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INTRODUCTION

Starch and agar gels are now widely used as supporting media for the zone electro-
Pphoresis of proteins. Agar gel below neutral pH was found by RoBINsOX ef all to
be of particular value for the study of human haemoglobin variants. The pattemns
obtained exhibit certain features, however, which suggest that the mechanism of
separation is not simply electrophoretic, but that other factors are imvolved. Agar
gel electrophoresis of proteins at conventional pH (8—g) has been widely wsed, and
gives results which are often superior to those obtained on paper=—*, for imstance,
with serum proteins. In this pH range the separation of haemoglobins is comparable
with their behaviour on paper®—7, in particular with respect to the sequence of
migration, which reflects the isoelectric points. Thus, Hb-S*, Hb-C, etc. separate
on the cathodic side of Hb-A, and Hb-F is mnot resolved from the katter. I, however,
the pH is reduced to 6-6.5, Hb-F is widely separated frorn Hb-A®* and Hb-S and
Hb-C separate clearly on the anodic side. In addition Hb-D—which on paper and
other electrophoretic media is indistinguishable from Hb-S—does not separate from
Hb-A. Other features are the characteristic curvature of the pigment zones, other
than Hb-F, and the fact that only this haemoglobin appears to have a constant
mobility. ‘

EXPERIMENTAL

The following procedure has been used in the present work for the routine separation
of haemoglobins. A 19, gel of Difco Bacto Agar in M/2 ctrate buffer (pH 6.2), is
prepared by boiling and poured on a thin glass plate (z0 in. X g in.) to givea T mm
layer. Strips of Whatman 3 MM filter paper, shightly narrower than ¥ mm, are im-
pregnated with haemolysates, lightly blotted and imseried imto shis made with a
razor blade, about 3 in.—4 in. from one end of the gel. The plate rests on the rims of
plastic boxes containing buffer solution, with which contact is made by filter paper
bridges resting on the surface of the gel. The latter is protected against evaporation

* Abbreviations: Hb-A, human normal adunlt haemoglobin; Hb-F, bmman foetal hamogloﬁin;
Hb-S, Hb-C etc. are the various genetically-determined variants of homan haemoglobim.
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316 W. B. GRATZER, G. H. BEAVEN
with a sheet of polythene film lightly smeared with paraffin oil. Contact between the
buffer reservoirs and reversible electrodes is made with strips of plastic sponge
soaked in buffer. Optimal separation is achieved in ca. 4 h, with a potential of g0 V
across the gel (total applied voltage 200 V), with a current of 20 mA. After completion
of the electrophoresis the pattern is photographed by comtact, and may then be
stained with a protein or haem-specific stain. For the former, the requisite part of
the gel is transferred to a smaller glass plate, the protein zones fixed by immersion
in methanol-acetic acid mixture for some minutes, and the gel allowed to dry ower-
night in air. It is then stained with amidoblack or azocarmine by the procedure of

phoresis and the stabilised reagent of SWARUP et al.? gives excellent results. The
direct spectroscopic examination of separated zones of native haemoglobin in agar
gel has already been described?. .

The unusual zone shapes (Fig. 1) preclude the estimation of haemoglobin
components by simple densitometry, but reliable results can be obtained by dye-
elution. After staining and differentiation with a glycerol-containing reagent® the
zones can be excised with a razor blade, peeled from the plate, the dye €luted in a
known volume of N/50 aqueous alkali (e.g. 4 ml) and estimated spectrophotometrically

(at 620 myu for amidoblack).

