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I. IKTRODUCTIOS\; 

P. G. RIGHETTI. J. W. DRYSDALE 

The devebpment of the technique of isoelectric focusing (IEF) represents a 

major advance in the field of high-resolution separations of proteins and other ampho- 
teric ~~~tlcromolecules. IEF is an equilibrium method in which amphoteric molecules 
art’ segregated according to their isoelectric points (pl) in pH gradients. The pH 
gradients are formed bv efectrofyis of amphoteric buffer substances known as carrier 
ampholytes. \\‘hen introduced into this system, other amphoteric molecules such as 
proteins \viii migrate to pH zones that correspond to their respective pls where their 
net charge is zero_ By counteractin_g back-diffusion with an appropriate electrical 
field_ tfle separated molecules can be concentrated into extremely sharp bands. The 
technique has now been refined to a level that permits the resolution of molecules 
whose pls difTer by as little as 0.005 pH unit or fess_ This degree of resolution cannot 
normally be obtained by conventionaf efectropfmretic or chromato~rapl~ic proce- 
dures_ In tfwse fatter procedures. speci:lflp adjusted conditions have to be devised for 
particufar separations_ while in contr;Ist_ IEF, by virtue of being an equilibrium 
method_ has a “built-in” resolution which usually aflows one to separate in only one 
or two esperiments all components with measurably difGerent pl values. Further. be- 
cause it is an equifibrium method_ tfx system is self-correcting and therefore con- 
siderably less demanding in terms of experimental technique. IEF is particufrtrf~ 
suitable l-or ditfrrentiating cfoseIy related molecuks and provides :t valuable criterion 
of homogeneit_u_ 

This revic\v deals primarily \vitb onalyirxI and prcporutivc proccdurrs for 
IEF in anticonvective media. Ptlrticular emphasis is given to techniques t-or IEF in 
pal_\-acrylrtmidr gel_ as this medium pro\-ides the closest approach to the high resoix-ing 
potential oi- IEF and nko otkrs considerable espcrimentai tksibility. After a brief 
description of the development of ~ wl clccrrofocusin*~ 2’ instrumental and practical 
aspects are_discusscd. These scctions are followed by a review of smne applications ot‘ 
tflc technique in biomcdicaf rcsearcfl in order to illustrate its many advvntagcs and a 
fsw of its iimitations_ 

The practical development of IEF can be traced to the pioneering work in 
1912 of Ikeda and Suzuki’_ who found that a mixture ol~amino acids wwdd ~SSLII~C‘ 

an order during electrofyis tflat foffo~ved the ascending pl values between the anode 
tmd the cathode. This orderins resulted in the formation of a pH gradient betiveen 
the ckctrodrs. Williams and Waterman= relined the technique by designing a multi- 
cfmmtered apfxu-arm in order to reduce convective disturbrtnces. Tile application of 
this sxstexn w;?s fimited_ however_ because of the variability of the field strength be- 
ween the electrodes;. 

The tec!lnique of- IEF received a major impetus in 1954-56 through the \vorL 

ot‘ Kofin’-.‘_ who devised a series of pH gradients using ditrusion of buff-ers in sucrose 
density gradients under an electric field. In these “artificial” pH gradients, Kolin was 
abie to obtain “isoelectric line spectra” in a few minutes. ;I rapidit? that is stiff un- 
matched in the field ofelectrophoresis_ Unfortunately, these gradients were unstable 
because of the rapid migration of the bufferin, ‘1 electrolytes during electrolysis” and 
tfle recovery of-separated components proved difkuft_ 
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The concept of IEF was further estended in the 1960s by Svensson (now called 
Rilbe). In a series of theoretical articles entitled “Isoelectric fractionation. analysis 
and characterization of ampholytes in natural pH gradients--“-~_ Svensson laid the 
foundation of IEF in its present form_ Svensson advanced the idea of developing ;t 
“natural” pH gradient frotn amphoteric molecules with high conductances and closeI> 
spaced pls_ Under an electric field, these ampholytes would distribute according to 
their pl values to form a pH gadient in which the pH increased monotonically in the 
direction of the current- Svensson‘s concepts were soon achieved in practice with the 
synthesis by Vesterbe@ of carrier ampholytes with many of the properties prescribed 
by Svensson. With these ampholytes. it became possible to develop smooth and stable 
pH gradients bettveen pH 3 and 10. a range which encompasses the pl values of most 
proteins and many other amphoteric macromolecules. 

These ampholytes have now been available for about 5 years and have proved 
useful for both prcpartttive and routine analytical procedures_ Initially, IEF with 
Verterberg-s carrier ampholytes \v;ts conducted in sucrose densit: gradients as an 
anticonvective medium and was used primarily for preparative purposes (see reviwx 
bv Haghmd’” and Vesterberg’t-t2 )_ However. the system \vas soon adapted for small- 
scale anslytical procedures. In addition to reductions in the scale of sucrose density 
**r;tdient techniques. other media such as paper. cellulose rtcctate and gels \vcre invcsti- = 
gated. Amctig the most promising adaptations wts the use of :t gel as an anticon- 
vectivc medium_ IEF in gels or gel elcctrot~xusit~g (GEF) overcame many of the 
problems associated lvith convective mixing. dittitsion and isoelectric. precipitation 
in liquid media. In addition. GEF &i-red considerable savings in time and materials 
and could readily be adapted both for routine small-scale analyses of multiple samples 
and for preparative procedures. 

Systems for GEF are no\~ as convenient and adaptable as se1 electrophoresis. 
Because of its rcmnrkablc resolution and sensitivity, G EF may soon become the 
mcthcd of choice for chzlr~e septtratiotis of proteins_ pttrticularl; for tttittlytical pur- 
poses. Early deveiopmcnts in GEF have been reviaved by C;ttsitiipOoltts”‘-‘.‘. William- 
SOII*~~ and \Vriglcyl”. Since last revie\ved_ more than 1000 papers dealing with this 
tcchniquc and its :tpplic:ttions have been published (see “Acta Ampholintte”, issued 
by LKB. Stockholm. Sweden)_ T\vo intertwtional conferences have been held. the 
proceedings of the tirst (Ne\v York. 1972) being published as Y volunie of the dnncr/_s 
C! j- IilL’ iVf3tw 1*0r-X- Ac-tth~l_~ qf’ St-ieilw IT_ Proceedings of a meeting in G&go\\- (1973) 
\vill soon be pubIishcdl~. 

Some of the properties required of useful ampholytes, as cnvisngcd bv Svens- 
SOI~‘~-~, can be summarized as follows: ( I) good buffering capacity at -the isoelectric 
point: (2) sood conductivitv ztt the isoelsctric point: (3) low nwlecular weight: 

(4) good solubility in water ;t; the isoelectric point and hydrophilic character: (5) lo\\ 

light absorption above 260 nm: (6) chemical properties diKerent from the proteins 
to be separated_ Substances with many of these properties have been developed by 
Vesterberg!‘-I?‘, who synthesized ;t series of isomers and homologues of polyat~~itw 
polycarbosylic acids by the reaction of different proportions of acrylic acid \vith a 
vnrietv of polyethylene polyamines. By this means ~ a iarse number of carrier ampho- 
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lytes with ciosely spaced pK and pl values in the pH range 3-10 were obtained_ The 
general formula for these substances is 

--__ CH,-N--(CH&--N-CH,- - - - 
3 I 

(CH 3x R 

Nk, 
where s = 2 or 3 and R = H or -(CH,),-COOH. 

Ampholgtes prepared in this way are available from LKB. Stockholm, Sweden. 
under the trsde name “AmphoIine”_ The wide-range pH 3-10 Ampholines have been 
fractionated and are available in several narrow ranges of 0.5 to 3 pH units. It should 
be noted that some pH ranges. notably those at each end of the overall range, may 

have been supplemented with amino acids such as glutamic acid and Iysine in order 

to extend the pH range of Vesterberg’s ampholytes. Whether other amino acids are 
present is not known. Although such additions might improve the quality of pH 
gradients, they mi$~t seriously complicate amino acid analyses of separated proteins_ 

These carrier amphoIytes have been used successfully for many purposes. but 
they do not meet ail ofSvensson‘s criteria. Thus. even though their chemical structure 

is complerety ditferent f-rom that of proteins_ they nevertheless react with ninhydrin. 
biurer and FoIin-s reagenP_ They also chrIate xvith metal ions (cspecialI_\- divnlent 
ions such as Mg*-. Zn’=. Fti- and Cu’-) and form insoluble complexes with common- 
ly used protein stains14_ 

AmphoIines in ditrerent pH ranges also di&zr in their physico-chemical proper- 

ties. Fig-. 1 shows the conductance_ pH gadient and UV absorbance profiles of three 
Ampholine pH ranges_ In 

range 5-8, the conductance 
range is_ therefore_ more sensitive to convective mixing caused bv Joule‘s heating. 
As espected, the buffering capacity of the ampholvtes follows their conductivit, 
profiIel”_ 

The size distribution of most Ampholincs is in the range 300-1000 daltons. 
with a median of 600 daItons”‘_ Studies \vitb 14C-labeIIed Ampholines_ ho\vewr_ indi- 
cate that about I % may be as Iargze as 1000-5000 daItonP. Gasprtric and Rosen- 

veen” synthesized ampholytes of Iower molecuktr iveight. with ;I mean distribution I 
of about 300 dattons. only 0.2>: being above 1000 daltons. These are also available 
from LKB and should prove useful for fractiontltin g oligopeptides and otfler sub- 
stances of Iow molecuktr weight. 

