the chart could be evaluated, a known weight of
internal standard (0-4mg. of sorbitol) was added to all
samples before silylation. The areas under the peaks were
measured by using an Integrator-Calculator (Technicon
Instruments Co. Ltd., Chertsey, Surrey) and evaluated
by comparison with the area under the peak of the added
standard. Duplicate chromatographic anaylses were
performed and the average of these values was used. Be-
cause complete resolution of all the peaks was not achieved
on the SE-30 column it was necessary to measure the area
under the a-anomers of galactose and mannose and the

Time (hr.)

Fig. 1. Release of hydroxyproline, neutral sugars and
hexosamine from a-amylase-extracted polymeric collagen
by resin hydrolysis. A 100mg. sample of dry amylase-
extracted polymeric collagen was refluxed with 10ml. of
33% (w/v) Dowex 50 (H+ form) suspension in 0-05N-HCl.
The hydrolysate was separated into a neutral fraction
(eluate I) and an acidic fraction (eluate II) as described in
the text, and the release of hydroxyproline (o, 10,ug. of
hydroxyprolinefmg.), neutral sugar (El, I0,Og. of hexose/
mg.) and hexosamine (AL, 01,ug. of hexosamine/mg.)
determined.

Table 1. Retention times of trimethylsilyl derivatives
of sugars relative to trimethylsilyl-sorbitol on gas-
liquid chromatograms

Conditions were as described in the Methods section.

Sugar
oa-Fucose
fl-Fucose
y-Fucose
a-Galactose
fl-Galactose
y-Galactose

Rsorbitol
037
0-42
034
0-75
0-87
0-72

Sugar
a-Glucose
,8-Glucose
oc-Mannose
/3-Mannose
oc-Xylose
P-Xylose

Rsorbitol
0.81
1-14
0-62
0-87
0-38
0-48
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,B-anomer of glucose. Retention times of the trimethylsilyl
derivatives of fucose, galactose, glucose, mannose and
xylose relative to trimethylsilyl-sorbitol, under the gas-
liquid-chromatographic conditions described above, are
shown in Table 1.

RESULTS

Colorimetric analyses of neutral sugars and
hexosamines. Determination of the neutral sugars
as total carbohydrate by the l-naphthol method
indicated that the number ofhexose units associated
with the collagen preparations were as shown in
Table 2. These results are expressed in terms of a
galactose standard, since initial chromatographic
evidence had shown galactose to be the major
component of eluate I of amylase-extracted poly-
meric collagen. The values were calculated in terms
ofthe hydroxyproline present in eluate II, assuming
94 residues of hydroxyproline/1000 amino acid
residues (Bornstein & Piez, 1964; Steven & Jackson,
1967). Since the individual sugars do not all give
exactly the same colour value with the 1-naphthol
reagent (Grant, 1966), interpretation of colorimetric
analyses of a multi-sugar solution must be viewed
cautiously. However, in conjunction with evidence
obtained by gas-liquid chromatography, it is pos-
sible to state that associated with crude tropocolla-
gen are approx. 20 hexose units/3000 amino acid
residues. Further purification of the crude tropo-
collagen by ethanol precipitation decreased this
value to approx. 10 hexose units/3000 amino acid
residues in pure tropocollagen.
The crude polymeric collagen preparation con-

tained approx. 23 hexose units/3000 amino acid
residues, whereas extraction by EDTA decreased
this value by 50% to approx. 12 hexose units/3000
acid residues. Polymeric collagen prepared by the
oc-amylase extraction procedure contained only 6-7
hexose units/3000 amino acid residues.
When these collagen preparations were hydro-

lysed under nitrogen with 6 N-hydrochloric acid in a

sealed tube at 1000 for 24 hr. (Eastoe, 1955) and
subsequently analysed on a Technicon Auto-
analyser, no hexosamine could be detected on the
column chromatograms. The elution system used
(Hamilton, 1963) clearly resolves glucosamine from
neighbouring amino acid peaks, but galactosamine
and valine chromatograph as partially resolved but
distinguishable peaks. However, concentration of
eluate II and application of the method of Johansen
et al. (1960) to avoid interference by amino acids
revealed the presence of hexosamine in all five
preparations (Table 2). The hexosamine values are
expressed in terms of a glucosamine standard, but
preliminary experiments with the method of Cessi &
Serafini-Cessi (1963) to determine galactosamine in
the presence of glucosamine suggest that the major
hexosamine present in these preparations is
galactosamine.