RESULTS

Human haemoglobin variants

Fig. r shows typical separations of several human haemoglobins. The curvature of
all the zones, other than that of Hb-F, is characteristic. It is also apparent that the
relative mobilities of the various species cannot be compared in different samples.
The haemoglobin variants, the behaviour of which in agar gel electrophoresis at low

s/c Fa sa S/F A

Fig. 1. Typical agar gel electrophoresis patterns of human haemoglobin mixtures; AMj/z20 citrate
buffer, pH 6.2; contact photograph -of unstained zones.

pH has previously been described, are Hb-S, Hb-C1.11 (all slower than Hb-A) and the
folowing, which behave identically with Hb-A: Hb-D1.12, Hb-E3, Hb-I, Hb-],
“Chernoff-N”’, Hopkins-I, Hopkins-II, Lepore!2. The relative mobilities of haemo-
slobins in agar electrophoresis at pH 6, compared with conventional zone and free-
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AGAR GEL EIECTROPHORESIS OF HAEMOGLOBINS 317

boumdary electrophoresis, are as indicated im Fig. 2. Several samples containing
Hb-H were examined, and this variant was found to migrate more slowly than
Hib-A, but enlike the other variants, with a straight front (Fig. 3).

A D E Ag oy Hog Cyy Cr Le
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Fig. =. Migratiom sequemnces of homan haecmoglobins im agar gel (cw. pH 6) and paper (pH 8.6)
electrophoresis.

Al sammples of Hb-A also show a mimor component (Hb-Ap) running in the
posiiion assocdated with Hb-F, from which, however, it has been distinguished!?®, and
a forther smmall mmpomenm“—»nwhmh appears to arise from ageing of the haemolysate.
Other minor components of Fib-A are indistinguishable from the main component?3,

FExporimmental veriables
(@) Tywpe of ager- Unlike agar electrophoresis at high pH, the results with haemo-

globins below mewitrality are critically dependent on the agar used. Of seven commercial
preparations tested, Difco Bacto Agar and B.D.H. Japanese agar give separations

Hiy--3—

Fig. 3. Agar gel clectrophoresis of an Hb—-‘&/be—H mmxtmre compared with an Hb-F/Hb-A
mictwre; (@) 4 b, (b) 6 h migration.
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318 W. B. GRATZER, G. H. BEAVEN

of the kind shown in Fig. 1 (the former being the meore satisfactory), while the re-
mainder gave no separation whatever. Fig. 4 shows typical resnlts for the same sammples
as used in Fig. 1, examined in Difco Noble Agar (a purified form of Bacto Agar) and
Light’s Ionagar II respectively. Different batches of Difco Bacto Agar all gawe
satisfactory results, and a sample purified by the procedmre described by Burssarb
AND PERRIN1? showed unchanged behaviour.

e ~S/C F|S T FjA

Fig. 4. Agar gel electrophoresis of human haemoglobin mixtures in 1 2} gdls of Difco Nolble Agar
and Light's Ionagar 11, showing absence of separaticm.

(b) Thickness. It has been found important to restrict the gel thickmess to ca.
I mm in order to minimize heating effects. In thicker lavers spurions zones appear,
many of which can be suppressed by incorporation of cyanide (ce. M/ro0) in the
buffer, and may therefore be presumed to be methaemoglobin and imtermediate
oxidation stages?s.

(¢) Voltage across gel. Any appreciable increase in the potential gradient abowve
about 2 V/cm leads to rapid heating, again with formation of spurions zones. The
temperature at the surface of a 1 mm layer under the standard conditions is ca. 27°
and must therefore be considerably higher at the centre of a thicker layer. Since on
relatively brief exposure, even to 35°, haemoglobin undergoes considerable changes
in properties, including electrophoretic mobility?®, the joint resirictioms on gel
thickness and working voltage are of great importance.

(2) Duration of electrophoresis. For Hb-F and the minor componemi Hb-Ay
migration distance in the gel is directly proportional to time (sec below). With
haemolysates of the usual concentration (ca. 10-15 %) the distribuilon of zomes s
optimal after about 4 h. With the slow-moving haemoglobins migration ceases after
about this period, and in some cases the zone actually begins to move back towarnds
the cathode (Fig. 5).

J- Chromatog., 5 (1961) 315-329



AGAR GEL ELECTROPHORESIS OF HAEMOGLOBINS 319

Fig. 5. Agar gel electrophoresis of an Hb-A/Hb-C mixture, photographed (a) 4 and (b) 6 h after
start of experiment.

