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SHUNDNL WIS

It Iheaes Iheem floundl thhatt bx using gell permeation: cliromatography both protein
wamdl ppoapdiide mollsculiar welgdhts: cam e determined! on a single column of agarose
wquilibratad wittdh o W guanidine: hxdboclilioride.. This technique has been successfully
agprpilied o whe sdlattiom off @ poelblemn wibicih is: ofi particular interest to us. The fact
tihatt it weas possiblle mott onlk o) dirtermine- the: sab-unit molecular weight for horse
spleen agpoffomittin butt allso e molkcudar weiglits. for each of the peptides obtained

firorm «xamoyan onmitdie citaage: off tlle: protein attests to .the versatility of the
methiod.

NI OIIXTICITIIONN

The iivom «off fiamitim, e proincipall iton storage: protein of mammals, can be
memonead by medindtitom to gitve: a1 proteim slielll. apoferritin?—S. The molecular weight
wff thits poppotiaim s heem sthowm hx- @ number of techniques to be in the range
HBooo—yts oo (meis, 3-0)).. It has: fartdier been shown that the protein could be
dissodcurtead intto subumiitts off molkcutan weiglit about 25,000 (ref. 7).

In the woumse off stmcturall studies: oni tliis. protein. cleavage with cvanogen
Ibrommidie wies umited] eutt. Snce tiler aminoe acid! composition, based on a subunit
maleaullar wedightt off 25, 00m, wouldl indivate: the presence of four methionine residues
(being tihe moanest imttegnall walite)) per subunit®;, it was anticipated that five peptides
wrandldl e fiommdl affrer specific deacage: att the: methionyvl residues. However, when
e dlaasuge weas penfiormed! onlls founr peptides: were: found®. Further, it was shown
tihat (puantittatitee N-tiamminall determinations: on tlie- total cvanogen bromide cleavage
muisttune, - e onetihodl off Smana: axo SsiwTiH", revealed only three new end groups,
amd tihese ware floandl im equiimoiin ameunts!?. This is what would be expected from
ffour paptitdies, smuae it i kanowm tihatt e N-terminall residue of apoferritin is acety-
latted!=.

Re-didremmimattiion off tile suibunitt molecular weight in this laboratory by a
mumibear off tediniques: gave @ waloe: off 1§ 500 (refs.. r3 and 14). The amino acid
wormposition hasadl om this waliee indicates: tliat tliere are three methionine residues

* Presantt indidicess: Nuss—IPlhnel«Ihstitue ffic Moleknlare Genetik, Abt. Wittmann, 1 Berlin 33,
Ehmestrisse of-731, (GIF IR,

7 e st neerqpuestts fEor nepriints- stioniid! e dinectied.
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per subunit, which is consistent with four peptides ffrom cwanagen Ibromidie ks,
and this seems to resolve the previousiy confliating data.

In the course of determining the subunit mdleaular weeightt by dbmemmuttogmagplin:
on an agarose columnin buffers.containing 6 M guanidiinelyd&rodhiloriie hy Do 85
method, as modified by FisH e al 8, we found that it was :allse possible the dliethemmmime:
peptide molecular weights with the same column. Mdleaular weightts im tire mumge
1,400-8,000 could be determined with :an accuracy «f lhetter thum 3o, Wee mgpontt
here the application of this method to the estimation «f tthe meolleculor weighttss off
the peptides of horse spleen apoferritin obtained by «oyanagen lbromidle «larvage.

Apart from these analytical :applications wve lhave @llso wmsed tihe tedbmiigue em
a preparative scale and as a test for homogeneity «f sanyples prior tho sequence
studies which, together with the speed .and reprodudibility, tiestiffy tho tihe potentiidl
of the technique.

A preliminary report of this work lhas wlready Ibeen jpresemtad™.