Most pH ranges of the Ampho!ines have a low absorbance bet\veen 280 and 
430 nm, although each exhibits characteristic spectra with peak absorbances at 285. 
310_ MO_ 350_ 365 and 430 nm (ref_ 22)_ Most ranges also have characteristic UV 
spectra (Fig. 2). owing to differences in ff V absorbance of component ampholytes. 
The pH ran_ge 3-5 shows a particularly strong UV spectrum between 280 and 360 nm, 
and is aIso distinctly yellow in colour compared lvith other pH ranges. The absorbance 
of most chromophores varies with pH (ref. 22). Such differences in UV absorbance_ 
when taken together with the uneven distribution of ampholytes along the pH Era- 
dient. can create considerable problems in quantitatin_p focused proteins by UV den- 
sitometfl%_ _ 
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Together with a characteristic UV spectrum, most Ampholine rrtnges :tlso es- 
hibir ;t typic:11 fluorescence emission spectrum_ Fig_ 3 sho~vs the pH dependence of 
the spectrum obtained by excitation at 310 nm of :I 42, Ampholine solution of pH 

range j-5. There is ;I striking correlation betlveen the UV/visible and the fluorescence 
spectra_ As the intensity of the 3 IO-nm peak decrsases with increasing pH, quenching 
in the fuorescence emission spectrum incrertses mttrkedly*_ These spectrrt indicrttc. 
the presence ofheterocyclic nitrogen structures. which ure probably pxt of the pop& 
lation of amphoteric molecules within each pH range ;IS their removal by charcottl 
substantially alters the pH gradient formed during IEF. The t&t thut the UV and 
fluorescent chromophorcs are particularly strong in the pH r;mse 3-5 suggests that 
their formation is !>voured Lit low pH. 

Until recently. the only source of suitrtblc carrier zinipholytrs wis the expensive 
commercial variety produced by LKB_ However. Vinogmdov rf crl.‘.’ described ;I 
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Fig. 7. U\‘;visibk sptxtra of diffcrcnr Ampholine pH range_ ----- -- (upper solid cu~c). pH 3.5-5 
rang.e (xtual pH 4.31): ------. pH 5-7 mngc tactual pH. 5.91): _ _ _ _ _ _. pH 6-S mnge (ncrucl pH_ 
6.S9): -- --- --. pH S-9.5 rztnge (actual pH. S-96): --_ pH 3510 range((actual pH. 7-05): ----_ 
(Iowrr solid ~UIIT). pH S-I I range (acrual pH. 922%). Ail sptr-tra taken wirh a Jasco UV OR11 5 
speciropolarimcrcr usin_e n 4r;; Ampholinc solurion and 3-cm light path cuvc’tIL’_ C By permkion of 
Academic Press. Sty ref. 11.) 

synthtmis of carrier ampholytes that seems practical tbr most laboratories_ Acrylic 
acid (Aldrich, Mil\vaukee_ Wise__ U.S.A.) and penraeth~lenthcsnminr (PEHA) 
(Union.Carbide_ New York_ NY__ U-S-A_) are distilled under vacuun~_ then acrylic 
acid is addsd drop\visc under nitrogen fo a stirred solution of O_ 15 mole of PEHA in 

L--& . . .._.. --._1-____L.__‘._~ 
503 EC3 

s’ra:---‘.:r.~;r! (:-:Z*i 

Fi** _ 3_ Fiuorescencc emission spaxrum ofa 32; Ampholinc solution. pH 3-5 range_ Escitntion W:IVC’- 
length, 310 nm (7 nm band width): emission band width. S.9 nm: recorder scnsiriviry. 5: charr speed. 
low: scan speed. medium; tilter. _ ‘90 nm. The spectra acre recorded with a Perkin-Elmer hlPF-IA 
spcztrofluorimrter fitted with ;1 Hitachi reorder. IBy permission of Academic Press_ Srr ret 21.) 
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35 ml of water during 60 min so as to provide the desired nitrogen:carboxyl ratio. 
The reaction mixture is adjusted to 70” and stirred overnight then. after cooling to 
room temperature- distilled water is added to make a 40 ‘2; (wjv) solution. The rnosl 
stttisfactory arnpholytcs are obtained with nitro_ren:curbos_vl ratios of about 2: I_ 
These ampholytes have satisfactory bufferin, cr and conductance properties in the pH 
range 4-8 and give good resolution in gel electroi~ocusinf”‘. Their cost is much less 
than that of the commercial variety. 

The number of different amphoteric species \vithin each pH range of the 
Ampholines is not imown esactly. For some time_ it xv3s thought’” that there might 
be several hundreds in rhe range betiveen pH j and IO, but direct analysis indicated 
that considerably fewer M’ere present. Focused Ampholines can be detected bhr several 
met!lods_ Those displayed in the pH range j-10 by the Ampholine-glucose caramel 
technique of Felgenhauer and PaP are shown in Fig. 4. Rilbez~ demonstrated stria- 
tions caused by strong refractive indes gradients of focused Ampholines in a quartz 
cell (Fig_ 5)_ Focused Ampholines can also be observed by precipitation \vith heav_\l 
metals in acidic solutions, r-g._ _ 3 7; potnssiuni hesac_v3noferrr~te( I I) in 5 % trichloro- 
acetic acid. This complex can be dissolved by the addition of > 7.S hydrochloric acid 
(P. G. Righetti and J. W_ Drysdalc. unpublished \vork). It xvould appear from such 
results that there may be only about 50 rtmphol_vte species bet\veen pH 3 and 10 and 
perhaps faver than 20 in most the narro\v ranges of t\vo pH units. It is also apprtrent 
that the various ampholytes are present in vastly different amounts and m-e not uni- 
formly distributed thro@out the pH range. Vinogradov et u/.“~ distinguished ap- 
prosimstely 30 ditlkrent species with nine major components in their :m~pholytt 
preparations in the pH range 4-S. 

t ++ * * *+ t 
1 2 3 4 5 67 

Fig. -I_ Band pattern of Ampholine (pH s-10) after Ssphades thin-layer focusing. For detection. :I 
sheet of filter paper so&cd in 5 y,L glucose \vas rolled over the thin layer. After heating for S min at 
I IO’, the Ampholine pattern has developed and can be rvrtlurttc‘d by its tluorcscence :tt 2511 nnl or in 
daylight. The following zones can be distinguished: ( I ) broad, Bintly stninrd zone bcknv pH 3.6: 
(2) an tllmosr unstained nrtrro\v zone: (3) an acidic Amphoiinr region bcttvccn pH 3.6 and 5. with 
sewral bands of medium intensities: (4) a region between pH 5 and S with nunxmus nm-row bands of 
vcrv ditkcnt intcnsitirs: the four most prominent bands arc about I pH unit apart: (5) an nlkrt~ine 
r&n above pH 8.0 \vith broad bands not ~~11 demarcated from each other: (6) a second alnlost MI- 

staineli narrow zone: (7) an electrode zone &nve pH IO. in \vhich glumse carrtmelizntion proceeds in 
the presence of NaOH. (By permission of the New York Academy of Sciences. SW ref. 2-k.) 
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Fig 3_ Photouaph of cell after isoelwtric focusing of carrier amphnl~trs. The striations arc‘ due to 
strung refr&& indtrs gradients caused by focused amphol~tt_x (By permission of the NL’W York 
Academy of Sciences_ See ref_ 25.) 

2. IKSTRUMEKI-AL _4ND METHODS 

___This section deals largely with the instrumentation rcquircd for IEF in gels: 
the information rcquircd for IEF in sucrose density ,g radicnts has been given in pt-cui- 
ous revie\vs*“-I”_ Three items are required for gel electrofocusin, w -311 cIectrofocusing 
cell, a h&h-voItage power supply and a I~~XIIS of coolin, ‘1 the zels efiiciently. Thcsc 
are discussed below_ together with methods for thrir application in analytical ami 

preparative procedures_ Detailed information on published methods is not given here. 

A _ =I f tczil-Ccrrl pf ocedrtres 

The technique of GEF was originally described in a number of papers ~LI‘U- 

Iished independentIy and almast simuitaneousl_v in 1968 (r&s. 25-33). Initially. many 
workers used apparatus designed primarily for gel electrophoresis although others. 
especiatly those using thin-layer techniques. built their o\vn equipment2s’-:*2_ Their 
resuIts cIearIp indicated the considerable potential of the technique_ particukwly in 
its remarkable resolution and experimental flexibility. UnfortunateIy. many of the 
s_vstems suffered from a marked instability in the pH gradients_ This problem can be 
attributed mainly to the use of inappropriate apparatus_ Most of the apparatus for 
eIectrophoresis in gel cyIinders requires Iarse volumes of eIecrroIyte in order to mini- 
mize changes in the pH of the eIectroIyte during eIectrophoresis and. if used for gel 
eIectrofocusing, considerable convective mixing can occur in these Iarse volumes of 
eIectroIyte, which disturbs the pH gradient formed between the amphoiytes in the 
gel and the-electrode and can be a major contributing factor to pH gradient instabilit_v. 

During the transition from sucrose gradients to geIs_ fe\v systematic studies 
were made in order to optimize the conditions of gel composition and eIectroIysis to 
achieve equilibrium focusing_ Further, in the understandable desire to obtain rapid 
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analyses. insufficient attention was given to the problem of coolins, which can be a 
critical factor in view of the wide variation in the conductivity and distribution of 
focused ampholytes. As a result, local heatin -g may occur, with its associated problems 
of protein denaturation and convective mixing in the gel, which is another factor 
contributing to pH gradient instability. 

FawetP designed a very simple appararus to overcome heating problems b) 
thermostating gel tubes in a bath of an electrolyte solution (see Fit. 6). As the coolant 
\vas also the catholyte_ the cold finer and stirrer were plastic-shielded_ in order to 
minimize the volume ofclectrolvte used. Fawcett devised the ingenious solution of in- 
serting a platinum electrode wfre directly into a layer of Ampholine on top of each 
t*el tube- I 

Fig_ 6. _~pp~mtus !Gr gcI elrctrofwusing according to Fa\vct‘W’. \vhcrc the tubes are rhcrmosrrttcd b? 
inserting them into a bath containing one ofthe electrodes and the corresponding electrode solution. 
At the anode. the phtinum wire is inserted directly into a layer of Ampholinc on the top ofcxh gel 
tube. (By prmmis~ion of Pergamon Prczs. Str- ret 35.) 