(¢) Condition of samples. The mobility of a pigment in the gel depends on its
concentration, except in the case of Hb-F and Hb-A;z. Fig. 6 shows the electrophoresis
of serial dilutioms of an Hb-A/Hb-F mixture. Whereas the mobility of the Hb-F
Temains constant, the Hb-A component is progressively retarded with dilution. This
effect accurs only below a limiting concentration and it is therefore desirable to use
comcentrated haemeolysates. Retardation cannot be avoided, however, when a com-
ponent is present in low proportion, such that its own partial concentration is low.
The discrepancy between the mobility of Hb-A in a normal adult haemolysate and
in cord blood haemoglobin (cf. Fig. 1) is explicable in these terms, and must beregarded
as a fundamental drawback of the method.

Equilibration of the samples is unimportant, as prior dialysis against buffer has
no effect on the separations or the zone shapes.

Fig. 6. Agar gel electrophoresis. of serial dilutions of: (a) an Hb-A/Hb-F mixture; (b) an Hb-A/
Hb-C mixture; benzidine stain. Note fast-running minor component (Hb-Aj).

J. Chromatog., 5 (1961) 315-329
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() Application of samples. The possibility was comsidered that the: zone curvature:
and back-streaming arise from the presence of the filter-paper strips im the sample:
slits, or the slits themselves. Remowal of the strips after the pigment has entered
the gel, and sealing the slit with moltem agar do mot affect the results, however.
No improvement is found whem the samples are applied differemtly, e.g. by pipetting
a just molten mixtmre of agar and sample into a slot, or by impregmation of broader
filter paper strips lyimg omn the snurface of the gel,, as proposed by MARDER AND CONLEYY2,

(g) Bugfers. The matume of the separation depends om pH,, jomic strength and the
anionic species present. The fomic stremgth is mot wery caritical, but amy considerable
increase leads to excessive heatimg under the requisite potemtial gradient. At a citrate
ion concentration of less tham ca. 37/30 zone curvature and back-streaming become:
very pronounced.

A mumber of buffers camse predpitation of haemoglobim mear the start line.
These include pyridine acetate, phthalate, and, to some extemt, cacodylate. Witk
other buffers, badk-streaming and the dependence of mobility om pigment concentra-
tion are wery marked, . phosphate and maleate. In am unbuffered systemn (J4/20
sodium chloride), wirere tlre Jocal pH is presummably determimed by the: protein,
reasonable separations are adhiewed.

Good results, comparable with those in dtrate, are achieved by the use of 3/25;
ethylenediaminetetraacetic add (EDTA) buffer, and indeed the zomes are somewhat
sharper (Fig. 7). The effects of variation in pH are discossed belowr..

AJEL e . SF AJE A
Fig. 7. Agar gel electrophanesis patiterms of hommam haemogglofiims im M/z5 EDTA buffer; pEH 6.4..

MBECHANISM OF SEPARATION OF HAFNOGLOBINS

Sequence of migration

In electrophoresis in other supporting media, induading agar gel at higher pH, the
separation of hnmnyam ]lnaxezmoxgﬁmhﬁxms is governed by differemces im thefir owerall charge.
In a group of such doesely related spedies a simple relatiomship of this kind is te be
expected, and the degree of separatiom of amy two pigments is im fact closely related
to their relative mobilities im freedboundary clectrophoresis™®. The sequence: of separa-
tion of a series of haemoglobins:

HFASC

J.- Clinonmatiog.,, 5 (2961)) IT5~32 0
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will be independent of the direction of migration (except possibly over an .extreme
PH range, insofar as their mobility/pH curves may not be parallel) and will represent
the order of isoelectric points. In agar electrophoresis under the stated conditions
the sequence is:

CSHATF

This alteration indicates that the separation is not primarily dependent on the
charge, but on factors which must reflect some other features of the protein structure.
Since the above species have isoelectric points between the approximate limits16
of pH 5.6 (Hb-H) and 7.3 (Hb-C), these factors must be of predominant importance.