MATERIALS AND METHODS

Glucagon, apoferritin (horse -spleen), catalase (beef liiwean) wmdl gramicidim wiene
obtained from Mann Research Laboratoeries, New York, N.. Y..;; @lcdhell didhwdinogemnmse:
(liver), chymotrypsinogen A, ovalbumin, trypsin :and lima lhean trypsin imlbihitter
from Worthington Biochemical ‘Corporation, Fredhdld, N. J]..; creattine jpihogpiboikimase
(rabbit muscle), cytochrome |C (horse heart), haemaogldbin and insabin firom Sgma
Chemical Co., St. Louis, Mo.; ferritin /(horse gpleen) andl transfermim ((homse, provliedl
plasma) from Koch Ligh Laboratories Itd., Gdlnbrodk, Great Baittain.; aliburmim (bew—
ine plasma) from Armour Pharmaceutical (Co. Litd., Eastboume, Greatt It uiim.; approfien=—
ritir (horse spleen) and globulin (porcine) from Rentex Inc., Kankadkee, L, museggiolbim
(horse heart) from British Drug Houses Ltd., TRodle, et Bitain:; amdl haditradim
and insulin (bovine pancreas) from Schwarz/Nlamn, Qrangdbunrg, N. Y. Seplhumose:
6B (Lot No. 5073) with a nominadl agarose conternt «of (6%, was dbtaimed] fixom Plhan-
macia, Uppsala, Sweden while Bio<G€l .A-5m (moo—200 mesh, corntird] Nao. 4uihz) wass
purchased from Bio-Rad Laboratories, [Richmond, Callif., W.S.A.

Preparation of peptides using cyanogen 'bronzide
Cyanogen bromide cleavage of :apoferritin :and the «other proteims weas camisd]
out as reported elsewhere? 18 and ithe resulting peptidle miistures melyopibiihized] fom

water several times in order to remove completely @amy excess meggent «n wollattile
by-products.

Gel filtration on agarose

Agarose is a linear polysaccharide consisting «of altermate mesidines wif m-gulluctiose:
and 3,6-anhydro-1-galactose. Although there.are mocovalent arossllinkupes dtatbiilising:
the Sepharose matrix, it does not seem to lbe :afiected by high concentmattions: «ff
salt provided great care is taken during gel equilibration tho @awaid Irvdireicsis oif Hhe
glycosidic linkages. We have.already described tthe experimenttal procadume for coliumm
preparation, gel equilibration, sample preparation umd applicdtion amdl alko for
guanidine hydrochloride purification®™. Tt should Ibe pdintedl @utt it @l somplkes
were reduced and carboxymethylated jprior to «dhromatograpiy.
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GEL FILTRATION OF PROTEINS AND PEPTIDES 269
RESULTS

Chromatographic resolution

Effect of Houw rate. Fig. 1 shows the effect of the flow rate on the resolution
obtained by chromatography of identical samples of marker proteins and peptides.
It cam be seen from the elutiom profiles that the resolution increases with decreasing
fiow rates and that adequate resolvimg power without significant zone broadening
can be attained with a flow rate of 2 ml/h.
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Fig. 1. Effect of flow rate om the chromatographic resolution. (a) Elution profile obtained following
fractiomation at 4 mi/h. (&) Elution profile obtained following chromatographyv of an identical
sample at 2 mifh. A = Bovine serum albgmin; B = ovalbumin; C = horse heart mvoglobin;
I = cytodoome C: E = tryptoplam.
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Fig. 2. Effect of gell matmix om tive chromatographic resolution. (a) Gel filtration on Sepharose 6B.
(b) Ged filtmation of am tdemticall sample oo Bio-Gel X-5m. A = Transferrin; B = alcohol dehvdro-
genmase: € = haermpoglobim: [ = insaling Iy = insulin. B chain; D, = insulin, A chain; E =
tryprtepiham.
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270 C. F. A. BRYCE, R. R. CRICHTON
Effect of gel matrix. Fig. 2 shows two typical elution profiles for the same
sample on two differemt molecular sieve matrices following chromatography under
similar conditions. From this it cam be seen that for the molecular weight range
11,000~80,000 there is little difference im the elution pattern. For molecular weights
less than g,000, however, it is apparent that the resolving power of the Sepharose
is much greater tham that of the Bio-Gel equivalent. Whereas on Bio-Gel A-5m the
two chains of insulin elute as one unresolved peak, on Sepharose 6B the two chains
can be easily separated. Fisu «f al.' previously noted that insulin ‘‘eluted as a broad
peak” on a column of Bio-Gel A-5m.

