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SUMMARY -

. Polyacrylamide gel slabs shrink in water at sufficiently low temperatures and
swell at higher temperatures, slowly and reversibly, the extent and inversion temper-
ature depending on gel compcsition. Mixed agarose-acrylamide gels show similar
but less extensive changes. High concentrations of initiators during polymerization
favour swelling, and conversely. High polymerization temperatures aiso favour
swelling. Compression of gels leads to a slow loss of water. The presence of solutes
affects swelling in various ways; with salts, it increases as the cation is changed in
‘the order (CH;)N*, Lit, NHi, K*¥, Cs*, Na* (at 0.5 #) and, as the anion is
changed, in the order CH,COO~, F~, HCOO—, Cl—, Br—, NO3, I~ (at 0.5 ).

INTRODUCFION -

Polyacryiamzde gels usually swell in water or aqueous buffer solutions. One
might expect this phenomencn to have considerable influence on the molecuiar sieve
behavicur of such gels in electrophoresis or chromatography, but there. has been
mmarkably little germane discussion or application. Of many possible influences on
the extent of swelling, only the effect of gel composition has been well studied!—*. The
starting point of the present investigation was an observation, alluded to eariier®, that
swelling of the carriergelinan electrophoresis apparatus was temperature dependent, to
the extent that it could be § Kept within bouads uy uucza.uua at temperatures below 10°.
This paper describes the phenomenon of swelling, and the factors influencing it, with
the expectation that this will assist in improving the design of apparatus and proce-
dures that depend upon the properties of polyacrylamide gels. The results may assist
in resolvmg the apparent discrepancy between the behaviour of acryiam:de gels in
efpcfmnhnme and their behaviour in chrnmafnm‘znhvz s

MA‘FEREALS AND ME'H'{ODS )
Early expenments were carried out at Makcrere University, Kampala, Uganda,

wrth acrylamide and N,N —methyleneblsacry!amxde (BIS) obtained from Koch-Light
(Cotnbtook :szeaf; Brzt_a;r_l) The critical series was carried out in Hong Kong with
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- materials obtained from. Eastman-Kodak (R;ochcstcr N.Y., US.A), the batch num-
_bers being N7B and A2C, respectwely- The materials from the two sources gave rea-
sonably comparable resuls. Rccrystalhsauon of acrylarmdé was effected with the
Eastman-Kodak product as starting material. N,N,N’, N'-tetramethylethylenedlamme
(TEMED) was purchased from Eastman-Kodak. -
~ Ammonium persulphate obtained from BDH (Poole, Great Britain) was stored
in. > loosely stoppered bottle in a desiccator over dry silica gel. Riboflavin. was
purchased from Merck (Darmstadt, G.F.R.) and agarose from BDH, “for electro-
phoresis”. Other chemicals used were of analytical-reagent | gzade when - available
commérc:all , otherwise of reagent or laboratory-reagent grade, as supplied by BDH
or Merck, except that lithium chioride and tetramethylammonium chloride were
made by adding lithium carbonate and tetramethylammonium hyd:ox:de (Sigma,
St. Louis, Mo., U.S_A)), respectively, to standard hydrochloric acid, to gwe a pH of 7,
and then di lutmg to volume.

ol preparation ' :
' Gel preparation is best expressed in terms of 2 standa:d method and variations
£it: thus, unless otherwise stated, gels were prepared as follows. Immediately before
use, a solution was prepared containing a 5% (w/v) final concentration of total
monomers, of which 5% (w/w) was BIS. This solution also contained ! g/! final con-
centration of ammonium persulphate [added as a 109 (w/v) solution made up freshiy
at least once a week] and 1 ml/l finai concentratton of TEMED, giving a final pH
close to 7. After dissolution of the other components was complete, the TEMED was
‘added, the whole solution mixed quickly and thoroughly and then poured out into
a mould 5.0 mm deep, which was covered, with exclusion of bubbles, and put aside
on the bench (at 21-25.5°) to allow polymenzauon signalled by the appearance of

slight opacity or opalescence after about 4-5 min.