Righetti and Drysdale’:S-:S” developed an apparatus specifically for IEF in gel 
cylinders in \vhich stable and reproducible pH gradients can be obtained (Fig. 7)_ 
The salient feafures of this apparatus include efficient cooling of sels by circulating 
Ruid and small electrolyte compartments. The se1 tubes are held in a warer-tight 
compartment through which coolant at -5’ to -i4’ is passed. Circular platinum 
electrodes are positioned close to the estremities of the tubes so as to minimize con- 
vection disturbance of the pH gradient between gel and elecrrode. The apparatus 
holds twdve gels of 10 :-: O-3 cm I-D- Usually, the gels are cast in plastic tubes from 

which they are readily estruded. Quartz tubes. which can be scanned directly in the 
UV region, may be used inrerchangeably- A commercial adapiation of this apparatus 
is no\v available from Medical Research Apparatus. Boston, Mass., U.S.A. 
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D&u& and RadoWT developed an ellicient coolinz 0 sxstctn for IEF in ;t thin 

layr of -_ ~stnulated sjel (Sephades. Sepharose or granttiated polyacrylatnidr gel) 

(Fig. 8). The gel was sttpported on ;t glass plate (20 -. 20 cm or 40 - 20 cm) and 
cooled by contact \vith in metal hIock tnaintained at 4’._ T\v\-o filter-paper strips soakcrd 
in 0.2 JI rttIphttric acid itnd 0.4 .I/ eth~kn~dian~inr \vt‘t-t‘ litid directly on top ~11‘ the 
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Another apparatus for thin-layer I EF in gel slabs has now been produced by 
LKB. This apparatus csploits the original idea of A\vdeh t’l (I/.‘)” as further moditkd 
by Vesterber@‘s_ In this sysfem_ 60 ml of gel mixture are used to polymerize a tlat bed 
ot‘dimensions, 25 cm .-: 10 cm and 2 II~I thick. Fi?. 9 zives an esploded vie\\- of this 
appxatus. The gel soIution is polytnerized bct\\:een two I 4tss plates. Samples m-c 
usuall_v applied to the gel surf&z i!i ;L small piece of tilter paper. ami as IIX~II~~ as ~1 

samples cm be rtm simtiltaneousl~_ Dilute san~ples or samples of unknon~~ cmcr’n- 

tration can be applied from a Ion p strip of paper Clit in the form of an acute-angle 
triangle. Focused zones appear as Ion,, o thin lines of linearly increasing concentration. 
allowing a rapid estimate to be made of the proper amount to be loaded. A minor 
disadvantage. as Smyth and Wadstr6m3s pointed out_ is that many proteins are not 
readily eiuted from crlluloss tilter papers. and other adsorbents. such as cell~~lose 

acetate or desiccated polyacrylamide. may be more suitable. Alternative systems for 
slab gel electrofocusing in which samples are loaded directly into pocks in the gel 
arc available from Hoeffer (San Francisco_ Calit, U.S.A.) (vertical unit) and Medical 
Research Apparatus (horizontal unit)_ 

The choice between gel cylinders or slabs depends upon the particular rrquire- 
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ments. Stab gels atlow escellent comparisons of similar samples in parallel tracks. 
In addition_ samples can be applied as anodic_ cathodic or near isoelectric species 
without the risk of exposure to estremes of pH at the electrodes_ which gives an easy 
check for possible artifacts and for the attainment of equilibrium focusing conditions_ 
Gel rods, on the other hand. allow greater experimental flexibility. For esample, 
different pH gradients can be run simultaneously. and multiple analytical procedures 
can be useri for replicate samples_ Fccusing in gel cylinders a1so permits the analysis 
of more dilute sampIes, generally requires less Ampholines per sample analysis and 
offers the possibility of using scannin_g devices and other techniques devised for 
analysis after eIectrophoresis in gei rods. 

B. Prepr[[tire proc-e&-es 
IEF in peIs appears to be particularly suitable for preparative fractionations 

as the resolution achieved during the run is not Iost durin_r sample recovery proce- 
dures_ which has been a major problem in preparative electrofkusing in sucrose den- 
sit\- aradients_ Isoelectric precipitation is also Iess troublesome, as demonstrated in - -_ 
Fig. 7. which shows a fractionation of human placental Iactoeen at Ievels suCient 
to detect the major components_ This pattern is identical \vith that obtained \vith 
minima1 sampIe inputs. The larger gels shown in Fig_ 7 permit the fractionation of 
up to 200 rng of protein_ The preparative apparatus has essentially the same overall 
dimensions as the small-scale analytical model. The interchangeable core ;KCOIIIIIIO- 
dates eels of 20- and SO-ml capacity and also contains an ‘-indicator” ge1 of the snmc 
Ieryth but \sith a volume of only Z ml. This indicator ge1 enables one to determine the 
position of components in the larger eels \vhich remain under voltage during the 
anaIysis_ As in the analytical systems. multiple samples can be fractionated simuI- 
taneousIy in different pH gradients_ SeIxtrations are usually achieved in about 12-24 h 
and patterns generaI& remain stabIe for at least 72 11. Because heat transfer is less 
efficient in these iarse gels, particular attention must be gi\-cn to c~=o-rfin~ procedures. 

Although such gels usuaIIy ailow higher sample inpttts and superior resolution 
compared with all-liquid systems of comparable capacity_ they are considerably less 
convenient in terms of recoveq of separated proteins_ Once the bands have been 
‘detected_ either from an indicator gel or a paper imprint A”_ the gel segment has usual1~ 
to be cut. squashed and eIuted serially \vith buffer. A more efficient and convenient 
system has recently been devised by Suzuki et cd_.” in which the separated proteins 
are eluted electrophoreticaliy from gel segments, wit11 esceIIent recover?. 

As far as sample recovery is concerned, preparative Focusing in Sephades beds 

may be i.t more attractive aiternative. By scltiing up his thin-Ia_ver g-anulated tech- 
nique_ RadoIaJU separated gram amounts of proteins in Sephades ?eIs of dimensions 
40 :-: 20 := I cm_ Fig_ IO shows the seperation of a misture of 500 mg each of oval- 
bumin, horse myogIobin. ribonuciease and cytochrome c- in a 700-ml gel of Sephades 
G-75 Superfine_ containing I 7: of pH 3-10 Ampholine and O-OS!,!< of Iysine and 
arginine- After focusing and pwtein detection. the sample zone is simpiy scooped up 
with a spatula and the protein can then be separated from ampholytes by gel filtration. 

Another highly promising approach to preparative systems is the continuous- 
flow IEF technique in gel layers described by Fawcettx. Fi_r. 1 I illustrates the prin- 
cipie of continuous-flow IEF compared with continuous-flow electrophoresis. In both 
methods, an electric fieId is applied at right-angles to the direction of tlo\\- of electro- 
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Fig. IO_ Preparative isuclectric fwusing of Z g of protein in a 40 :-: 2.0 :-: 1 cm trough in pH 3-10 
ampholycs. Gel stahilization, Scphnde.s C-75 Superfine: thickness of the gel layer. I cm_ Proteins: 
ovalbumin. horse myoglobin. ribonuclertse and cxtochrome L- (500 mg of each). Focusing: (a) 400 V 
for 10 h followed hy SlX) V for 2 h: (b) 400 V for an aiditionrtl IO h and SOL) V for 1 h. Densitogram of 
;L print stained with light green SF. .I --_’ . pH grdisnt_ (By permission ofths N~lw York Academy of 
Sciences. See rd_ JO). 

bytes. In the latter_ the protein mixture is continuously injected within a narrow zone 
and components of diKerent electrophoretic mobilities migrate as bands that radiate 
tioni the origin. In continuous-tlow IEF, the amphotrric components migrate to their 

pk. \\-here they have zero electrophoretic niobility. They will then move only in the 
direction of the liquid tlcxv (illustrated in Fig. I I as two black lines becoming perpen- 

Fig:. 11. Diagram illustrrttin!: the principle of (a) continuous-tlow electrophoresis tend (b) continuous- 
flow isoelectric focusing_ (By permission of the New York Academ_v of Sciences. See ref. 41.) 
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dicuiar to the electric fieid). In contrast to continuous-tlow electrophoresis_ the \\idth 
of the injected zone is unimportant. Indeed. the swt~ple solution can be applied over 
the whole width of the apparatus_ 

A major ttdvantttgz ofcontinnom-flo\\-~o\~ IEF is that separated zones are removed 
f-mm the apparatus under wItage_ thereby eliminating the diffusion effects comtnonIy 
encountered in all-liquid systems durin g sample recovery in the absence of an applied 
potentiztf difkential-“. Another important f>ature is that the apparatus can be run 
for extended periods with continuous sample inflow and recover?, thus alIo\ving puri- 
fication of several et-atns of tnnteriaI_ Fig_ I2 shows this apparatus in operation_ The 
vertical srpmation chamber is tilled \vith Sephades G-100 equilibrated with I :!.i 01‘ 
Atnpholinc of- pH 3-10. Two stremns of- httemogIobin can be seen to merge tomxrd 
the middle of the cell_ ii-hence a sir@ line moves downwards. perpendicular to the 
t’kctric field. 