Treatment of data

In all these studies we describe the chromategraphic behaviour of the proteins/
peptides by the parameter Ky« *, where

K:uw = (Vc - %)))//(W; - %’))

Vg the exclusiom volume, is obtained by co-chromatography of the sample with
Dextran Blue zooo, which is completely excluded from the gel matrix, while V7, the
total wolume accessible to the solvemt, is obtained by co-chromatography of the
sample with tryptophan. The elutiomn volume, ¥, is the position at which the pro-
tein/peptide elutes following gel filtration. Once this parameter has been determined
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Fig. 3. Molecular weight determimation by gel filtration on Sepharose 6B in the presence of
6 N guamidime hydrochloride. Distribution coefficient (Awv) is shown as a function of molecular
weipht amd the limear relatiomships were computed by the method of least squares analysis.
Thve mumiers refer to the proteins: and peptides listed in Table T.
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GEL FILTRATION OF PROTEINS AND PEPTIDES 271

it could be related to the molecular.weight by either the empirical relationship of
ANDREWS20

K,,=a—->blghM
or the theoretical treatment of PoraTH?2!
K:‘{s = k1 — kz ]\41/2

where a, b, &, and %, are constants and M denotes molecular weight.
Regression analysis of the experimental data was obtained from computations
using a PDP-8/L computer (Digital Equipment Corporation, Reading, Great Biritaim).
Fig. 3 shows the plot of the distribution coefficient, Kyy, versus the logarithmm
of molecular weight for the molecular weight markers used in this study (see also
Table I). It can be seen from this empirical relationship that there :are two regioms
of apparent linearity, one in the molecular weight range 11,000-80,000 amd the

other in the range 1,400-8,000. These linear relationships can be expressed im the
forms

log M = 5.091 — 2.652 K,,
and

log M = 5.176 -~ 2.357 K,

respectively.

TABLE I

PROTEINS AND PEPTIDES USED AS MOLECULAR WEIGHT MARKERS IN THIS STUDY

No.  Protein|peptide Molecular Rav (Mol. wd.)LiR 218
weight
I Transferrin 76,600 0.0758 276.77 oL 4230
2 Serum albumin 68,000 0.1024 200.77 OGS 2
3 Catalase 60,000 0.1144 24495 o.48357
4 v-Globulin, H chain 55,000 0.1343 234.52 ©.F02Y
5 Ovalbumin 43,000 0,1769 207.36 0.F616
6 Alcohol dechydrogenase (liver) 41,000 0.1795 202.48 0.56044
7 Creatine phosphokinase 40,000 0.1875 200,00 OFT2Y
8 Chymotrypsinogen 25,700 0.2380 160.31 06300
To) y-Globulin, L chain 23,500 0.2673 153.30 OO4YH
10 Myoglobin 17,200 0.3218 131.05 0683535
11 Haemoglobin 15,500 0.3630 124.50 0710360
12 Cytochrome C 12,300 0.37063 110.91 7222
13 Trypsin — CNBr 1 9,209 0.4893 95:96 0.7882
14 Lima bean trypsin inhibitor 8,400 0.5141 9163 e.forz
15 Myoglobin — CNBr I 8,181 0.4960 9045 OIS
16 Cyvtochrome C-— CNBr 1 7,733 0.5492 87.:091 0. 8Srer
17 Trypsin — CNBr 11 7,536 0.5518 $6.81 0. 8204
18 Trypsin — CNBr III 6,533 0.5731 $0.83 . 8308
19 Myoglobin — CNBr IY 6,235 0.5784 78:96 0.8333
20 Glucagon 3,480 0.7021 58:99 @, 888¢g
21 Insulin, B chain 3,400 0.7127 58.30 ©.8933
22 Cytochrome C — CNDBr 11 2,780 0.7579 52.73 0T 08
23 Insulin, A chain 2,340 0.7739 48.37 ©.qu8z
24 Cytochrome C — CNBr 1II 1,780 0.8470 2.19 ©.QYGH2
25 Bacitracin 1,411 0.8563 37.56 QW7