Gels were left covered for a minimum of 1 h before the mould was dlsmantled
and were then cut with a knife or spatula info pieces weighing 2.5-10 g, according to
the particular experiment, and lifted out of the mould with a spatula. For riboflavin
photopolymerization?, concentrations of monomer were as above and the solution
also contained the following (final concentrations per litre): TEMED, 1 ml; acetic
acid, 6 mmoles; and ribofiavin, 5 mg. Light entered the mould through its glass lid
(about 3 mm thick); the mould otherwise being made of Perspex. The temperature
‘in the immediate environment of the mould was recorded as 27-28°. Deoxygenation,
when performed, was by degassing under a high vacuum. Combined agarose-poly-
acrylamide gels were made by dissolving monomers in a solution of agarose 1% (w/v),
maintained at 45° in a water-bath, to give a volume of 49.5 ml, adding 0.5 m! of am-
monium persulphate solution, 50 1 of TEMED, and immediately mixing and pouring
‘into the mould.

) ‘Following a convention widely, but not universally, accepted, the concen-
‘tration of total mcnomers in percent (w/v) is designated T and the proporfion of
BIS in percent (w/w) designated C. ‘Thus in this paper the compos;tlon of a standard
gel is abbreviatedas T = 5, C = 5, and gels of variant composition correspondmgiy.
In the literature, ‘usage has varied somewhat. Morris and Morris? use the present con-
‘vention, whereas Morris® writes T fo_r__ grams of total Monomers per 100 m! of solvent.
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- Extent of swellma

Gels were weighed on remowal from the mould and again after being exposed
for 7 days to several changes of the chosen solution. Adherent surface water was
removed by blotting them until dry with Whatman No. 540 filter paper, which is
preferred to the No. S0 filter paper used by Morris and Morris®. To minimise evapo-
ration the gels were kept when possible in folded “envelopes™ of polythene sheet.
The standard deviation of repeat weighings (i.e., the complete sequence: moistening
in water, blotting dry and weighing) was about 0.1 9/ for 5 mm thick gels.

Extent of polymerization: dry weight of gef marrix
Portions of gel, freed from small molecules by dialysis, were dried by heating
in an oven at 90° and then exposing to a vacuum over phosphorus pentoxide. But
this treatment gives falsely high weights, and therefore falsely low results for water
regain?. Further drying at 140° under high vacuum over phosphorus pentoxide for
3 days indicated that polymerization was 98 % complete, as would be expected®.
Further details of all procedures will be provided on request.

RESULTS

Praogress of swelling and contraction of gels

Fig. 1 shows the results of an experiment with slabs of gel 6 mm thick. The
gels swelled rapidly and extensively, approaching a plateau after 3-6 days. The extent
of swelling was temperature dependent and the gels shrank again on exposure to a
temperature of 4°, whether immersed in fluid or in air in 2 moist chamber at the same
temperature, but did not reach their initial weight. Gels cxposed to a temperature,
of 0° shrank below their initial weight.
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Fig. 1. Progress of swelling and shrinking of gels. Gels were made by the standard procedure but
with Koch-Light materials and cast in 2 mould 6 mm deep. The weight history of individual pieces
of gel is shown by individual symbols. In the experiments at higher temperatures, each piece wes
first incubated in water at the temperature shown and Iater transferred to 4°. Open symbols, pieces
which, when incubated at £°, were kept in a moist chamber; filled symbols, those in water.
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E &"ect of temperatwe
. Fig. 2 indicates the. effect of temperature on. swei!mg in gels of: vanous COm=

posmon An additional result not shown in the ﬁgure is' that at S0° a’ ‘portion of
standard gel showed a we;ght increase of 183 ‘7 in24h &nd of ?337' in 3 days, by
whtcn tlme the gel was extremely fr;abie. :
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Fig. 2. Effect on swelling of gel composition, incubation temperatu:e and conditions during polymeri-

zation. Gels made by the standard technique (5 mm thick), and with variations as stated, ware
incubated in water for 7 days: [, (C3), 3%C(5%T); A (Xx2), double the normal amounts of
initiatoss, i.e., 2 ml/l TEMED and 2 g/l persulphate; O, standard (5 %T, 5%C); ® (x0.5), half the
normal amounts of initiators, i.e., 0.5 mlﬂ TEMED and 0.5 g/l persulphate (otherwise standard};
L,,(’EG)Q"/T{S‘VC) v,(C9), QVC (5%T); @, (T9C9). 9%C, 9%T. Results for geis polymerized atan
-initial temperature of 37° were too clos.e to those for double the normal amounts of initiators (X 3)
for the points'to be shown separately, i.e., this one curve represents the resuits for two different sets
of observations. Results for gels polymerized at 5° (othervnse standard) were slightly higher than
standard, and agaln cannot be s\.paratﬂly shuwn