Crude tropocollagen has approx. 4 hexosamine
units/3000 amino acid residues, but removal of
non-collagenous materials by the ethanol purifica-
tion procedure decreases the hexosamine content to
the very low value of 0 33 hexosamine unit/3000
amino acid residues. Crude polymeric collagen has
approx. 7 hexosamine units/3000 amino acid resi-
dues, but this value is decreased when the polymeric
collagen is extracted with EDTA. However,
greatest purification of polymeric collagen is
achieved in amylase-extracted polymeric collagen,
where the hexosamine content is decreased to less
than 1 hexosamine unit/3000 amino acid residues.

Chromatographic analyses. The identity and
relative concentrations of sugars found to be
associated with the collagen preparations, as demon-
strated by paper chromatography, are shown in
Table 3. Galactose and glucose were present in all
five preparations and mannose was detected in all
except the pure tropocollagen. Traces of a fourth
sugar were found with crude tropocollagen, crude
polymeric collagen and EDTA-extracted polymeric
collagen, and this sugar was tentatively identified
as xylose since it had Rglucose 1-43 and gave a faint

Table 2. Carbohydrates associated with collagen preparations

Hexosamine values are expressed in terms of a glucosamine standard and hexose values in terms of a galactose
standard, both as means+ S.D. for the numbers of determinations given in parentheses. Molar proportions of
sugars were determined by gas-liquid chromatography.

Molar proportion of sugars

Crude tropocollagen
Pure tropocollagen
Crude polymeric collagen
EDTA-extracted polymeric collagen
Amylase-extracted polymeric collagen

Hexosamine Hexose
(units/3000 residues*) (units/3000 residues*)

4-26+0-11 (5) 19-89+1-10 (5)
0-33+0-02 (6) 9-84+0-48 (6)
6-64+0-17 (6) 22-78+0-78 (6)
3-87+0-18 (6) 11-75+0-36 (6)
0-85+0-02 (6) 6-37+0-25 (6)

Gal: Glc: Man: Fuc
11-8: 7-0 : 1-7 : Trace
6-7 : 30 : 01: 0
11-1: 6-0 : 4-6 : 1-9
4*0 : 5-6 : 1-6 : Trace
4*0 : 2-0 : 0-38: Trace

*Calculated assuming 94 hydroxyproline residues/1000 residues (Steven & Jackson, 1967).
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Table 3. Identification of neutral sugars associated with collagen preparations by paper chromatography

+ indicates the relative intensity of the spots
phthalate solution.

Galactose
Crude tropocollagen + + + +
Pure tropocollagein + + + +
Crude polymeric collageni + + + +
EDTA-extracted polymeric collagein + + +
Amylase-extracted polymeric collagen + + + +

on the chromiiatogram after spraying wvith ainiline hydrogen

Glucose Mannose Fucose Uronic acid
++
++

++

+

+
Trace

Trace

Trace

((1i)

t"I
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(c)

(d)

(e)

( F) 10
9 5 4

_55I15 I10 5 0
Time (mill.)

Fig. 2. Traces of gas-liquiid chromatograms of triniethyl-
silyl-sugars fromii collagen preparations. (a) Crude tropo-
collagen; (b) pure tropocollagen; (c) crude polymeric
collageni; (d) EDTA-extracted polymeric collagen; (e)
amylase-extracted polymeric collagen; (f) standard; mix-
ture of sugars. Identity of peaks: 1, pyridine; 2, y-fucose;
3, a-fucose; 4, f-fucose; 5, a-mannose; 6, y-galactose;
7, x-galactose; 8, x-glucose; 9, 3-galactose+g-mnannose;
10, sorbitol; 11, fl-glucose.

reddish-brown spot oni sprayiig with anilinie
hydrogen phthalate solution. SuLbsequetnt analysis
by gas-liquid chromatography demoinstrated that
this fourth sugar wvas in fact fucose. The possible
presence of uronic acid was iindicated in stugars from
crude polymeric collagenl onily, where a brown spot
oIn the chromatogram with Rglucose 0-38 was de-
tected after sprayiing with aniilinie hydrogeni phtha-
late solution.