J. Chromatogr., 63 (ng7r1) 267—28%0



272 C. F. A, BRYCE, R. R. CRICHTON

Fig. 4 shows the data plotted according to PoraTu’s theoretical treatment
for random coils?! (see also Table I). From this it can be seen that there are essentially
two linear relationships and these are defined as shown in the figure.

One possible explanation for an empirical relationship of this nature, in view
of earlier studies by DETERMANN and others19 20,22, would be to suppose the presence
of two populations of gel matrix differing only in the nature of their porosities.
DETERMANN AND MICHEL2? and LAURENT AND KILLANDERY have observed that,
for a given molecular weight, the K,y increases with a decreasing degree of cross-
linking over the range of the Sephadex series. Extrapolating the results of these
studies to our experimental data for agarose it would seem possible that in the micro-
structure of the starting material there was a pore size distribution such that the
material with the greater extent of cross-linking was involved in the peptide chroma-
tography while that with a somewhat lesser degree of cross-linking was responsible
for fractionation of the polypeptide chains. Using this assumption it can be seen
from the general form of the equation

logM =C, — C;K,,

that for the region of protein chromatography (11,000-80,000 Daltons) the absolute
value for C, is greater than the corresponding value for the linear region involved

in peptide separation (r,400-8,000 Daltons) and from the general equation in the
other form

K =C, = CoM'"?
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Fig. 4. Molecular weight determination by gel filtration on Sepharose 6B in the presence of
6- M guanidine hydrochloride. The figure shows the treatment of the experimentally determined
distribution coefficients according to the method of PoraTH. I(y!/3 is plotted as a function of
(molecular weight)!/2and the linear relationships were computed by regression analysis as before.
The numbers refer to the proteins and peptides listed in Table I.
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‘GEL FILCTRATION OF PROTEINS AND FEPITDES 273

the converse is true. Both these findimgs are: comsistent with the experimental data
obtained by other worlers?®.22,

The veasom for the differemces im mesolutiom im the low-molecular-weight
region (I,400~8,000 Daltoms) betweem Sepharose 6B and the Bio-Gel equivalent
may merely reflect a diffferemoe im the preparation of the agarose spheres..

Since it is kmowm that the degree of crosslimking for agarese is attributable
to hydrogen bondimg amd that a high comcentration of goanidine hyvdrochloride can
cause destruction of hydrogem bomds, it is smrnprisimg: that amy sach separation should
take place at :all.

One problem of such gel filtration columms is that the flow rate decreases
slowly with time and im some extmeme cases the colummn flow can even stop completely,
although if care is takem at the equilibration stage the latter is seldom, if ever,
.observed. This is almost certaimly a meflectiom of high salt degradatiom of the gel
matrix resulting in the gemeration of fines. Despite the slowly changing flow charac-
teristics, howewver, thene was mo discermilble effect om the Ky valwes..

Recently AFANAS'EV derived am equatiom for the dependence of the logarithm
of the distribution coefficient of the protein wpom its molecular weight to the power
2/ from consideration of the surface ememgy at the proteim-solvemt imterface and the
distribution of substamces im @ two-plhase system™. The: relationship which he found
from such theoretical comsiderations is givem by the following equation:

4880, — a NPV
RT

or, more generally, for a given system as:

m (1/Ky) = - M3

Im (1/K,) = A-M>?

where .4 is constamt.

It would be expected therefore that whem a graph is drawn with co-ordinates
M2 and log (1/Kg) a straight line passing thromgh the origin would be obtained.
Fig. 5 shows the results of plotting omr experimental data in this manner. Once again
two linear velatiomships were obtaimed but meither of these straight lines passed
through the origin. We found it possible to explain the emnpirical relationships obtained
from such treatment of owr data by omce agaim involkimg the comcept of two gel
porosities.