Eﬁ'eer of cond:twns during pofymenzatwn

Fig. 2 also shows that gels set more’ rapldly thaa the standard (wnth highes
imtlator concentrations), swell more. Such gels were also softer, less opaque and more
friable. Conversely, gels set with lower than standard initiator concentrations swelled
less and were more opaque than usual. Additional results, not shown in the figure,
are that at 25° gels made with five times the normal amounts of initiators (persuiphate
5 g/l, TEMED 5 ml/l) increased in weight by 29.5%, and geis made with one fifth of
the normal amounts-of inifiators (persulp‘late 02 g/, TEMED 0.2 mi/1) s swe!led by
13.4%. Setting times in these experiments - ‘were: (m:tiafor concea.tratwns, tims “of
appearance of opalcscence) five times normal, 40 sec; twice normal, 2 min; nomal,
47 mm half normal 10 ‘min ; one fifth normal; more than 2h (gr:l lcﬁ‘t mfermght to set)
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. Gels set at an initial temperature of 37° swetled more than normal (Fig. 2).
Gels made at 57 were much more opaque than normal, aithough they swelled slightly
more than standard (omitted from Fig. 2, for clarity), showing that opacity is not
necessarily correlated with resistance to swelling. -

" Deoxygenation made little difference to the extent of sweiling, although
polymerization was accelerated considerably, as judged by the time taken for opacity
to appear. - -

Riboflavin photopolymerization results were too variable to allow definite
conclusions to be drawn on the effects of setting temperature, abbreviated setting
period or deoxygenation. The degree of swelling was rather similar to that found in
‘contemporary experiments with standard gels, ie., 16.79( (mean of 16 results) com-
pared with 17.5-18.1 % (standard). The greater variability of results with these gels
was unmistakable. This can possibly be explained by the softer surface leading to
difficulties in removing adherent water, on the one hand, and more frequent damage
to the surface, with loss of material, on the other. There seems to be a2 difference in
the nature of the surface according to the mould material in contact with it during
casting, the upper surface, that in contact with glass, being sironger. No such differ-
ence was seen with standard gels.

Effect of pH during incubation

Table I shows that in solutions of approximately equal osmolarity, there was
little or no effect of pH over the range 4-8, but that at pH ¢ and above there was
progressively increasing extra swelling: in 8.05 3 sodium bkydroxide this effect was
gross and the gel had become friable. Acetate and glycine solutions of the pH indicated
were made up by titrating .1 A acetic acid or 0.1 M glycine with 0.1 M sodium
hydroxide. In separate experiments, 0.05 Af hydrochloric acid gave little more swelling
than water alone,

TABLEE

EFFECT OF INCUBATION pH
Pieces of gel from a single casting were incubated in the solutions shown (see text).

Solution pH Weight
increase
(%)
0.1 Af Acetic acid 34 19.7
Acetate 4 17.6
’ 6.3 1¢
Glyciae 7 17.1
3 17.¢
9 226
10 48.3

0.05 M NaOH . 552

Effect of so{utesﬁ during incubation
Table I demonstrates that many solutes markedly increase swelling and that
the effect increases with concentration. But ethanol, sodium acetate and sodium
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'?ﬁuomfe causg’ Eess sweiling than water afone the swef&ng—gotentranon efiect of
7 ’sucmse diminishes above 0.5 M and the effect of tetramethyfammonium chioride,
atways stight, atso passes through g nraximon. -

Among salts at moderate concentrations, the toﬁowmg relationships can Ee
seen. I} At constant chloride concentration £0.5 Af), swelling increases in the order
(CH3)N*, Lit, NHi, K+, Cs*, Na*, and resuits for the bivalent ions tested ail lie
in the vicinity of results for NHI and K*. (2) At constant sodium concentratica
(0.5 A£), and allowing for some interpoiation, swelling appears to increase in the
order (CH;COO—, F~, HCOO™), CI—, Br—, NOg3, i, the bracketed ions giving
swelling equal to or less than water alone.

The polymerization initiator ions are without effect at plausible concentrations.
The Morris and Morris? Tris buffer produces less swelling than 0.5 Af sodium chlo-
ride, but more than water alone.