Fuiither ideintificationi of the suigars Nas carried
out by gas-liquiid chlom-watography with sorbitol as

iinterlnal stanldlard as described in the Metho(ds
sectioin. The traces (Fig. 2) correltate well w%ith tlle
resutlts of papcr chromatography, aii(n the illcreased

sensitivity of the gas-liquiid-chromatographic meth-
od permitted detection of a trace of mannose in the
pure tropocollagen. The fourth sugar associated
with crude tropocollagen gave peaks with retention
times of 0-36 and 0 41, from crude polymeric col-
lageni retention times of 0-36 and 0-42, and from
EDTA-extracted polymeric collagen retention times
of 0-37 and 043. These values compare well with the
retention times of autheintic fuicose (see Table 1) and
rtule out the presence of xylose.

Determination of the galactose: glucose: man-
nose: fucose molar proportions was achieved by
measuring the areas under the appropriate peaks of
the gas-liquid-chromatographic traces. These
molar proportions were employed in calculating the
molar proportions of the sugars corresponding to
the total carbohydrate content obtained by colori-
metric analysis (Table 2).

DISCUSSION

The presenice of D-glucose an(d D-galactose in acid
hydrolyses of a variety of collagen preparations
has been established by a nuitmber of workers
(Grassmannl, Hdrmann & Hafter, 1957; Gross et al.
1958; Kuhn et al. 1959), and evidence has been pre-
scrted suiggesting that these hexoses are covalently
linked to hydroxylysine of collagen both as disac-
charide unlits aand as single residues (Blumenfeld,
Paz, Gallop & Seifter, 1963; Butler & Cunningham,
1966; Cunningham, Ford& Segrest, 1967). The pre-
cise role of these hexose residues remainis to be deter-
mined, but they have been considered as possible
participaiits in the formationi of intramolecular
and intermolecular cross-links (Gallop, Seifter
& Meilmaan, 1957; H6rmann, 1962; Butler &
Cunninighaim, 1966) and(I may play an important role
in the aggregation or polymerization of collagen.
The prepar-ationi of pure moniomeric and poly-

meric collagen is an obviotus prerequisite for studies
oIn such a role. Since only small amounts of carbo-
hydrate are found to be associated with pure col-
lageni pieparationis of vertebrate origin, the applica-
tioin of sensitiveo techniques such as gas-liquid
ebiiomatogr'aphy to carbohydrate anmalysis call prove
miolst valuable ill detectinlg the presence of manniiose,
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fucose, hexosamine etc. in contaminating muco-
protein (Neuberger, Marshall & Gottschalk, 1966).
Our studies have demonstrated that the crude

tropocollagen prepared by acetic acid extraction is
contaminated with sugars of the interfibrillar
material. However, by the ethanol precipitation
procedures of Steven & Jackson (1967), physically
associated non-collagenous materials can be elim-
inated, yielding a highly purified preparation of
tropocollagen virtually free from hexosamine
(<0.02%, w/w), mannose (<0.006%, w/w) and
fucose.

Gas-liquid-chromatographic studies on the crude
polymeric collagen prepared by the method of
Drake et al. (1966) demonstrated a high degree of
mucoprotein contamination as inferred by the
presence of considerable amounts of hexosamine,
mannose and fucose. The EDTA extraction proce-
dure yields a cleaner preparation, but greater
purification is achieved by using crude ac-amylase,
which markedly decreases the hexosamine (to
<0.05%, w/w), mannose (to <0.03%, w/w) and
fucose contents to give a highly purified polymeric
collagen.
The importance of the decrease in the number of

galactose and glucose units present in amylase-
extracted polymeric collagen as compared with
those in pure tropocollagen cannot be assessed until
the mode of enzyme action has been determined.
Work is proceeding on this problem, but initial
analyses of the carbohydrate content of amylase-
extracted polymeric collagen from other bovine
tissues suggest that the amount of galactose and
glucose varies with different tissues, and the sug-
gestion that these sugars might play a role in the
polymerization and differentiation of collagen in
structural tissues seems a real possibility.
Bowes et al. (1955) suggested that insoluble

collagen prepared by simple extraction procedures
was a complex of collagen and mucoprotein. A
model structure for the insoluble fibre has been
proposed on the basis of this and other evidence
(Jackson & Bentley, 1960). The results reported
here and the marked effect of removal of the muco-
protein on the dispersibility of collagen (Steven,
1964) would support this view.
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collagen preparations and also acknowledge the valuable
technical assistance of Miss E. Beddall and Miss S.

Eltherington. We also thank Dr G. N. Smith and Dr T. J.
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