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to the amount of phosphorus in the phospholipid fractions. Previous investigations!®
have shown that the sensitivity and range of the method permit the analysis of phos-
pholipids in tissue extracts.
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The separation of collagen molecular subunits by gradient elution chromato-
graphy

Piez and co-workers!—3 have developed a simple linear gradient technique using
acetate buffers for the elution of the «-, 8~ and y-subunits of heat-denatured collagen
or parent gelatin from CM-cellulose. Experiments have shown that their method does
not give a complete picture of the subunit structure, particularly with acid-soluble
collagen. In many cases incomplete resolution has also been reported (see for example
TRISTRAM, WORRALL AND STEERY). Further, the column effluent from the chromato-
graphic separation is monitored either by chemical analysis or by optical absorption
in the region of 230 mu. In the latter case the use of acetate buffers can cause diffi-
culties, as these have a high absorption at this wavelength, and any small changes
in acetate concentration can effect the stability of the baseline. The separation and
properties of these subunits are most important in determining collagen structure,
therefore, the gradient elution system reported here could have important applications.
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Experimental

The preparation and purification of the neutral salt-soluble and acid-soluble
collagen from bovine calf-skin has been described previously®.

For the chromatography, a water-jacketed column with adjustable pistons at
each end (LKB Produkter) was filled with CM-cellulose (Schleicher and Schull,
Batch No. 16064) to give a bed 3.3 X 33 cm. The gradient was produced in a nine-
chamber Varigrad (Buchler Instruments). The buffer was pumped on to the column
by means of a constant flow pump (Beckman Instruments) at roo-rz0 ml/h. The
column effluent was passed through the flow cell (r cm) of a recording spectrophoto-
meter (Beckman Model DB) set at 230 mu. The effluent was then collected in 10 ml
aliquots in a refrigerated fraction collector (Beckman Model 132). The collagen was
dissolved in the starting buffer, to give solutions containing about 100 mg/40 ml, heat-
denatured at 40° or 45°, and pumped on to the column kept at the temperature of
denaturation. It was found that the collagen was more soluble in the initial phosphate
buffer of the gradient than in the acetate buffer of PiEz ¢! al.l.

Both upward and downward buffer flow in the column were tried, the latter
being found to give the best results.

Resulis

Early experiments using the system of PI1EZ ¢f al.! showed that their gradient did
not elute all the protein from the column®. A step-wise gradient with acetate buffers of
higher ionic strength made it possible to resolve thermally denatured collagen into the
o~ and B-subunits, plus four larger components, designated A,B,C and DS. Optical
rotation and sedimentation data® showed these to be of relatively high molecular
weight and having the high helical contents characteristic of collagen.

For the reasons given above regarding the use of acetate buffers, and because
step-wise gradients require manual changing of the buffers at specific points, a
gradient elution system using phosphate buffers was developed. This uses 250 ml of
buffer per chamber of the Varigrad as follows:

Chamber 1 and 2: 0.05 M NaH,PO4 -+ o0.05 M NaCl

Chamber 3: 0.05 M NaH,PO4 + 0.2 M NaCl
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Fig. 1. Chromatography of 98 mg of acid-solubl¢ collagen on CM-cellulose at 40° using a phosphate
buffer gradient (see text). The upper curve shows the pH gradient produced.
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Fig. 2. Chromatography of 101 mg of acid-soluble collagen on CM-cellulose at 45° using a phos-
phate buffer gradient (sce text).
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Tig. 3. Chromatography of 104 mg of ncutral salt-soluble collagen on CM-cellulose at 45° using a
phosphate buffer gradient (sce text).

Chamber 4 and 5: 0.05 M Na,HPO4 + 0.2 M NaCl + 0.02 M NaOH

Chamber 6 and 7: 0.05 M Na,HPO4 + 0.2 M NaCl + o0.04 M NaOH

Chamber 8 and g: 0.05 M Na,HPO4 + 0.5 M NaCl + 0.06 M NaOH

Elution was continued until two litres of the buffer was used. The column was
then eluted with a further 500 mi of the last buffer only. This system includes both a
salt and a pH gradient. The gradient was arranged so that the pH remained constant
at 5.1 until a higher salt content than that recommended by PIEZ ¢! al.! for eluting
the «- and B-subunits had passed through the column. The pH was then gradually
increased (Fig. 1) to 11.0, at which value the remaining protein was removed from the
column. Using this gradient without any protein on the column gave a very steady
baseline for the first litre of eluent. The baseline then gradually rose a total of o.07
absorption units for the remainder of the run. The chromatograms shown have been
corrected for this slight shift in the baseline.

The use of this gradient in the separation of the subunits of neutral salt-soluble
and acid-soluble collagen at 40° and 45° is illustrated in Figs. 1, 2 and 3. These show
that in the region of nine components are present in each case. From a comparison of
these results with those from the acetate gradient, it is evident that component 1 in
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all three chromatograms corresponds to the fore-peak shown in most elution curves of
heat-denatured collagen!:5:7. Since components 2, 3, 4 and 5 are eluted under similar
conditions of ionic strength and pH to those used with acetate buffers!»2:7, they must
correspond to the «;-, By~ Bis- and «y-subunits, respectively. The presence of -
components can be ignored since these were shown by sedimentation to be present in
very small amounts®.

The chromatograms in Figs. 1 and 2 illustrate the effect of denaturation and
column temperature on the separation. It is evident from these that at 45° there is
more of component 6 and the later components, than obtained at 40°. These findings
are in contrast to those of TRISTRAM e al.4 who found more of the components eluting
with the strong buffers (their components 3 and 4) at lower temperatures. Their
component 4 would correspond to components 7 and 8 in the present case, since they
are all removed from the column with sodium hydroxide solution, and their component
3 to component 6 in the current separation. The components eluting at the higher
ionic strength and pH probably correspond to the polymeric forms suggested by
several authors from chromatography* 11, gel-electrophoresis®? and other studies!.
If components 7 and 8 are polymeric forms, they must be relatively stable in the
range 40 to 45°, as they remained on the chromatographic column at these tempera-
tures for approximately 24 h before being eluted. This is in agreement with the
findings of HoLLMEN AND KULONEN? who showed by gel-electrophoresis that the
collagen components did not change essentially after 24 h heating at 40°, but that after
one week of heating the amount of the slow-moving fractions, corresponding to the
polymeric materials, was reduced. The physical and chemical properties of these
chromatographic components are being studied.
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