!n the past CL’K years_ considerabk attention has been paid to itnpt-ovetnents 
in the design ofap~artttus. supportin, ~1 media and the composition of twditt and &c- 
trol~tes 1-m IEF- ff ntil recently_ ho\vever. sttrprisin$_v little attention has been $xm 
to the source and nature of the electric potentictl used_ It is generally agreed that high 
resolution and faster separations arc produced by high potcntiul differences. Homaa-_ 
high voltages cttn enerate a considerable amount of heat in the sell. causing bttnd 
distortion. convective misin 2 and often denuturation or inactiwtion of- Ittbile sub- 
atnces_ As Joule heating is also dependent on the current mrried by the cell (Joules y 
volts _’ ttmps~. several investigators have tttrned to pulse po\ver supplies. such as the 
Ortec Model 4100 (Ortec, Oak Ridge_ Ttxtn_, USA_) and the Pulsephor (Gruiner_ 
Milan_ It&y)_ to generate high voltages at pre-determined frequencies \vith lo\ver 
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currents. Ahhough such pulse power supplies e&ctiveiy reduce Joule heating, they 
do not regulate the actual power delivered to the ceil. This regulation. however, is a 
critical factor in eiectrofocusing experiments, particularly during the early stages 
Lvhen considerable changes in conductivity occur_ This usually necessitaws careful 
monitoring and nmnual adjustments of frequency and the height and/or width of tile 

voltage pulse_ Such continued nionitoring is not only inconvenient but also makes 
experimental reproducibility diflicult. Several systems are now being developed in 
order to overcome these problems in power repulation. Schaffer and JohnsorP modi- 
fied an unregulated d-c_ power supply by incorporarin, 0 ii regular circuit to control 
the average po\ver delivered to the ceil (see Fig_ 13). Siidcrhoim and Wadsrriim’” 
built a reylated polscr supply capable of deliverin, 0 3000 V, \vitli which the time re- 

quircd for equilibrium focusin, (1 in thin-layer gels cm be reduced to about I IL Medical 
Research Apparatus has recently produced ;I regulared pulse power supply that con- 
tinuously monitors and regulates the avcragz po\ver delivered to the ceil by auloniatic 
control of pulse frequency. Such instruments should allow slectrot~ocusing to be con- 

ducted \=:ith the s;tnie facility as eleclrophoresis. 

Ril 

-300 

BecauSt‘ of its low clcctracndo~luatic flo\v_ optical clarir_v and satistktory nie- 
chanicai propcriirs. pol~acrylanlidc gel has been used cstcnsivcly as ;L support medium 

tix ciectrol~xxsin~~ ~ and is prescnti_v the n~cditini ofchoice Ihr nio5t small-scale aixilvti- 
cai prwcdures. However. the same attractive anticonvective properties that give such 
cscclient resolution tdso represent ;I major hazard ---molecular sieving- \vhich must 
not be overlooked. it is ~vcll knwvn that polyticrylaniidr gels severely restrict the 
mobility of many proteins_ Although molecular sieving is alien advantageous in eiec- 
trophoretic procedures. it can have disastrous consequences in gel riectrot5cusin~_ 
particularly \\-hen attemptin g to t~xxs large proteins in systems that do not develop 
stable pH gradients. Because IEF is an equilibrium method. reproducible and mean- 
ingful results can be obtuined only if the esperimrntal conditions allow ail proteins 
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to reach their equilibrium positions in the time avaiIabIe for the experiment. All too 
often investigators have had to compromise by curtailing electrolysis periods in order 
to counteract instability in the pH gmdient, which has resulted in :I 1Xurc to achieve 
equilibrium focusing conditions and much confusion in the literature_ 

Several factors in addition to apparatus design _ gel temperature and electroly- 
sis conditions can affect the results obtained b) r gel e!ectrofocusing_ one of the most 
important being the composition of the gels. particularly in the concentration of 
ampholyte and acry!amide3~““. We have found that an ampholyte concentration of 
2”/: (w,fv) gives optimal results- Although lower levels (1 X) can be used in order to 
obtain more rapid focusing. the banding patterns and pH gadient are often unstable- 
which may be related to zt lock of adequate conductivity in parts of the gel at lo\\- 
ampholyte levels. 

For roiitine analysis. we generally use 10 :d. 0.3 cm I.D. gels containing Lt:),;; 

of acrytamide, 0. I6 >A of N-N’-methylenebisacr_vltlmide (both rccrystal!ized)-1” and 2 p;, 
(w/v) of amphoiyres. Occasionally. glycerol is added to ;I level of 5 yi, (v/v)_ The gels 
xe cooled by circuking antifreeze solutions at 0 to -5 _ Most proteins \vith mofecu- 
Iar weighrs up to 500.000 wiII focus in iess than 6 h in tllrse eels \vhen subjected to an 
average po\ver ofO_ 1 W!gel_ For larger proteins, it is advisabk to ~1st~ lower se1 con- 

centrations- FIorini ec ~rf_-‘~ used very dilute gels containing only 2.6 I.‘;; of acr>-lamidc 
for the analysis of myosin prepararions. For proteins \vith molecular weights of less 
than lOO_ciOO or for oligopeptides or oligonucleotides. more robust gels \\-ith 5 or 6:;; 
oft~rylttmide may be preferred”“. Faster banding can be obtained \\hrn higher initial 
voltage levels are used_ but often at the espense of _ wldient stabilitv. This can be 
avoided by using lower temperatures or by using a pulse po\vcr supply to deliver a 
high \-oltage at low current levels_ It is usually simple to rs;tab!ish that equilibrium 
focusins is achieved in the system by showing that similar banding patterns and pls 
are obtained from samples applied to the top of tht x gel or distributed throughout the 

= cxel by adding the protein to the gel solution before polymerization. 
Agarose gels_ o\ving to their very large pore size and saIisfactory meclianical 

strength, would seem to be an ideal support for IEF_ Catsimpoolas-‘” and Rile! ant! 
ColemanzJ were among the first workers to ~1st’ this medium and obtained separ:itions 
in I y2L agarose. Ho\vever. ohing to high electroosmotic ilow4’!‘. these g&i did not 

CL c*ive stable pH gradients and equiIibrium patterns lvere difkult to establish. Lriris’” 
has recently attempted to remove charged groups by alkaline hydrolysis of sulphates 
and reduction of carboxy groups \vith lithium aluminium hydride in diosnnc. The 
product is a virtually charge-free agar and may prove to lx a convenient alternative 
to dilute acrylamide gels for focusing proteins of high molecular \veight. Paper :md 
cellulose acetate_ which minimize molecular sieving and subsequent sample detection, 
also sutfer from escessive electroendosmosis and are unsuitable as support media in 
IEF_ 

Radola~’ overcame many of the problems associated \vith molecular sieving 
by performing IEF in granular gels, particularly Sephades_ The Superline grades 
of Sephades G-75 and G-200 were the most suitable_ Normal grades xnd Scphadex 
G-25 and G-SO were unsatisfactory, the latter giving irregular patterns and diffuse 

zones with proteins of low molecular weight. FawceW used Sephades G-100 beds 
and graded particles of polyacrylamide gel as stabilizing media for continuous-ilo\\- 
IEF- Bio-Gel P-60 (-400 mesh) is preferable to Sephades when staining t<>r carbo- 
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hydrates by the periodic acid-Schiff reaction”z_ As there is no sieving effect for macro- 
molecules above the exclusion limit of these gels, hish-molecular-weight substances. 
such as virus particles, can be focused without steric hindrance. The risks of artifacts 
caused by poiymerization catalysts in polyacrylamide gels are also avoided in granular 
gels_ Free radicals detectable bv electron spin resonance seem to persist in poiyacryl- 
amide gels. even after a pre-run”:*. 

i SAMPLE DETECTION __ 

Considerable problems lvereencountered in theearly stages ofGEF in detecting 
separated proteins because many of the stains commonly used for detecting proteins 
also formed insoluble complexes with Ampholines in acidic medi:L”:‘_ This problem 
could be circumvented by first precipitatin, cx the proteins in trichloroacetic acid and 
leaching oat the Ampholines before staining and destainin, c* in the usual miimler. With 
the esception of Radola’s paper print techniqut: -‘* for detecting proteins in Sephades 
beds. this process \Y;IS. however. inconvenient and time consuming_ 

Many of the problems associated with Ampholine-dye binding have no\v been 
overcome. Most procedures appear to discriminate betlveen compleses of amphoI_vtes 
and protein with d_ve on the basis of their differential soiubility in alcoholic solutions 
snd their stability at ditrerent temperrltures”.‘-“-’ and pH (ref. 56). In general. the 
AmphoIine-dye compies is less stable or more soluble at higher levels of alcohol, 
tempertlture and pH than the protein-dye complexes. Awdeh57 deve!oped a direct 
staining procedure for proteins \vith bromophenol blue in 45 :>.;; ethanoI-IO 7~; acetic 
acid_ Riley and CoIemanyJ stained proteins \vith ;L solution of 0.1 II-:; of fast green in 
25 ‘:; ethanol-IO:< acetic acid_ Both methods are rapid and give little interference 
from amphol_vtes_ but unfortun~ttely neither is very sensitive_ Several attempts have 
been made to develop direct staining procedures \vit!l Coomassie brilliant blue. a 
woup of stains that are \videly used in 2 gel electrophoretic analysis. Spencer and 
E;inFi” devised a satisiktor_v method in wkich proteins absorbed Coomnssie brilliant 
blue from :L 0.01 >i solution in 5 ::J trichloroacetic acid, 5 % sulphosalicyclic acid and 
25’!:, methanol. This method gives little backyowld staining but is less sensitive than 
\v!ltzn p:trtictkttc Coomassie blue in trichloroacetic acid solutions is used for staining. 
The intensity of the stained bands may. ho\vever. be enhanced by increasing the level 
of Coonlassie blue to 0.05 >;. but at the espcnse of higher backgrounds_ We have 
found a method that combines high sensitivity and low backgrounds and rnrty have 

\\-ide applicability. Focused gels are immersed with shaking for at least 4 h at room 
temperature in a solution of O.OS y-L of Coomttssie blue and 0.1 y,(, of copper( II) SLII- 

phate in acetic acid-ethanol-psalter (10:25:65). then for ;I further 4 h in the same so- 

lution, but containing only 0.01 7; of dye_ Final destaining is effected in acetic acid- 
ethanol-\vater (10:10:80)_ 

Frate? described a series of dyes \vith high colour indices (C-1.) that can be 
used for direct staining in the absence of alcohol_ These dyes include Kiton Rhoda- 
mine B (C-1. 45100). Disulphine Blue UN (C-1. 42045), Fast Acid Blue B (.C.I. 34035) 
and Coomnssie Violet R (C-1. 42650). Most of these dyes contain two sulphate resi- 
dues and one or two charged nitrogen atoms in addition to bulky_ unsubstituted 
aromatic rings that favour strong hydrophobic binding to proteins_ For staining_ 



Fetter ~Iscd ;t mi’sturc of*0.05 ‘T,; of- Fast Acid Blur B and 0.05 1!{, 0fCooImIssie Viofct R 
in 5 I’,, acetic acid_ Re~novaf of- cscc’ss of‘ cfy apparently takes only ;I lP\v I~OLIS. 