Effect of mechanical compression

Fig. 3 indicates that gels subjected to compression (with distortion) gradually
lost water by comparison with an uncompressed gel, apparently approaching a limit.
At ordinary reom temperatures, the weight of standard gels can certainly fzll below
its initial value.

Woeight Incronse (%)

-Days Under Comaression

Fig. 3. Contraction of gels under compression. Four portions of a single gel were allowed to swell in
water for I week, three were then trapped under perspex prates larger than themselves, upon which
were placed weights of 200, 500 and 1000 g, the whole remaining in a tray of water, so that the gels
were continuously immersed. Temperature controf was not possible, and extreme limits of water
temperature observed were 18.0-257, such fluctuations affecting all portions equally. The gels were
deformed ¢squashed out} by the xmgowd weights, so that the stated pressures are nominal, referred
to the original, unswollen cross-sectionai area of the porticn concerned. O. Free uncompressed;
@&, 200 g, 104 g/cm?; &, 500 g, 23.4 g/cm?®; A&, 1003 g, 50.0 gfom?.
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Gels prepared according to ref. 2 - - ’

Fig. 4 shows the weight history of gels exposed tfo the sequence of comi:tlons
recommended by Morris and Morris®. It was not possible to reproduce these con-
ditions exactly, as they are not completely specified, and in the present work each
stage was prolonged somewhat in order to show the phases more distinctly. Two
separate experiments are shown. In one, the final incubatior {corresponding to the
24.h electrophoresis procedure of ref. 2) was carried out in contact with solution;
in the other, the gel was instead wrapped in a plastic sheet and subjected to slight
compression in order to mimic a possible compressxon eifect of the upper cooling
plaie employed by Morris and Morris?.

These authors do not specify the tempesature at which washmg pracedures
were carried out, but it is clear from their description that gels were first exposed to
the working elecirophoresis temperature (10~11°) when placed in the apparatus shortly
before beginning the run. The results in Fig. 4 make it scem unlikely that such gels
will have shrunk to their final equilibrium position, ever at the end of a2 24-h “run™.

Waelght Inciensal)

3] 3 10 15 26
Days Incubation

Sig. 4. Weight history of gels treated as in ref. 2. Gels were preparsd by photopolymerization. Each
symbol shows the weight history of an individual portion of gel. (1) @, O; the mould in this instance
was 3.2 mm deep. Portions of gel were exposed to the following sequence of conditions. 0.5 M NaCi:
25°, 2.5 days; Tris-HCI buffer®: 25°, 7 days; Tris-HCI buffer: 11.5°, 2 days. (2) &, A; the standard
mouid was used and the gels exposed to the following sequence of conditions. 0.5 A MaCl: 25°, 5
days; water (3 changes): 25°, 48 h; Tris-HCI buffer: 25°, 6 days; wrapped in thin polythene film and
compressed at 6.3 g/em?, 10, 5° 7 days.

Effect of gel composition

Where comparison is possible, the results on swelling at 25° confirm those
of Richards and Lecanidou®, and are therefore not reported in detail: there is a
minimum of swelling at 9-15%, T (varving with C). As polymerization is exothermic,
high temperatures may occur and thus affect gel resistance to swelling {¢f. Fig. 2).
Some experiments were therefore performed at low initial tempcratures, sng the
results suggesi that this high-temperature effect is present but is not sufficient to
account for all the excess of swel]mg observed at Iugh T values (T able IH}
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" TABLE III
MONOMER CONCENTRATIGN AND POLYMERIZATION TEMPERATURE: EFFECTS
ON SWELLING

‘Gel preparstion was as in text, but € = 0.5% and T, as_indicated.

F - itial - Maximur: observed Height
(%) temperature temperature during increase

(°C) palymerization (°C) (%)
5" 25 279
1o 2: 179
i5 21 40 176
30 22 80 227
30 0 40 201

* Weight of dried ge? matrix indicates that axtent of polymerization was only 90%,.

Gels containing only agarose (1 %, w/v} appear not to swell in water at 25° or
in 100 mAf sodium chloride, and may even decrease in weight. These gels lose water
very quickly to filter paper, certainly quickly enough 1o disturb the results, and it is
difficuit to be sure that the cbserved loss is not an artifact. However, gels containing
both agarose (I %) and acrylamide (T = 5, C = 5) behave rather like gels of acryl-
amide alone, although within much narrower limits. The swelling observed was
(incubation temperature, weight increase): 5.0°, —0.29;; 25°, +7.4%; 40°, +12.07%.