Specificity for haemoglobins

‘The mechanism in question evidently applies only to the haemoglobins. When serum
proteins are run in agar gel under the same conditions (pH 6-6.5) the separation is
somewhat similar to that obtained on paper, and certainly no better; the characteristic
curved fronts are not observed. oo

Any form of ‘“molecular sieve’’ mechanism, such as is believed to operate in
starch gel electrophoresis!? can be excluded, as GORDON et al.2 found that retardation
with increasing agar concentration occurred only for protems of very large molecular
weight. Furthermore the behaviour of serum proteins in agar gel suggests that -only
a conventional electrophoretic process is operating. In any case the identical molecular
weights, and presumably closely similar shapes, of the haemoglobin variants would
render a molecular sieve mechanism irrelevant.:

Szmzlarzty to zon—exchange colummns

Some remarkable similarities exist between the m1grat10n sequences of haemoglobins
in agar gel electrophoresis and their order of elution from ion-exchange columns at
the same pH®. This, in increasing order of Ry value is:

CDSEGAFH
compared with the migration sequence

CSHGADEF

for the same species on agar.

Hb-F is scarcely adsorbed on the resin and Hb-E moves only slightly slower
than Hb-A19; both are therefore quite similar on columns and in agar gel by contrast
with their normal electrophoretic behaviour. The behaviour of Hb-H can presumably
be explained by its outstandingly low isoelectric point. The position of Hb-D is a
real anomaly. It seems possible, however, that the different forms of this variant2o,
though electrophoretically identical on paper, might differ in agar electrophoresis
and column chromatography.

J. Chromatog., 5 (1961) 315=329
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A sithmatiiom maw noww be: envisaged: in: which the haemoglobins are ‘‘eluted” in
tihe: catthodl ¢ directipm by the: electroendosmotic buffer flow, Hb-F being essentially.
ummadisentredl. Efax:mog;lbbihs,, A, S and € will be desorbed in the same order as on
mom-eswiamge: coliimns.. The: “Rp'” walue of Hb-F is less than unity, however, (v.z.)
amdl this cam be: explhnnedl i tenms: of its retardation by the superimposed field.
Firom available: isoelkctic: point datal® most of the haemoglobins would be expected
to e posittivelly cllanged! atr the: working pH, but PRiIxs?! states that their isoelectric
poimtts ame lower by twer pHI units: in citrate (« 0.1) compared with phosphate. Dif-
feremees; im the same: sense: were: earlier observed for horse haemoglobin?2. The field
willl thhem be opposing; the: “elution’” towards. the cathode. This situation is entirely
consistent wiith the behaviour of the: pigments at still lower pH (v.2.).

Defpemdanae off adsonption om HEH

By amalogy witth jom-exchange: columns?® the degree of adsorption should decrease:
wiith imereasimgy pH], andl iff the: slowest-moving zones. in agar are the most strongly:
adsonibed), tthew should be:successively desorbed: by progressive increases in buffer pH..

. 8. Effectt off pil waniatiom om separatiom of human haemoglobms in Difco Bacto Agar gel,
usingy acethtie;, cdimate;, triethanolamine: or barbitall buffers of constant ionic strength. An Hb-A/
Hih- - mikture: was: used! instead! of HIb-A: over the pH range 8.0~9.5.