It cm be Jccf~iccxf from the large variety of stnining procdnr~s prmxltfy LISA 

in gel Axtrof~xxIsiIlg that I10 5iIlgle Illetfloci is totally satistiictory. Future dcxxzfop- 
Illctlts Illi~flt iIlcIudc ~t;IiIliIl, ‘1 with 11 ttorcscetiI dvcs. such ;ts llttorL’sc;ttllint‘““. I\-Iii& 

arc csrrcm~f~- sctisirivc but also wI1jcct to rttpid f~ytfrdysis. S-Atiifino- I -sufpfmiatP 

and cf:uxs;_vI cIIl~~rick” ;Icr‘ lx%, ‘1 in\-cstigrrd XI prtzsent. 
An :ittcIctiw ;Iftern;tti\-c \\-oufd be to devise prooxfures f-m- dctccting u~icc~f- 

ottrtxf prnkins by prc-Iabdfing them with suitable cfirotnopfiorcs. f’rcfir~iinm-x cs- 

pc-rimcnrs wit !I tluorcscaIllinc flaw bccrl cncotIr;Iging’“_ In this ptwccdur~. f-m-fahdfcd 

pt-orrins are tktcstsd ilticr focusin s b\- csposurtz to UV li~ilt. IIittIVstiIlpl~_ the intcr- _ 

;Ictiotl \kitfl 11Liclr~sc:tIl1iIlt’ does not swni to after tllc pl subst~IIltiaf1~ or iIlfrociLIcc 
nluch drfitionxf s*3nlpfcxity to the banding fxItterIls 0T IIliiIl>’ proteins. Stidl tnftllcxfS 

nxi~ 1x2 flrfpfuf in prCpXrilti\-c proc~cfur~s t-or raxxcritiy jxot&is. 
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IEF_ which is important because a progressive flattening of the pH gradient often 
occurs after equilibrium is reached with a resultin ,g Ioss in resolution (pbtteau phr- 
nomenon)6”_ Catsimpoohts extended his technique to form the basis of a new kinetic 
method_ called “transient state isoelectric focusing-~ (see p_ 3 14). 

Densitometric evaluation in thin layers has been carried out by Radoltl”* \vith 
a Schoelfel SD 3000 spectrodensitometer (Schoeffel Instruments. Westwood. N. J.. 
USA_)_ The Zeiss MPQ II chrotnatographic spectrophotometer rtlIo\vs densitometrg 
by transmittance. refection and fluorescence emission and is comprttible with gel 
cylinders, polyacrylamide thin layers _ granulated flat beds. paper and cellulose acetate 
up to dimensions of 20 x 20 cm and can also be used to obtain the spcctm of sit@e 
bands. 

E_ pH i?2twsttt-f32leIIls 

The pl ofn protein determined by IEF also represents its isoionic point in the 
absence of complex-forming ions”_ By definition. the isoionic point is a measure of 
the intrinsic ztcidity of n pure protein_ as it is defined as that pH \vhich does not change 
on addition of ;L small amount of pure proteinrt’_ This definition is also applicable to 
a protein ttnttl_vzed by IEF_ as the pH of the isoelectric zone does not alter on addition 
of more protein It should be remembered that pl values estimated by IEF we temper- 
ature dependent and usually decrease with increasing temper:ttttre7t_ The pH should. 
therefore. be measured at a constant specified temperature, preferably the focttsin_r 
tempernture- In addition. pH measurements are often affected by the presence of 
glvcerol or sucrose, which are commonlv used in IEF. As the p/ measurement is a _ 
valuable parameter for characterizing proteins. it \vottld be most desirttble to stan- 
dut-dizc the conditions used f-or measuring pl values observed by IEF. The importance 
of routinely estimating pH gradients in each esperiment cannot be over-emphasized. 
No two preparations of Ampholines of the same nominal pH rrtnge give identical pt-l 
gradients_ and in tkt the same preparation will give slightly different gradients in 
zels of ditferent composition or with different electrolysis conditions. This variability 
c&n be corrected bx correlating banding patterns \vitb the nctual pH grndient de,-& 
oped in rach ssp+rimenfx_ In general_ estimates of pf values determined by elrctro- 
phoresis are lower than pls obtained by IEF kit larzelv because of interactions of _ 
proteins and buffer ions dttrins electroplloresis’2_ Ustt~tlly. the lo\ver is the ionic 
strength ofthe electrophoresis buffet-_ the higher ttre the :tpparent pl valttes Estimates 
of pls from electrophoretic data estrrtpolated towards zero ionic strength gist rcsttlts 
similar to those obtained by IEF. 

The simplest wuy of measurin s the pH gtldient in gel c_\-lindcrs is to cut the 
gel lengthwise into equal segments, elute the ampholytes into a small volume ofdistilled 
water and read the pII of the gel elttates with a combination n~icroelrctrode~3~2s~3~_ 
When usins this method, the buffering capacity of the ampholytes should not be 
exceeded as a result of excessive dilution_ As a general rule. the volume of the elttting 
water should be less than seven times the volume of the gel section. When measuring 
gradients in alkaline pH ranges, absorption of atmospheric cnrbon dioxide can be 
minimized by using boiled water or by llushing eluates with nitrogen. Finally, it is 
advisable to have a small amount of salt, e.g., 10 m:ll sodium chloride_ present so as 
to ensure adequate conductivity_ 

The pH gradient in gel slabs can be measured directly from the gel surfwe 
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with a flat-membrane electrode_ Preferably, the electrode should have a cross-section 
of not more than 6 mm (for example, type LOT 403-30-1M8. Ingold_ Zurich. Switzer- 
landJS)_ Beeley et aI_= reported a method for pH gradient determinations in unsec- 
tioned gel cylinders or slabs by using an antimony microelectrode (I mm in diameter) 
in conjunction with a calomel reference electrode. These electrodes are manufactured 
by Activion Glass (Kinglassie, Fife, Great Britain) according to the design of Klein- 
be@_ lkleasurements are made by pressin g the reference electrode at any position 
along the gel and scanning at regular intervals with the antimony electrode. In cm- 
trast to a glass electrode, where pH readings are obtained directly from the pH scale_ 
the antimony electrode gives measurements of electromotive force (EMF) on the 
millivolt scale_ These values are then converted into units of pH by means of an 

appropriate calibration graph. The antimony electrode appears to give more accur;l~c 
measurements at the acidic and basic ends of the gel and is very stable. J_ A_ Brele! 
(personal communication) reported the frequent use of this electrode over 21 period 
of Z years with no changes in the ori$nal calibration graph. 

The determination of the pf values of proteins of k~~oum chemical structure 
in the presence of denaturants. such as 6 111 urea, can also be wluable in confor- 
mational studies”. However, it should be noted that urea appreciably decreases the 
activity coefficient of hydrogen ions, to _- ‘w-e apparcntlv higher plc and pf values of 
the carrier ampholytes. Correction fxtors should. therefore, be used for pl deter- 
minntions of proteins in ureai5_ 

The plateau pfit‘11011ie11oii”: or cathodic drift:“’ occurs in many separations in 
most el media. This instability of pH gradients is indicated by ;L progressive flattening 
of the pH gradient at the centre of the gel and results in rhe migration of basic conl- 
poncnrs towards tht cathode. Its origin is still not completely clear. Cl~rtm~bt~cl~ ct LII.*~!’ 
wncludcd that it does not depend qualitatively on 2~1 conccntr:t~ic>n_ ~\mpholinc pf 
ranse_ Ampholinc concentration. the presence of proteii:. the presence or absence 01‘ 
urea, temperrlture or the geometric ;urangement of electrodes. The process c;m be 
retarded bx increasing the viscosity ofrhe medium by incorporating Il.5 ‘!,; of sucros&?’ 
or 10 ‘!-: of $yceroP” into the gels. 

Radota”’ reduced the cathodic drift in Sephades gels 1~~ treating them \vith 
propylene wide in order to remove carboxyl groups. This SLI ggests rhat ;I n::ljor cause 
of the pltlteau phenomenon is elrctroendosmosis_ Chrambach er ~1.‘;: argued th;lt 
electrarlidosliiosis IW’I- se can be responsible to only ;I limited t’.xtent t-Lx- rhc plateau 
phenomenon, as the latter is symmetrically t\vo-directional \vhereas the former is one- 
directional. Ho\vever. we have t‘oud the mtljor effect to be ;1 cathodic shift in \\hich 
proteins and Ampholines slo~vl~ migrate into the cathodic chamber. where they c;m 
be detected by the ninh:drin rexrion. By the same criterion. little. if any, Ampholine 
is found in the anodic compartment. During 1 EF in cellulose acetate_ \\-hich has ;I high 
elcctroendosmosis. the cathodic drift is nccomptmied by tt net rransport ofx\ater from 
the anode to the cathode. The consequences of the cathodic shift art evident From 
rhe results depicted in Fig. 1 S from experiments performed ivith the Multiphor tilill- 

layx- apparatus of LKB7”. The hacmo~lobin sample (applied as a cathodic_ anodic 
and ncm- isoelectric species) reached equilibrium in l-5 h_ ;ls sho\vn by rhc convergence 
of the three samples_ Thereafter. the focused bands began to drift slowly to\vtu-d the 
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cathode. After S h_ the bands had almost mi~ratcd from the gel. 
Most evidence indicates 3 multit~~ctorial basis for the 1-e 4thodic shift with lll~lil~ 

independent contributing variables_ In addition to electrocndosmotic rtkts. much of 
the problem may stem from the drsigzn of the apparatus_ It is particulx-I&- prcvalrnt 
in apparatus \vith large electrolyte chambers \\herc appreciable convective mixing 
occurs. LocaI heating eft‘ects due to discontinuities in conductance betwan !~xx~scd 
ttmphol~tia may ttlso twgrauatc the problem_ Haglund*” pointed out that this latter 
problem may also arise when pH ranges m-e used that do not include :tmphol_\-tcs 
bu!kring near pH 7. In this case_ ;t zone of pure \v;ttcr \vill develop bet\\-em the gel 
ampholges xxi the electrolytes_ ivhich can be prcvcnrrd by adding a sm;tll nrnount 
(e-g.. I y<,) of pH 6-8 Anpholine. When the cathodic shift is appreciable, it is im- 
portant to determine the minimum focusin, 0 time required for equilibrium conditions 
before bandine patterns disintegrate. From this point ofvie\v. the analyticnl scanning 
technique of Catrimpoolas4” appears to be very valt~able. 