For the el population of loawer poresity. 1 we assume: that the fraction of the
total gel matrix that is imvolwved im protein chmomatograpihy is C,, them we have:

. e — lV,'c - Vm r 4
K, (empirical) = W =W, (1)
and

. . _ v, — (1 — OWpl — CHy, ' 7
Kuv ((Itﬂncomettncaﬂ)) == CW; — CV«,, (2)

where Kay (empirical) is the Ky value determimed experimentally and Kiy (theore-

tical) is the true value for tie Ky im the @ell matrix that is involved in polypeptide
gel filtration. Thus from (=)

J- Climonuatngy:., 63 (1971) 267-280



274 C. F. A. BRYCE, R. R. CRICHTON
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Fig. 5. Molecular weight determinations by gel filtration on Sepharose 6B in the presence of
6 M guanidine hydrochloride. The figure shows the treatment of the experimental data according
to the method of Aranas’ev. (Molecular weight)?/? is plotted as a function of log (}/Nyy) and the

linear relationships were computed by regression analysis as before. The numbers refer to the
proteins and peptides listed in Table 1.

V. —V
K, (theoretical) = 1/C-2—-=2
( ) / vV, =V,

= 1/C- K, (empirical)

hence
log [1/K,, (theoretical)] = log (1/K,, (empirical)] — log (1/C)
Now from AFANAS’EV’s eqﬁation
A-M?*? = log [1/K,, (theoretical)]
hence
M?3 = 1/4-log [1/K,, (empirical)] — 1/4-log (1/C)
From regression analysis of our data we obtained

M?*? = 1894.16 log (1/K,,) — 244.737

hence
244.737
and
C = 0.7424

J- Chromatogr., 63 (1971) 267-280



GEL FILTRATION OF PROTEINS AND PEPTIDES 275

Thus from such computations it would seem that about 75 9%, of the gel matrix is
responsible for the fractionation of the polypeptide chains.

For the gel population of greater porosity. 1f we assume that the use of tryptophan
is not a true measure of the total volume accessible to the solvent (I’¢) and that the
theoretical value for this parameter is V7, then we have

. v — VL’ - Vo

K,, (empirical) = V=, (3)

K,, (theoretical) = I;i ——ZQ . (4)
- 0

K,, (tryptophan) = K;';:_'[;g (5)
- 0

From eqn. (5) we have

V, = Vo + Vo K, (tryptophan)

V=
K, (tryptophan)

Substituting this value in eqn. 4
V. — Vo
V, — Vo + Vo K, (tryptophan)
K. (tryptophan) B

K,. (theoretical) =

Vo

V,— Vo
V.V, K, (tryptophan)

hence
K., (theoretical) = K,, (empirical)- K, (tryptophan)
Substitufing this relationship once again into AFANAS’EV’s equation we have,
M33 = 1/A-log [1/K,, (empirical)] + 1/A4 log [1/K,, (tryptophan)]
From regression analysis of our data we have,

M?3 = 1265.8 log (1/K,,) + 43.603

Theoretically, the intercept on the y-axis should be the molecular weight of tryptophan
to the power 2/3. Thus we would expect this value to be (204.2)%/2, which is equal
to 34.68. It can be seen that this value is close to the experimentally determined
value of 43.603. This would appear to justify our use of tryptophan as a measure
of K, and indicate that there is very little, if any, adsorption.

The elution profile obtained by chromatography of the cyanogen bromide
cleavage mixture of horse spleen apoferritin is shown in Fig. 6a. Also shown in this
figure are the molecular weights computed for the various molecular species. From
these computed values we found it difficult to combine any permutation of the
peptides to give us the magnitude of the molecular weight of the apoferritin sub-
unit!®. 14, In order to rationalise this situation we were obliged to assume the presence

J. Chromatogr., 63 (1971) 267—280



276 C C. F. A, BRYCE. R. R. CRICHTON

ot a small, as yet undetected, peptide. This peptide, we assumed, either contained
no tryptophan or tyrosine or was sufficiently small to be included under the tryptophan
peak. As a result we initially pooled the tryptophan peak and attempted to remove

(0)
Apoferritin subunit  Peptidel Peptide I PeptideT Peptide IV Tryptophan
(18,500) (9,500) (T,400) (6,400) (3,400)
[
|
! !
' !
E 280 | i i ‘
| I ' :
I ! T -
(b) i ! ' I/ ] !