J- Chromatog., 5 (1961) 315—3=g.
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Examination of a typical agar -electrophoresis pattern ((e.g. Fig. x; see also NARDER
AND CoNLEY?!?) shows that zone curvature :and trailing is most mrarived wiith tive
slowest-moving haemoglobins. The desorption which :accompamies @am imorease im
PH should eliminate the manifestations.of :adsorption. The results of agar @el lectmo-
phoresis over the pH range 4.5-9.0 are shown in Fig. 8, for buffers of constamt fiemic
strength. At the lowest pH severe trailing, with prebable denaturation, is @ccnrmimg,
but in the range 5.0-5.5 separations in the above-mentioned sequence are dhserwed.
The Hb-F zone, however, has the curved shape of the other haemoglobins amd may
therefore be considered to be adsorbed. At pH 6.0 the Hb-F zone is straight,, and tive
Hb-A zone is the next to lose its curved shape with further increase im pH;; by pH 7.©
it is completely straight and resembles that of Hb-F. Moreower, the medhamism
responsible for the separation of these two pigments is mow suppressed, and they
migrate in mixtures as a single zone. Hb-S is next desorbed :and by pH 7.3 it too kas
a straight zone shape and is not resolved from Hb-A. Hb-C is the last to metaim @
curved front, and this is only entirely lost by pH 8.0. At this peint there is little
separation of any of the variants. With still further increase in pi, the wsnal megion
for the electrophoretic separation of approximately meutral proteins is meadhed, and
agar gel is then operating as a normal supporting medium. The samples showm im
Fig. 8 include a specimen of Hb-E trait haemoglobin, and this wariamt, wiidh is
unresolved at the lower pH value, is now separated. The resclution of Hb<C is diear,
and it will be noted that the relative positions of Hb-A :and Hb<{C with respect to
polarity are reversed, compared with the lower pH. Thus the €lectrophoretic medha-
nism at high pH is conventional and .depends on charge differences. Becanse of tle
large magnitude of the electroendosmosis the displacement is always cathodic.

Chromatography in agar gel

If the mechanism of fractionation of haemoglobinsin.agar gel:at low pH is adsonptive,
it should be possible to dispense with the potential gra&emt if @ liquid flow cam e
maintained.

Accordingly a mixture of Hb-A and Hb-F (ca. 0 mg) was rapidly miwxed wiith
some just-molten agar gel and poured .on the surface of :a column of agar gel (o cm 3x
I cm diameter). After this had set, another layer of just-molten agar was added,
and the column eluted with A /20 citrate buffer. Elution was slow (less fthvam x mml
in 24 h) but the haemoglobin migrated .down the .column. The first elnatte firactions
were yellow due to an impurity in the agar. The pigment was eluted aftter some days
at 4° as a moderately concentrated solution. No separation of zenes on the colmmmn
was observed, possibly because :of diffusion, but examination of the first pigmemt
fraction®by the moving-plate spectrograph?! showed it to be @almest pure Hib-IF,
indicating that the adsorption mechanism was .operative.

Dilution effect and adsorption isotherm

An explanation of the dilution effect (Fig. 6) is now ewvident. It is lnowm=> tiat the
adsorption of proteins often follows the empirical Freundlich isothenm: ¢z = gV/m

J. Chromatag., 5 (agbn)) 315-320



324 W. B. GRATZER, G. H. BEAVEN
where ¢, and ¢, are the respective concentrations of the adsorbate in the adsorbent
and the continuous phase and # a constant (the adsorption constant). This behaviour
is a. consequence of the progressive occupation of sites on the adsorbent as the
adsorbate concentration increases. An asymptotic maximum is thus approached.
That such an effect is operating here is shown by the plot (Fig. g) of the concentration
of Hb-A applied to the gel (in arbitrary units) vs. migration distance in a constant
time; the latter should be simply related to the proportion of unadsorbed pigment.

Log conc.
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Fig. 9. Direct and logarithmic plots of migration distance (mm) of Hb-A zones vs. pigment con-
centration (arbitrary unmits).

A marked resemblance to a Freundlich isotherm is evident. The logarithmic plot is
linear and: its slope is 0.36 (# = 2.8), which is comparable with values reported for
various adsorbing systems involving proteins®.%?. The increased back-streaming and
decreased mobility, which accompany a reduction in ionic strength, are also in accord
with the results of adsorption experiments on the majority of proteins, whereby
adsorption is repressed by high salt concentration®s.