-I_ APPLICATIOES 

This section deals \vith various appkxtions of GEF in biomedical rcscarch and 
gives esamples of the discovery of heterogeneity in many apparently homogeneous 
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proteins_ Where possible, attempts arc niade to detine the structural basis for some 
of this heterogeneity. 

By most criteria, IEF is a fairly mild procedure for protein fractionstion. 
Although separations occur in salt-free media. the anlpholytes serve to maintain pro- 
teins in solution and, because of their polyvalent nature, may afford greater stabi- 
lization than inorganic salts. Such :t phenomenon has been shown for cr-haemol?:sin, 
protease md ;1 hesosaminidase from Sr~~~~lt~-/~~c-c~c-c.~(~~ trmw~s~~ and with DNA-depen- 
dent RNA polymer:tseys_ In some instances, enzyme stttbilizntion may be due to the 
formtltion of complexes bet\vecn rhe carrier ttmpholytes and inhibitory heavy tncmls 
such as Cu’)=. Hg23-‘i and Pb”- _ 

On the other hand. loss of activity may occttr on prolonged esposttre of an 
enz_vnw to unl~~~~ourable pH ranges at its pl or lo chelaGon of necessary metal co- 
factors. Such losses in enzymatic activity can often be largely restored by incubation 
\vith rhe appropriate cofactors!‘. Additional problems may arise from the osidation 
of cysteine and methionine residues to cvstcic acid and nwthionine s!tIphosideSc”. 

- but can be avoided by performin, ‘1 IEF in the presence of anriosidnnts such as thio- 
diglycol or ascorbic acid. The lsrrer seen~s more ctkcrive and also prevents possible 
modification oftyt-osine and arginine residues. These antioxidants can be incorporated 
directly into sucrose dcnsitv gradients or added at the cathode during gel rlectt-o- 
focusing. Similar precautiotk ktvc been used by Pat-k”! and ButuP to artalyze tnis- 
tures of osy- and deos~l~aet~~o~labii~s. klany sulphydryl-dependent cnzymcs may also 
lose activity on elcctrofwxsing unless they m-e kept in the reduced form. For their 
stabilimtion. the rtntiosidant should i&all>- carry no net charge in the pl range of 
the CilZVtllt‘. ‘-hlcrc~~ptoctllatl~~l_ 2.3-tlitiiercapropropanol :itlc. 1 dirhiothrcitol art et- 
fcctivc in cot3xt~lr:ttiot~s of ;iboitt IO 9 J/ (ref. S3)_ 

Glycoproteins from a varietv of sources hr~ve been puritied by !EF in sucrose 
drnsiry gt-adients or in gcls”“-*-l -?‘:s_ Indeed. one of the tirst and most striking demon- 
strafions of the high rcsolvins po\\-er of gel clrctrofocusity came frotn the studies of 
:I gl?_coprotcin_ t_-amino acid osidase_ by Hayes and \Vellner”’ in 1969. This glyco- 
protein cotitriins galactosc. tii;itinose_ N-ttc~t:;l~lucos3miine. fucose and sialic acid. 
Disc clcctrophorcsis of cr~stallinc smiiplrs of this enzyme isolated from Ciwrtrlris 
~I~/~(NIZUIZ~L’IIS revealed three components. each of \vhich appeared hon~o~eneous when 
t-c-run. However, \vhen analyzed bv (yeI elrctrofocusing. - = these three electrophorsric 
cotnponents \vet-e resolved into 1S enzvmatically active forms. isoelecrric bct\veen 
pH 5.1 and S-4 (Fig_ IQ). This heterogenritv does not seen1 to be due to partial loss 

or different redos states of the FAD cofactoror to metal chelation_ Several of the iso- 
clsctric species appear to differ in utnino acid composition_ This heterogmeit~ may 
retlect genetic variation in the pooled sample. as venon~ from individual snakes ma>- 
contain ditkrenr combinarions of the isozymic forms (Fig 20). Hwvcver, in addition 
to differences in primaty strucfure, much of rhe heterogeneiry may be attributed to 
variations in cttrbohydrate in sever:!1 of the fortiiss’_ Such non-ttniform distribution 
of carbohydrtttes may turn out to be ;L major cause of heterogeneity in other glyco- 
proreins. 
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The enormous heterogeneity of immunogiobulins is, as Williamson and col- 
leaw~~~~-~~ have stated and elegantly demonstrated. ;t problem worthy oftht resolving 

pokr of IEF. Two types of protein heterogeneity arise in these proteins: (a) multiple 
species produced biosynthetically as the products of distinct structural genes, these 
immunoglobulins being cIosely related in sequence (alleles rit one or more loci): and 
(.b) microheterogeneity generated by post-synthetic modifications of a “binsyntheti- 
tally homogeneous” protein_The hetero_eeneity of myeloma proteins is a good esumple 
of the latter case_ A myeloma protein is the immuno~-lobuIin product of a single 
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neoplastic plasma cell clone The individual plasmacytotna synthcsizes it sinSIr nm- 

ltcular species of immunoglobulin. which appears homogeneous on sc-ei electro- 
focusing_ However, after secretion into the seruM_ this single protein gives rise to a 
characteristic microheterogeneous isoelectric spectrum- Much of this heterogeneity 
seems to be due to post-synthetic loss of amide groups from glutamine and asparagine 
residues33.g6 although part niay also arise from differences in carbohydrate content. 

In the case of genetically determined heterogeneity in immunoglobulins. the 
purification to homogeneity of a single antibody can be a formidable task. For in- 
stance. in the case of inbred CBAiH mice_ injected with 3-nitro-cl-hydrosy-5-iodo- 
phenyl acetate (NIP) coupled to bovine ;e-globulin, it has been estimated that the 
niinimuni number of anti-NIP molecules likely to be synthesizcd is about SOOO. Most 
ofthesc antibodies will focus over a ranse ot-only 2 pH units. As the present resolving 
po\ver ot-gel tlectrot-ocusing is of-the order of0.005 ptl unit_ the masimum theoretical 
number of distinguishable bands \vould be about 400 (ret-. 96). Thus. even at this 
high resolution. homogeneity of a single band is not assured. An example of this 
overwhelming complexity has been described by t1ofT1nm et ~l.!‘~_ Fig. 21 SLOW the 
isoelectric spectra of anti-X I, antibody 2883 and of fractions thereof after separation 
by preparative IEF. Most of these fractions appear to band as discrete_ single entities 
when analyzed bv ~TCI electrot-ocusing. Holvever. after niild reduction and r~lkylation. - = 
a heterogeneous population of light and heavy chains is generated l-rain each tip- 
parently homogeneous fraction” (Fig_ 22). Puritication of ;I single antibody. thcre- 
t-ore- rcprescnts ;I very ditticult task. HoLyever. bx using antibodies to a restricted 
imniune response. it may be possible to isolate individual species that mea scvcral 
criteria of honiogcncity. 
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Keck et rd_!‘” have developed an interesting niethod t-or drt&tin_r separrtttci 
tintibodics. They first precipitated the focused iliiiiiLlnoglobLllins in- IS ‘I,, sodium 
sulphate solution, then cross-linked the protein chains with glutaraldehvde. This is 
;L well-known niethod used in X-ray crystallography in order to prevent crystal t-rac- 
tures”%- The aldehyde forms ;I continuous copolymer, trappin, L (T -wd immobilizinS the 
protein within the gel matrix, but kvithout honipering the bindin, 0 activity of the anti- 



H 
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bodies_ The antibody bands are then located by treating rhe gels \vith *~zl-IabclIeci 
specific antigens. After xvashin g out unbound rtldionctivity. the immune co~nplcs is 
detected by at!tortldio~rrlph~_ Fig. 23 sho\vs a11 interestin, ca e.sampIe of this technique. 
The method can be extended to the use ~11‘ fluorescent-I:lbeIIe~i proteins :tnc! raciic:- 

inbrIIed poiysaccharide antigens as locators. 