. 1 i 1

30 40 50 60
TIME (HOURS)
Fig. 6. (a) Elution profile obtained from fractionation of the cyanogen bromide cleavage products
of horse spleen apoferritin on a column of Sepharose 6B cquilibrated with 6 Al guanidine
hydrochloride, pH 5.0. (b) Elution profile obtained from fractionation of the cyanogen bromide
cleavage products of horse spleen apoferritin by the modified method of chemical cleavage (sce
text).

1Or
os - Peptides I.II,TI,1IV
Eazo -
ob |-
o4 |
o2 r
Peptide V

20 40 60 ‘80

FRACTION NUMBER
TFig. 7. Elution profile obtained from chromatography of the cyanogen bromide cleavage products
of horse spleen apoferritin on a Sephadex G-15 column (2.5 cm X 45 cm) equilibrated with 1 M
acetic acid. Peptides I, IT, TIT and IV are eluted as onc peak with the void volume while peptide
V is retarded (see text for peptide nomenclature).
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GEL FILTRATION OF PROTEINS AND PEPTIDES 277
the guanidine hydrochloride by column chromatography on a Sephadex G-10 gel
matrix. This proved to be a rather troublesome procedure and so it was decided
to chromatograph the pure cyanogen bromide digest on a column of either Sephadex
G-10 or G-15 equilibrated with 1 M acetic acid; the peptides were detected by their
extinction at 230 or 235 nm. Fig. 7 shows the results of such a fractionation. The
low-molecular-weight species so obtained was purified by further gel chromatography.
Finally the pure peptide was hydrolysed with constant boiling 6 N HCl at 110°
for 16 h and the resulting hydrolysate subjected to amino acid analysis using a
Jeolco amino acid analyser (Japan Electron Optics Laboratory Co. Ltd., Chiyoda-ku,
Tokyo). The composition of the peptide was found to be: Asx, 1.1; Glx, 0.98; Gly,
1.05; Leu, 1.0; Phe, 0.7; Ser; 0.7, HSer, present but not determined*. The peptide
was purified to the extent that contaminating amino acids were present at less than
0.15 moles per mole of peptide. From these analyses the molecular weight of the
peptide was calculated to be goo Daltons.

We also found it possible to improve the resolution of the separate peptides
by treating the protein, prior to the addition of the cyanogen bromide, for 20 h at
25° with a solution of 3 mAM dithiothreitol/80 % (v/v) formic acid which had been
saturated with nitrogen??! (see Fig. 6D).

It can be seen now that the four peptides, IT — 8,400 + 400, III — 6 400 +
300, IV — 3,400 + 100 and V — goo, add up to give a molecular weight of 19,100 +
800, which is in reasonable agreement with our previously determined value for the
subunit molecular weight. :

The two possible ways in which we can explain the origin of peptide I are
shown in TFig. 8. This peptide (mol. wt. 9,500 - 500), which contains an intact
methionine, could on treatment with cyanogen bromide give rise to either peptide
IIT (mol. wt. 6,400 + 300) and peptide IV (mol. wt. 3,400 &+ 100) or peptide II
(mol. wt. 8,400 + 400) and peptide V (mol. wt. goo). We are at present involved in
establishing the alignment of these peptides in the subunit polypeptide chain and
thereby should be able to distinguish between these two possibilities.