Retardation of zones with trme

The progressive retardation of zones other than that of Hb-F culminating, in the
slowest-moving electrophoresis variants, in reversal of migration, might be thought
to be due to a change in electroendosmotic flow with time. To test this. possibility,
hvdrogen peroxide was used as an uncharged marker in an electrophoresis at pH 6.2.
At intervals filter-paper prints of the gel surface were taken and stained with ammonia-
cal silver hydroxide to detect the marker, followed by amidoblack to locate the
haemoglobins. Fig. 10 is a plot of migration of marker and Hb-F vs. time, showing
that over the duration of the experiment the electroendosmotic flow remained

constant at 1.3 X x0~* cm/sec.
The only possible explanation of the retardation, therefore, is ‘the effective

J. Chromatog., 5 (1961) 315-329
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decrease iin cconcentrafion off paotdin iin tihe gral as thhe zones diffitse:. Because: off thie:
dilutionceffect Aescribetdboetitediomee aff atisaptiom of tiepigmenit tiemincreases;.
wwith cconsequent [progressive metariintion off tie zomes.
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fFig. mo. [Plotcof miigration distance (frm) uss. tiime (1)) aff unoliarged] markerr (Hydrogen peroxide)
ceonyparel witth H>IF zone:.

/Reversdl of strongly alsoxbed zmees

“The :actudl meversdl «f tihe slpwestmuoxiing zmres iis lkss easiliy explicable:. [t might,
thowever, Ibecengpenteﬁtihmnihennnmcﬁﬂntetﬂmgmmihnﬂimgpamii‘sdbg;eezoﬁanibm-
lbindiqg,mnzass’tdiﬁhiomﬂmﬁdh&é's.Agjﬁmimi@ﬁtﬁus&mmxnﬁmﬂw&ﬁemtﬁeeadﬂiﬁbnan
megative ccharge so acguiretl wonildl the siffaistt to caise anadic migratiom. Ifr seems:
likély that sstrongspedific hindling, aff tiire K Baroowm tim agenrr Betiweem some:proteins-
.and :smdll ;aniions=, iis oraurting Fere . Tt meay alko e amisaged] thatt thee mechanisms:
of [desorption «f proteins wmiler a prtteritidl grerdibnit e thes oneHand] andl by a buffer
flow on ithe other, may differ. A dihtfion efffett Hes alko Beem absenved! forr humam:
-serum dlbuniin, iits mdhility dhenging wiith comeninetiom betih im paper® andl free-
Iboundary®® ¢électrgphoresis.

‘The @ifferent mesiilts aibitdinell wiifh watis buffins may alse be: explicable: im
terms «df arion fhinding. Tons off Rijgh peilmtsdiillity sthonit] Be: especiallic strongly:
Ibound, tbut tthe addifion off tihitoosanette ar agaritie dees nott afféatt tieseleetroplioresis:
;paﬁemmzqgmﬁtzquemﬁo&eMﬂmmﬁmmthhmgeﬁen&&vdmcy
.of tfhe iion, tthe ggredter iits Hnteraxtiiom wiith pootisins. The superiorityy off the: results:
Gbtdined wiith atitrate antl DDA hnffies mosy e die to this efféet:. In panticular;.
Citrateiion wwiichatgH 6 -6 5its(nilizepitmpiietis) att thieuppenlimittoffitssbuffering:

xraqge,ccuﬁesmtﬁiéhdlmggemﬁrﬁ@lﬁﬁmmmhcﬂ@iﬂhmﬂ@ngﬁyw&t&haemo»
:globins. - T o
Zoneccurvature

I&ememmmgpmnommmmagm@lmmmsstmhm&ﬁglmnedim&e dis—
finctive zone curvature witiidh aecconpariies adsnptiom. [t has alteadyy Beem showm
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that this is not caused by the sample slit:nor:is:it:in:anywaydependentontthemnanner
in which the sample is applied. It must ‘therefore :arise directly ffrom tthe iinfluence
of the protein itself on the ionic strength and pHiiniitswicinity,:andiis:azzonethountlany
effect. An analogy with the behaviour of a :protein .on :a «cation<exéhange élumn
may again be drawn: as the protein zonemoves, cations:aredisplaced withzameasur
able heat of desorption3? and a front of increased -ionic :strength precedes tfhe zone
through the column, accompanied by areadily detectablepHripple ((seece:g. (GUITER
et al.?%). At the same time an ionic strength and ;pH :discontiniity must dewélgp
behind the protein zone. A similar process :may be envisagediin:agarggél. Here, thow-
ever, an extra dimension has to be considered, -since rthe ;zone :dlso thas boundaties
parallel to the direction of migration. The idonic-strength discontinuity wat tthe zone
boundaries should be associated with an increase iin :adsorption «of tthe pratein,
resulting in retardation of protein transport by :the buffer iflow, /i:e. zzone curvature

and ‘“‘back-streaming’’.