The initial swelling of gels made with recrystallised acrylamide was indistin-
guishable from that of the standard gels.

Effect of gel thickness

As might be expected, gels thianer than the standard gel achieved quasi-
equilibrium more quickly, and conversely: 2 mm thick gels had almost completed
swelling within 24 h (at 25°).

DISCUSSION

The dependence of swelling on gel composition has been known for many
years!, and a theory exists that links this effect with gel opacity®. The present paper
- describes a variety of other phenomena connected with gel swelling, which have either
not been reported or are mentioned only indirectly in previous publications. Theo-
retical explanations are not yet available for most of these phenomena, but such are
the implications for the theory and practice of gel electrophoresis and its correlation
with gel chromatography, that to wait indefinitely for the formulation and testing of
such explanzations appears to be unjustified.

Gels distort and shrink under a compressive load, behaving like slow-acting
sponges. The loads concerned are modest and it seems unlikely that a gel cast and
kept confined within a rigid container would burst its bounds, but that is not to say
that such a gel would be unaffected by the phenomenon of swelling. Uneven distri-
bution of imbibition seems likely and where the ends of a gel slab or cylinder are
unconfined, as is usual, there is no doubt that swelling ddes occur, with local and
perhaps more general distortion of the gel structure, spreading a considerable distance
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into the main body of the gel. Mechanical distortion of gel siructure, without an
apparent change in volume, has been used to control the activity of enc!osed en-
zymes'®, a iemarkable instance of the possible effects of such stresses.-

While the usual analytical apglications of gel electrophoresis may be little
affected by swelling, because cautious practitioners avoid using the ends of the gels,
this effect is much more serious in preparative electrophoresis. Further, shrinkage
cannot be controlled by ihis type of mechanical restriction: there is no doubt that it
occurs, and thdt its effects may be serious in some applications.

One might predict that the extent of swelling would be temperature dependent,
but perhaps not that the common types of gel could easily be made to shrink by
cooling sufficiently and that some would do so even at normal ambient temperatures.
This shrinkage is quite independent of, and much more extensive than, that which
occurs by reason of gel formation® or simply by thermal contraction. These temper-
ature effects are bound to give rise fo problems in prolonged prepara.ive procedures
(becauss not ail parts of the gel can be at the same temperature) even if they also
offer some hope of conirolling swelling.

The swelling of polymer gels has been treated as an osmotic phenomenon
The equilibrium of swelling is then “a balance between the internal osmotic pressure
of the gel and the negative entropy of distension™, or, put crudely, between a swelling
pressure and the elastic retraction of the gel mesh. This theory provides at least a
qualitative fit with the observed dependence of swelling on temperature and mechani-
cal restriction, including the behaviour of agarose-acrylamide gels, in which the
agarose can be regarded as providing a less extensible network than acrylam: e alone.

In vinyl polymerization, polymer chain length is inversely related to initiator
concentration'!. This suggests an explanation for the influence of initiator concen-
tration on swelling: longer polymer chains might imply larger and less numerous
osmotic units (even if these are not co-extensive with covalently linked “molecules™)
and might also result in an inherently stronger gel matrix. The greater swelling tenden-
cy found for high polymerization temperatures may be similarly explicable.

It is not so easy to explain the occurrence of increased opacity in gels set at
low initiator concentrations or at 5°, nor the rather large swelling iendency of the
latter. Opacity is known to depend upon gel composition and is correlated with
swelling resistance®. However, it has been shown above that gels of standard com-
position (T = 5, C = 5) are more opaque than is normal and more resistant to
swelling if set with low initiator concentrations; here opacity is related o swelling
resistance but not to degree of cross-linking. Further, if gels of standard composition
are polymerized at 5°, they are much more opaque than is normal, but show a stan-
dard or greater swelling tendency. In this instance, not only is the opacity unrelated
to degree of cross-linking, but a breakdown in the predicted relationship 1o swelling
resistance occurs. The same theory* was used to predict the observed increase in swel-
ling tendency at high T values, on grounds simply of the structure of the gel matrix,
but it has been shown above that this increase is due, at least in part, to seif-induced
bigh temperatures during polymerization. Clearly, the theory is incoinplete.