(A APOFERRITIN SUBUNIT

| — {Mer{ 1Mer-{ JMer{"]
Peptide I { CNer : '
| fMet{ ] I |
§ CNBr
| m L]
(B) APOFERRITIN SUBUNIT
! [Metd IMet jMerD
§ CNBr Peptide 1
| o | A fmer{]
§ CNBr
l o j

Fig. 8. Possible peptide alignments for the products of cyanogen bromide cleavage of horse spleen
apoferritin.

* Asx, aspartic acid or asparagine; Glx, glutamic acid or glutamine; HSer, homoserine.
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278 C. F. A. BRYCE R. R. CRICHTON

We found it possible to isolate each peptide preparatively by either one of
two methods. The guanidine could be removed by column chromatography on a
Sephadex G-10 gel matrix as described before for the small peptide V or, in the case
of peptides I, II, III and IV, the salt could be removed by dialysis. The porosity
of the dialysis tubing used in this way was decreased by acetylation with pyridine~
acetic anhydride (3:1) for 8 h at 60°. The pyridine and acetic acid were then removed
by extensive washing.

Eze0 A B

|

28,500 20100 8400

30 40 50

TIME (HOURS)

Fig. 9. Elution profile obtained from chromatography of a commercial preparation of lima bean
trypsin inhibitor (Worthington Biochemical Corporation) on a column of Sepharose 6B equili-
brated with 6 M guanidine hydrochloride, pH 5.0. The tryvpsin inhibitor activity is associated
with peak C while peaks A and B merely represent commercial impurities.

A further example of the application of the method is given by the elution
profile obtained for a commercial preparation of lima bean tryvpsin inhibitor (Worthing-
ton Biochemical Corp.) as shown in Fig. 9. It was found that all of the detectable
trypsin inhibitor activity was associated with the lower-molecular-weight species
(mol. wt. 8§,400) and that the higher molecular-weight-species merely represented
a commercial impurity?3.26, Bv gel filtration in 6 M guanidine hydrochloride it
was possible to resolve two impurities, I and II, the molecular weights of which were
computed to be of the order of 28,500 and 20,100, respectively.

DISCUSSION

It has been observed by TANFORD# that all proteins so far studied in concen-
trated guanidine adopt a completely disordered state, the random coil conformation,
and that the chain length of the resulting unfolded protein is a direct function of
the molecular weight. In the context of gel filtration this must certainly be considered
an asset since its use does not necessitate any consideration of the shape factor?.
As it has been found that the ratio of the hvdrodynamic volume of a protein in a
random coil conformation to the hyvdrodynamic volume in its ordered structure is
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about 10:1 (refs. 28 and 2q) it would be expected that the operating range for the
gel matrix would be decreased tenfold. This would result in the exclusion limit for
Sepharose 6B being reduced to about 400,000. The actual exclusjon limit we observed
by extrapolation of the data in Fig. 4 is seen to be of the order of 120,000-150,000.

Recently a technique was developed for peptide chromatography and mole-
cular weight determinations using an organic solvent system, phenol-acetic acid -
water, as the denaturant®. The operating range was, however, limited to material
of less than 35,000 Daltons. However, TANFORD? pointed out that such organic
solvents do not give rise to a random coil conformation but rather to a state where
there is a high helix content; this may thus explain why these workers found anoma-
lous proteins.

Other workers have recently determined peptide molecular weights in the
presence of the anionic detergent sodium dodecyl sulphate. These workers found
that such determinations could be carried out with an accuracy of about 18 9§ although
they also found anomalous peptides®. We have also attempted to characterise
peptides by extending the range for SDS-polyacrylamide gel electrophoresis but,
as we have already stated, the error in the estimation was such as to make a more
intensive investigation unprofitable!4 32,

We have already mentioned that we have applied this technique preparatively
for the isolation of peptides from protein digests. This has the advantage over
fractionation carried out in normal, non-denaturant buffers in that it eliminates
any specific or non-specific aggregation of material and thereby obviates recourse
to extensive re-chromatography. Furthermore, as Piz and others (16, 33) have indi-
cated, by continuous monitoring of the effluent, such techniques provide a sensitive
and reliable visual estimate of polydispersity and heterogeneity.
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