GEF has proved useful for anzllyzinp and ch:uxcterizin~ both narive Iipo- 
proteins and their constituent polypeptide chains. The analgis ot‘lipoprotcins requires 
the presence of non-ionic detergents such as T~vcen 80. E~nasol. Hrij-39, Triton X-100 
(ref_ 100) or tetramerhylurea IU1 ii1 order to maintain their soIubility_ ionic derergcnr5 
cannot’bs used as they do not allow equilibrium t;lcusing_ Kostner ct d_ll”’ pre-stained 

human~serurn lipoproteins \vith Sudan black ant1 obtained about eight distincr bands 
after focusinp in gels containing 33% of ethylene gIyx~I_ The relationship of these 
various forms to those obtained by other methods \vas IIOL determined. Multiple 
ti,rms of lipoproteins presumably could arise through differences in bou~xi lipids. 
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the ap~qwotcins. or in associate-d carbohydrate. III addition. althou$~ pre-staining 
s*rwtlv t’lcilitntcs the detection af separated conIponents_ = _ it might introduce an arti- 
ticial hctera~encit> frani variations in d~c binding_ 

Scanr1 and colll’~lgLlt’s”“‘-“‘~~ also LLsed IEF for analyzing ~ILIIIXLII serum lipo- 
proteins and their componr’nt polyprptides. A typical sepxation of ape-HDL, 1~~ 
GEF is showy in Fig. 24. The pattern given by GEF is considerably more complicated 
than that given bv sodiun~ dodecvl sulphate (SDS) gel elcctrophoresis. indicating 
htxerogenrity in pilypeptide chainsof sitiiilar size. Gidez and Mttrnttnr”‘~ also tbund 

rat WI-LIIII ttpo!ipoproteins to be more heteroyenrous on GEF than is indicated by 
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SDS gel eIectrophoresis. This point is depicted in Fig. 25, which compares electro- 
phoretic and electrofocusin, ~1 analyses of unfractionated rat apo-HDL and sub- 
fractions separated bp ge1 fikration. The unfractionated materiai resolved into about 
seven fractions on SDS gel electrophoresis but over twenty on GEF_ The sub-fractions 
obtained by gel filtration permit a partial correlation of components displayed by 
both procedures_ The reasons for the additional complexity seen in these experiments 
have not yet been established_ However. it is sigtificant that the complesity revealed 
in a single electrofocusing analysis of human apolipoproteins is of the same order as 

. might be espected from combined techniques of gel fihration and ion-exchange chro- 

+ 

6 7 8 

Fig_ 15. Comparison of fractionation of rdt apolipoproteins by SDS gel ekctrophoresis nnli by gr‘l 
ekctrofocusing_ Left to right: I, apo-HDL unfractionatrdr 1-4. sub-fractions of apo-HDL srprirated 
by gyzel tiltration iaH analysed by SDS gel electrophoresis): 5-S. gel electrofocusing patterns of IA_ 
(L. I. Gidez and S. hlurnane, in preparation’“‘.) 
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The present situation can be summarized as follows: (a) for lipoproteins, IEF. 
is more useful as an analytical procedure because of the tendency of lipoproteins tci 
precipitate at their pls; fb) IEF may have wider applications for both analytical and 
preparative purposes with apolipoproteins; (c) highly reproducible separations of the 
apolipoproteins are obtained by focusin, cx in gels containing 6-8 !\I urea in order to 
prevent aggregation. but at the risk of generaGt, *I an artifactual heterogeneity bv 
carbamylation of the polypeptide chain. 

E_ d f cv,lhI-urlc.s 
At present, gel filtration and gel electrophoresis, both in the presence of SDS. 

have been the methods of choice for fractionating and chsracterizing membrane com- 
ponents_ Recent experiments. however, indicate that IEF may provide a useful alter- 
native. Jamieson and Groh’“t - separated human erythrocyte and lymphocyte popu- 
lations by iEF in sucrose densit> r avadients. Similar procedures were used to isolate = 
and characterize plasma membranes from human blood plateleW’~_ Bonsall and 
Huntt”Li-t”7 employed IEF to studv interactions of human red blood cell (RBC) mem- 
branes with sodium trinitrobcnzenesulphonate and surfactants. Several attempts have 
also been made to anztl~ze disn,, --regated membrane components by IEF. Met-z et u/_*“~ 
solubilized RBC ghosts in S ill urea, 20 ni:\I EDTA and 0.27: 2-mercaptoethanol. 
and fractionated the estract in 2.5 y/L acrylamide gels, containing 12.5 2: of sucrose, 
1 yi of pH 3-10 Ampholine and S M urea. Fig_ 26 shop-s the results of thisseparation. 
Approsimate!_v 40 components, isoelectric between pH 5.90 and 8.25, \vere obtained 
by this method_ A similar number of components are given bv SDS electrophoresis _ 
in pol~wx_vlaniidc gelsL”!‘_ It should therefore be possible to chnracterize these compo- 
ncnts \vith a t\\-o-dimcnsionnl technique (charge in the iirst dimension and size in the 
second. and so to assign both a pl and a molecular \veight to each polypcptidc)_ 

t--_ i%>jI I ii k-s 

Although IEF ~vould seem a useful method for separating both peptides and 
proteins. it is presently of limited applicability because of ditticulties encountered in 
distingitishin~~ Z and separating peptides from ampholxtes of similar size and pl. Pep- 
tides \vith appreciable UV absorbance may, of course. be readily detected over the 
background noise of the ampho!ytes-t”. However. their subsequent separation from 
ampholytes by se1 filtration or ion-eschange chromatography may prove ditticult. 
Pre-labelling ivith cht-omophores such as dinitrophenol uxs used by Kop\villem (‘I 
a/_*“’ to analyze a series of peptides of human growth hormone svnthesizrd by the 
Merrilield technique. Fluorescamine may be an attractive alternative for pre-labelling 
peptidrs if the reaction proceeds to completion and only one product results. Occa- 
sionally, at high inputs_ focused peptides may be detected as opalescent precipitates 
at their pl values. 

Righetti and Coronelli IL1 have developed a method for anttlyzing \v;tter- 
insoluble substances such as antibiotics by incorporaring dimerh_vl sulphosids 
(DMSO) into the gel. After focusing, the DMSO is removed by washing the gel in 
wawt- where th$ focused antibiotics precipitate.Therelative distribution of antibiotics 

can be obtained by scannin g the gel at 600 nm. The antibiotics are subsequently 
clurcd from the gel. 
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Fig_ 16_ isoelectric focusing of human crythrocyte membrane components in 1.533 ac~lamidr gels 
containing S dl UK-. 11.5?: of sucrose and 1 y;; of Ampholine IpH 3-10). Samplr lad: I mg. Ekctro- 
focusing rime: 2-Z h. (By permission of Academic Pr~xs_ SW rrf_ IOS.) 

In many respects. isoekctric focusing has proved to be of variable value in the 
analysis ofmetalioproteins_ On the one hand. it has permitted the resolution ofvario~~s 

classes of molecules that bind diKerent Ievels of metal or in which the metal crists in 
different oxidation states_ On the other hand, it can create an artifactual heterogeneity 
by metnl chelation_ The behaviour of rransferrin is a good example of both possi- 
biIitieSs_ Wenn and Williamsil” and Van Evk er LII_~~:: demonstrated three molecular _ 
specik of trznsferrin_ corresponding to molecules containin g zero, one or t\vo atoms 
or iron_ AIthough a11 three species occur naturally, the relative amounts of each as 
observed by IEF may differ considerably from those in the original mixture. Medel- 
tin”’ found that both iron-containing forms were eventually converted into the tlpo- 
protein by chelation of iron by ampholytes on prolonged electrofocusing. As might 
be espected, the extent of this reaction is dependent on the relative amounts of 
ampholyte and metalIoprotein present_ Usin, = small amounts of trrtnsferrin labelled 
with I51 and 5yFe, Medellin found no iron remaining on the transferrin after eiectro- 
focusing for 04 h. In contrast, all three forms of the protein \vere detectable at high 
rransferrin inputs, together with two additional unstable forms. As one of the two 
Iatter forms was apparently a half-saturated species, it is possible that the two unstable 
forms represent different conformers, dependin g on which site is occupied by iron. 
Aisen rr ~1.“” have aiso distinguished two transferrin molecules by IEF, each con- 
taining oniy one atom of iron. A similar phenomenon seems to occur with the protein 

, -_- 
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metallothionein. which contains one Cd’+ and one ZrP moiety per molecule and 
which may be separated by electrofocusin g into two forms, one cortaining only Cd2 - 
and the other both Cd”+ and Zn2+ (ref. 116). The extent of metal chelation seems to 
be largely dependent on the pl range of the protein. and seems more extensive in the 

case of proteins that focus below physiological pH ranges where binding of the metal 
ion to the protein is reduced- 

Of course. not all metalloproteins suffer from these problems. A particularly 
interestins example is the iron-storage protein ferritin. which esists in cells in corn- 
bination with vastly different amounts of iron. up to 2500 atoms per molecu!e_ The 
iron is present as an iron( 1 II) osyhydroside micelle inside a spherical multimeric pro- 
tein shell. but can readily be removed after reduction_ IMost tissue ferritins appear 

homogeneous on electrophoresis. but are resolved into multiple isoferritins by I EF. 
Ho\vever_ despite the large and variable iron contents ofthese isoferririns- the multiple 
fcwms are not due to ditrerences in iron content_ either pre-esisting or resulting from 
chelation by ;Lnipholytes”;-I*“_ Recent evidence suggests that m~uch of the hetcro- 
grnritv represents hybrid molecules fashioned from multiple sub-unit types12”_ 

- In addition to the possibility of introducing an artifactual heterogeneity throu@ 
metal chelation_ there is also the possibility ofgeneratin, ‘r multiple forms with ditt‘erent 
rcdos states of the metal cofactor. VesterbergL21 and Satterlee and SnydeP’ fraction- 
ated met-m_vo&~bin into nine components. six of which contained iron( Ill). \vhile 
the other three contained iron( These latter forms seem to arise from interaction 
\\-ith ampholytes rind riboHxvin or persulphate*““. On the other hand, this does not 
set’m to happen Lvith all haemoproteins. for esample. GEF may be used to quantitate 
osidized forms of haemoglobin. such as occur in methaenio~lobinae~~i~~_ in the pres- 
ence of Fe’- osyhaemoglobin. Such studies have also demonstrated interestins inter- 
mediates in the formation of ~~~cthi~e~~logl~~hi~~_ In preparations thiit contain p;lrti:lll> 
osidizcd haemoglobins_ one might predict the existence ofthree species corresponding 
to l~s~hi~em~~~l~~l~i~~ (fQ2). mcthacmo~lobi~~ (r~;$,-) and perhtlps intermedkte half- 

osidized forms in which the hxm on either the f~- or /2-chitin is osidized”-*_ Four 
species ilre evident on GEF. of\vhich the middle two have been tent:tti\-el?; identified 
21s f~~-f; and rqfiy (Fig_ 27)L2”. 