Differences between agar preparations

It remains to consider in what structural respect Difco Bacto:and IBIDIH. [Japanese
agars may differ from other agar preparations:which.aremot effective :as-supporting
media under the standard conditions. The difference seemsilikélyitomresideiinwatiations
in the degree of ionmization, number, or steric disposition «of the :adidic ggroups, cor @
combination of these factors. If ‘the difference iis rrélated o tthe ttatdl célectrostatic
charge in the gel structures, there should ibe :corresponding differences iin zeta-
potential, which will be reflected in the :magnitudes of ithe «électroentiosmosis. m
indication that this might ‘be so-camefrom-a comparison «of -serum protein [patterns
after electrophoresis in the same experiment in Difco Bacto Agar :and iin Liight’s
Ionagar II gels of the same concentration. Fig. T -sShows ithe -striking differences
between the positions of the zones, ‘which must be.caused tby «{ifferencesiin «électre-
endosmosis. ' : '

Gels containing identical-concentrations.of the:seven :availdble thypes «df :agar iin
the same buffer were loaded with electroendosmosis :maftkers ((hydrogen [peroxide,
glucose or dextran). At hourly intervals during:€lectrophoresis ffilterspaper pprirts «df

0
v . ) - -Start _
Fig. 11. Simultaneous agar-gel electrophoresis of human -serum iin (a) [Light’s Jonagar I :and
(b) Difco Bacto Agar; 1.25 % gels; barbital buffer,;pH 8.6 ;-azocarniinesstdin.

iJ«Chromatog., 5 (1061) 3E5-829
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titeegallsurfhcesswerestakemandistainediwith-ammoniacal silver hydroxide for hydrogen
paoxiills, air witth aniline: iydirogem phthalate®* forr glucose. Dextran: was often
dibeatlly wisibBlé: ass an zone: off greater: transparency. These experiments were carried
anttwitth Wjzo) dirate: Bufferr (pH! 6:2)) and!barbital:-buffer. (pH.8.6, 1:0.03), and plots
aoff maritenr migratiom distance: vs:. time- in: all! cases gave good straight lines.. The
aelbatmmendbsmoticflowmates-are:listediiniTable I, from which it is clear that the values
ftor tiee ttwa efféctiize: typessoff agar-are greater by a:factor of two than those for the
readird;, witth onlix Difco> Noble: Agar-giving: an intermediate value. -

TABLE I
Electroendosmotic flow T :
rate: (cm/sec|V Jcm X rot) ) Eltctroplmrdl'cl
Adgarr perfor e with
Barbital Citrate haemoglobins

PH:8:6, x.0.03 DPH: 6.2, M[z0-

Liglit{ssTonagarr ITT I.5% 0.53 . —_——
Oxa 1.5 0.53 . —_—
Hightis NewwZealandi 1.5 0.49 —_——
GurrissBacteriological | .65, — ——
Diféa>Nabile: 2:T: o.75 —_—
DiftorBiotod 3:05; 1.3 + + -+
B:IMHIL. Japanese: kY3 &

2 B S

Thuss thiee effeatize: gels presumabliz- have- a: higher effective charge density. The re-
spensbli gnonps mayy be: eitlierr polirsaccliaride carboxyl or sulphate®s; of which the
fiomerr stionlt] Be: titratable= iin am accessible pHi range.. Titrations on suspensions: of
appss Hlowed] no acidic orr Basic: dissociations:over the pH:range 5~10. The charged
groaps nespansible for thie: differences-ini electroendosmosis: are therefore not titrated
iin tilis ramges, andlitt seems:likelix that: they:-are sulphate groups.