The above observations on the effect of polymerization temperature are not
necessarily valid for photopolymerized gels, in which the generation of free radicals
probably depends chiefly on the intensity of illumination.

Thers is not yet any evidence to indicate the mechanism of the effect of various

11,12
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solutes of low molecular weight, which must be presumed to be capable of penetrating
almost all interstices of the gel meshwork. Factors that may be coasidered to have
potential effect are: the affinity of a component of the gel for molecules that are
hydrated to a greafer or lesser extent; a Dornan-type effect; and competition for
water between the gel and the solution. Evidence in resp:ct of these possibilities
should be obtainable from experiments on the distribution of water and solute
molecules between the gel and the solution. The competition theory is attractive; it
could account for the behaviour of ethanol and, at least in part, the reldtive effects of
metal ions, but it is difficult on this basis to accouat for phenomena such as the
widely varying effects of halide and other anions.

Atstributing effects to one ion or the other in a salt solution is fraught with
difficulties and may be impossible without recourse to theory or extraneous experi-
mental evidence. The present results could be fitted by postulating a swelling-
potentiating effect of anions, which can be ountweighed by a sufficient concentration
of appropriate cations. With gels carrying charged groups, the effects of ionic solutions
are readily understood and have been well studied, but simple polyacrylamide gels
have no ionisable groups deiiberately included in their make-up. There may well be
some adventitiously present, but no information is avaifable on this aspect and in any
event coulombic interactions would not provide an explanation for the effects of non-
ionic solutes.

Eviderce provided here shows that it may be possible to eliminaie or control
the swelling of polyacrylamide gels used for electrophoresis by any or all of the
following means: (i), selecting poiymerization conditions, including avoidance of
large masses of monomer solution; (ii), allowing pre-swelling to the desired dimen-
sions; (iii), controlling actual run temperature and temperature differentials; (iv),
mechanical restriction, including incorporating of agarose, eic.: (v), choice of buffer,
selection of ions, concentration and pH; and (vi), pre-shrinking at 2 sclected tempera-
ture and then operating at a higher temperature. Of the above, perhaps only (ii) and
(iii) have so far deliberately been made use of for this purpose. Swelling or distortion
of gels caused by the process of electrophoresis itself may modify some of these con-
clusions.

Very probably, the phenomena recorded here will account for the dificulties
of Ogston and Preston®®, who found that their cellulose—polyacrvlamide bilayer strip
osmometer was sensitive to both salt concentration and temperature. it was not, of
course, their purpose to explain these findings, and the nature of their experimeniai
material would prevent a conclusion z2s to whether the original effect was upon
cellulose or polyacrylamide, or both.

REFERENCES

M. L. White and G. H. Dorion, J. Paolym. Sci., 55 (1961) 731.

J. O. R. Morris and P. Morris, Biochem. J., 124 (1971) 317.

Pegon and C. Quincy, J. Chromatogi., 100 (1974) 19.

E. G. Richards and R. Lecanidou, in R. C. Allen and H. R. Maurer (Editors), Electrophoresis and
[Isoelectric Focusing in Polyacrylamide Cel, De Gruyter, Berlin, New York, 1574, p. 16.

5§ T. R. C. Boyde and M. A. Remtulla, Aral. Biockem., 55 (1373) 492. |

6 D. Rodbard and A. Chrambach, Proe. Nat. Acad. Sci. U.S., 65 (1970) §70.

7 U. E. Loening, Bicckem. J., 102 (1967) 251.

1
2C.
3Y.
4



230 T..R.CIBOYDE

0

. J. O. R, Morrs, Protides Biol, Fluids, Proc. Collag., 14 (1967} 543.

. Chrambach and D. Rodbard, Separ. Sci., 7 {1972) 663.

. V. Berezin, A. M. Klibanov and K. Martinek, Biochim. Biophys. Acta, 364 (1974} 193.

. 1. Flory, Principles of Polymer Chemistry, Cornell Univ. Press, Ithaca, New York, 1953.
Edmond, S. Farauhar, J. R. Dunstone and A. G. Ogston, Biockem. J., 108 {1968) 755.

. G. Ogston and B. N. Preston, Biochem. J., 131 (1973) 843.

>

o

M= OO
)

1
1
1

»m

1

W