IEF is tinding increasing ilppliciltion in routine clinical procedures, \vhich can 
br largely attributed to the use of&s thtlt allow simultaneous frxtionation and rapid 
evaluation of multiple samples at 10~~ cost. The technique is likely to be of considerable 
vt11~1e in the :~nttl~sis of genetic ~Gants. GEF hiIS proved useful for detecting haemo- 
4obinopnthies as it permits the separation and quantitation of several haemoglobins - 
that can not readily be achieved by electrophoretic procedures_ Fig. 28 sho\~s typic;11 
profiles given bv some haemoglobin variants. Of particular interest to the diagnosis 
of sickle cell disease is the good separation of haemo@obins A. S imd F. By focusing 
in glass tubes. the relative amounts of the various forms can be quickly assessed by 
densitometric scanning”“. Although GEF will separate many known variants. it is 
interesting that it does not illlow a clear distinction between haemoglobins A,. C or E. 
These haemoglobins have very similar pk, despite [arse difkences in their primnrx 
structures’24_ On the other hand, as most haemoglobins are isoelectric near pH 7, 
it large number of espected variants with neutral amino acid substitutions may be 
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Jctectabie by GEE_ it-such substitutions alter the n~oIccuIur conligurxtion of the pro- 
tein_ H>- f~xur;in~ in it thin se1 slab at hi+ pulsed voltage. Ri+t’i and t3ianchi 

- Hosisio Righetti127 screened ;LS many as 100 I~:wnogIobin samples a day. 

GEF will probably also be ~1set~1.11 for analyzin, 17 tissue e.xtracts and bodes lluids. 
HcYI~~~‘” fractionated human salivary proteins from parorid. submandibular and 
mised salivas_ The proteins_ \vhich are isoelectric bet\veen pH 5 and ti_ give ~Iand- 

spcitic parrerns. RorboI’“” malyzed htunan urinary proteins from normal individuals 
and from patients with chronic pyelonephrik Marked ckmges. both qualitative and 

qttantirative_ xere detected in the regions ofalbun~ins and ;*-gIobu!ins in the diseased 
state_ 

Usin*> ;I t\\-o-dimensional technique invoiving IEF tbliowcd by se! electm- 
phoresk U;YIe and iatncrLZ” - mulyzed sem from patients suttkring from IgG and IgA 
t_vpc mye!onxitosis and from cirrhosis_ In type 1sG myeIomutosis_ they found a 
marked increase \vithin the lower IgG arc. a diminution of the remaining IgG area 
and a virttta! absence of IpA_ In rnyelomatosis type !%A. there was ;t distinct increase 
in the IgA area and ;I virtual absence of IgG. In cirrhosis. both the IgA and IgG areas 

wrt‘ nwrr‘ pronounced rhan rhose in normal st’ra. Lamer’“* applied rhis mrrhod to 
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the :tnai_vsis of tissue ftitids from :I nitniber of human diseases and obrrtin~d chat-rtc- 
teristic- protein maps for several diseases. 

G EF has been ttscfitl for isolating and charactrrizin g hitninn et-fetoprotsin. 
This fwtal flabulin is pt-escnr in the serum of many parients \\-ith primary hepatonia 
:tnd in children \virh enibryonal csici110111~1 of rhc gonads. 11s pt-escncc in serum is 
wed in the srrodiagm~sis of tkie tiialignancies. Mprrr c’f ~i.t:~ srpat-rtted 11~0 major 
nwlccular ~~wms of #c-fi-roprorcin by GEF. \vith pls of 3% and 5.2. Both forms at-t‘ 
present in most liepatonia and foetal stxt. but their biolo$xl r&tionships are 
~tnkno~~~ The turn l;x-ms art convcrtcd into ;tn appnrsntly homogcncous form of 
higher pJ after tlcttr~tminiciasrt~~ trtxttnwIlt_ \vhich suggests that they ditl?r in sialic acid 
c0111t’111_ 

Unsrptxtrdi~. GEF has not yet been routinely applied 10 sr‘t-wn protein anal- 
Jx.~S_ a frequently itsrd diagnostic procedure_ Perhaps thr major reason has bren 
dilticulrics in sraining prowins wirh high scnsitivit_\-_ This should no lon~ct- be it prob- 
km \\-ith tscently dsvslaped procedures. pnrticitlarly \vht’ti thin g-t’1 slabs are usr’d, 

\\-ith \vhich stainin g and destaining can be achieved in it t-&v hours. Considerable \vot-k 
\vill. ho\\-ever_ he required in order to characterize normal protein patterns so as to 
identify ~onlponents of particular interest among the man_v rtdditional cot-.~ponc’nts 
revealed by GE F. 
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proxkie information on the interactions between protein molecules or sub-units and 
between proteins and small molecules, includin - s conformational changes that may 
accompany these interactions. Ultimately, these findings may offer a better insight 
into the molecular basis of cooperative interactions in allosteric proteins and in 
larger bioiogicnl systems_ 

Owing to its availability in n pure form and its intense colour, haemoglobin 
is a particularly FavourabIe model for such studies. Purl? and Bunnsz investigated 
sub-unit eschr~n~e between several human haemoglobins and the formation of mixed 
tetramers between human and canine haemoglobins. These intermediate forms could 
be detected only by using deosyhaemoglobins, focusing under strictly anaerobic COII- 

ditions and at low temperature- Fis_ 29 demonstrates 311 example of mixed tetrttmer 
formation. Hybrids from osyhaemoglobin are demonstrabIe but dissociate rapidly 

during electrof~~cusing’“ti_ Park also used GEF to study the dimeriztttion plane in 
deos~hacmo~lobin and in oxyhaemoglobin_ and its pH dependence_ These studies 
sho\ved that both liganded and unliganded haemoglobins cleave along the same plane 
at pH 7 and 10.6. Such observations on sub-unit eschange may pro\-ide valuable 
information about sub-unit organization in olisomeric proteins_ 

- 

--; 

lib A 

Haemoglobin is also usef~d for studFin% interactions betlveen macromolecules 
:md small molecules. Thus P;trl? and Bunti”’ \vere able to demonstrate the confor- 
mational charge associated with the Bohr eflkct by separating deos~ltaemo~lobitl and 
osyhttemoglobin by gel electrofocusing from a misture of partially oxygenated mole- 
ccIcs_ At equilibrium_ deosyhaemoglobin is detected as a purple-violet band (~17.15) 
above the red oxyhaemoglobin (pf 6.95)_ A unique advantage of the focusing system 
occurs in those studies which combine equilibrium and kinetic processes_ For example_ 
after it protein is focused, ligands, chemical reactants or interacting proteins can be 
passed through the gei and various kinetic processes can be studied. 

-Park51 NTIS able to study the binding of ATP to haemoglobin and to 
sroichiomet~ of the complex Similar approaches may be helpful in 
molecular basis of cooperative interactions in allosteric proteins_ 

in this \vay, 
calculate the 
study& the 
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Another esmnple of macromolecule-liga!ld interaction is evident from the 
shift in pf values of concanavalin A on binding carbohydrates. This substance pos- 
sesses hemag~lutinatin~ and rnitogenic activities, regulates the growth of transformed 
fibroblasts and binds to cell surfaces. Thus_ the study of its interactions may shed light 
on its mode of action on cells. Crystalline preparations of concanavalin A show ;I 
range of seven or eight components, isolectric between pH 5-9 and 8.0. When pre- 
incubated with increasin g amounts of o-nxmnose or tr-methyl-~-glucosidc, there is a 
profressiw shift of the lolver pf bands toward the band at pH 8.0. At high concen- 
trations of these li~ands. the conversion is almost complete (Fis_ 30). On rhe orhcr 
hand, w@actose, which binds only poorly to concanavalin A_ has much less etTec~. 
As the former ligttnds are uncharged molecuIes_ these pronounced p/ shitis may resu!t 
from conforrllational changes in concanavalin A such as have been demonstrated by 
measuring circular dichroic spectra’:*:‘_ 
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ideal, as it would allow rapid analyses and could be conveniently stored for reference 
purposes. 
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10. SUMhlXRY 

This review deals primarily with analytical and preparative isoelectric focusing 
(IEF) in ge1 media. We have tried to cover new developments over the years 1972. 
1973 and early 1974 since the previous years have already been r&c\ved_ 

An introductory chapter on the properties and detection of Ampholines is 
folIowed by a section on analytica and preparative apparatus for gel IEF. \vith par- 
ticular emphasis on thin-layer techniques and on continuous-Ilow IEF. 

A chapter on sampie detection deals \i-itI> techniques for staining and dtxrctining 

and for histochemical enzyme detection_ New developments in pH measurements_ 
such as the flat-membrane electrode and the antimony microelectrode. are reported_ 

Among the various applications of IEF to the study of bioIo$caI systems \ve 
report the analysis ofgI_vcoproteins_ immunoglobulins_ lipoproteins_ membrane pro- 
teins_ peptides and metaIIoproteins_ Particular emphasis has been given to the use 
of IEF as a probe of interacting protein systems. Esamples art x given of studies on 
sub-unit eschanse and ligand binding in haemoglobin_ 

IEF can be effectively used in combination with other techniques for two- 
dimensional procedures_ An IEF run in the first dimension can be followed by an 
immunoditfusion or immunocIectrophoresis_ or b\ _I zel electrophoresis. or by electro- 
phoresis in a gei gradient, or bv SDS se! electrophoresis. Combined use of these 
methods a?11 often define in a tkw simpIe esperiments. several physico-chemical 
parameters of the proteins under study_ 

The review ends with a chapter on transient state isoelectric fbcusins and \vith 
remarks on future trends and developments_ 
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