Tiff thiee concentratiom off cliarged! groups:in: a: Difco Noble Agar gel was increased
Byymalklingtiieaganconcentratiom3;%,, normalielectrophoretic patterns were obtained.
Witth thieeatiien tiypessoff agaxrar concentration: of! 5:9% is necessary for any separations;
Bntt tiiee resullss remaiin peor:. With: Difco» Bacto.Agar, on the other hand, its con-
cantimatiomconltibe:halizedlbyradinixture with:an ineffective agar, without apprec1able
efffratt am it penfbrmance.. _

R¥dtttion off adsantyiton ta)haamaglabm structure

Hivom am analizsissoff tlieionzexcliange -cliromatography. of. haem proteins, BOARD\IA\'
ANND B’&mxmm(mm qormludedl thatt im thelr workmg pH: range: (below 7) adsorptlon
Hitdte iff amy neggxtzme:. charge under: these, condltlons, but rather from short-range
ihteraations off aHpdirogensHending:cliaracter between undissociated carboxyl groups
am tie: pesdin andl acceptorr groups- on: the' protein. The degree of adsorption-is thus
likedly to Be: largelix dependentt om the- steric disposition.: of. charge on the protein
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molecule. Another treatment® indicates that adsorption on iom-exchange resims is
mainly govemed by the distances :sepamﬁ:mg the carboxyl and amino groups of the
protem, o
~The’ entzrely Meremt behaviour of Hb-F fromm Hb-A in agar gel and other
.adsorptave systems suggests, if their a-polypeptide chains are idemtical®, that the
*_chains contain the structural elements responsible for adsorptiom, whereas  the
«*- and the 5 ~chains do not. The reported structure™ of Hb-H, ziz. #* is not im
these terms in accord with its low adsorption. The different extent of adserption of
‘thaemoglobins A, D and E from haemoglobins G, S and C, and these latter from each
other, should be reconcilable with their known structural differemces. These may
be summarised in terms of the ome varying amino acid unit in each B-chaim, viz.
Hb-A®%, glutamic acid; Hb-S%, valine-; Hb-C®, lysine-; Hb-G*®, glycine-; Hb-E®,
lysine- ({for a different glutamic acid residue).

In the case of Hb-S the loss of the negative groups (carboxyls of glutamic acid,.
when replaced by waline) is responsible for a large increase in adsorption, and the-
same ‘situation obtains in Hb-G. In Hb-C, with lysine replacing glutamic acid, the
degree of adsorption increases still further. Thus the carboxylate group presumably .
opposes interaction with the megatively changed groups in the agar, whereas the addi-
tion of a further amino group (present as NH,+) promotes the interaction. A similar
substitution -occurs in Hb-E, but with no changes in the adsorptive behaviour. The
groups involved in the substitutions in haemoglobins A, S, C and G must therefore
be near the surface of the molecule, whereas the group responsible for the differemce
between Hb-A and Hb-E (and presumably Hb-D and other variants not separating
on agar gel) must be remote from it. These results are consistent with the position
near the N-terminus of the pB-chain, which the aberrant residues in haemoglobins S,
C and G are believed to ooccupy®-%°, by contrast with Hb-E, in which the difference
lies in another part of the chaim®. '

CORCLUSIONS

It would appear that agar gel electrophoresis under the conditions discussed above
might have applications beyond its evidemnt amalytical use. The simple reasonimg
given above suggests that it could, when used in conjunction with conventional
electrophoretic techniques, provide further correlations with structural studies.
Certainly, as indicated by Figs. 8 and g, it offers a method of greater interest for
adsorption studies than the use of, for instance, alumina®®, which like most media of
this kind, is essentially a denaturing agemt®®. The adsorption isotherms may be of
value for the characterisation of individual haemoglobin variants.

" SUMMARY

Experimental variables in the ellectrbphm‘&ﬁis of humamn bhaemoglobins in agar gel
have been investigated. The migration of hacmoglobins in this medium below meu-
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trality, including the separation of the adult and foetal pigments, is explicable in
terms of an adsorptive mechanism. Differences in the behaviour of some haemoglobin
variants in agar gel electrophore51s have been tentatlvely correlated w1th their
known structural differences. o : ~
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