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RICHETTI, G I A N A Z Z A  AND GELFI 

I. Introduction 

The technique of isoelectric focusing ( IEF)  via irnmbilized DH 

gradients (IPG) was first announced to the scientific cmnity at a 

meeting of the International Electrophoresis Society in Athens, April 

1982, as the result 0' an intensive collaborative effort [ l ] .  In five 

years, the technique has been extensively developed in three fundamental 

aspects: anaiytical, preparative and as a first dimension of 

two-dimensional (2-D) maps. The merits and, recently, the flaws of the 

IPG technique have been evaluated and recognized, so that at the present 

writing we feel it is ready for successful introduction in m t  

life-science laboratories. 

It is inpossiole :n  the present review to cover extensively the IPG 

field, as this would require a book: thus we have chosen, after 

explaining the basics, to give t he  m t  recent advances. For covering to 

a deeper extent methodological ana past developments, the reader is 

referred to two extensive reviews [2,  31 and to proceedings of recerit. 

meetings [4-61. There were many reasons for abandoning conventional IEF 

in carrier anpholyte :LA) buffers: due to their peculiar distribution 

along the separation path (interdigitating gaussians) the CA chemicals 

( a  multitude of oligcamino cligocarboxylic acids, buffering in the pH 

3-10 interval) create a discontinuous physico-chemical environment, 

varying in buffering capacity, conductivity and ionic strength within 

micrometric distances, often nox iws  to proteins (inducing 

urecipitation, smears, artefactual banding patterns due to CA-protein 

cmlexes, even loss of enzymatic activity due to metal chelation) 171.  

In order to eliminate these problems, basically due to the discrete 

distribution of CAs along the electric path, we tried to create a matrix 

in which the chemical envirorment wwld vary in a continuous fashion, 
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ISOELECTRIC FOCUSING 107 

without the discontinuities typical of the steady-state distribution of 

CAs. This required the ability of performing a continuous titration over 

any desired di interval, i.e. abolishing the use of specified buffers 

able to condense at any given point along the pH scale. as the latter 

species are in fact the proaucr. of an ad hoc titration. Even by 257nq 

to the system a great nmer of such mhoteric buffers, one is still 

workinq on the principle of discrete titration, bcund to have steps or 

discontinuities, no matter how minute, among ad~acent species. Thus, the 

thin red line dividing IPGs f r m  CA-IEF i s  the principle JT continuous 

vs. discontinuous titration, as it can De appreciated frcm Fig. 1A and 

6. 

11. The Imbiline chemicals 

IP& are based on the principle that the pH grscient, whim exists 

prior to the IEF run itself, is copolymerized. and thus insolubilized, 

within the fibres of the polyacrylamide matrix. This is achieved by 

using, as buffers, a set of seven non-anphoteric, weak acids and bases, 

having the following general chemical composition: CH =W-CO-I\M-R, where 

R denotes either 3 different weak carboxyls, with pks 3.6, 4.4 and 4.6 
2 

or 4 tertiary amino groups, wlth phs 6 . 2 ,  7.0, 8.5 and 9.3 (Table I). 

During gel polymerization, these buffering species are efficiently 

incorporated into the gel (84-86% conversion eff;ciency at 50 C for 1 

hour) [ & I .  Imnobiline-based pH gradients can be cast in the same way as 

conbwtional polyacrylamide gradient gels, by using a aensity gradient 

to stabillze the ImrPbiline concentration gradient, with the aid of a 

standard, two-vessel gradient mixer. As shown in the formla, these 

buffers are IX) longer anphoteric, as in conventional IEF. but are 

bifunctional: at one end of the mlecule the buffering group i s  located, 

0 
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ioa R I G H E T T I ,  GIANAZZA AND G E L F I  

H (a) H 
I+ I+ 

*CHy-N-CHy-CHy-CHy-N-CHy* 
1 

PH . . .  f 0 .  
i 

FIGURE 1 

The principles of isoelectric focusing in carrier arrpholyte buffers 

( A )  and in imoilizea pH gradients iE ) .  A: on the left side (a), a 

representative chemical formrla of CAs is shown (aliphatic oligoamino 

oligocarbonilic acids). On the lower left side ( b ) ,  portions of 

hypothetical titration curves of AnDholines are depicted (the steep 

slope acrcss the PI indicates good buffering capacity ana ccnductivity). 

Right (c): difference ah cuts for wide and narrow range carrier 

anpholytes. A typical mholine synthesis consists o f  reacting 

oligoamines ( 4  to 0 nitrogen long) with acrylic acid. B: idealized 

scheme of an Imnobiline matrix. The polyacrylamide gel is represented by 

convoluted threads, whose cross-over points can be taken as the linking 

of different chains by the cross-iinhing agent. The Imbiline 

derivatives are represented as carboxyl and tertiary amino groups, 

covalently bound ta the gel matrix. A given ratio -W/-N-R, in any 

infinitesimal gel layer defines and maintains in such a stratun a fixed 

pH value (both figures by courtesy of LKB Prcdukter AB). 
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ISOELECTRIC FOCUSING 109 

O H  
11 I 

Immobilino: CH, = CH-C-N-R 

0- 

FIGURE 1 CONTINUED... 

and a t  the other is  the acryllc double bond, which w i l l  disappear during 

the grafting process. The three carboxyl I m b i i i n e s  have rather small 

tenperature coefficients (dpK/dT) i n  the 10-25OC range, dlre to their 

small standard heats of ionization (ca. 1 k c a l / m l )  and thus exhibit 

negligible pK variations i n  th is  tenperature interval. Cn the other 

hand, tne four basic Immbilines exhibit rather large ApKs (as rmch as 

w=O.44 for We pk 8.5 species) due to their larger heats of ionization 

(6-12 Kcal/ml). Therefore, for reproducible runs and pH gradient 

calculations, a l l  the experimental parameters have been fixed a t  10'C. 

Tenperature i s  not the only variable that w i l l  affect Immbiline pKs 
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ISOELECTRIC FOCUSING 11 1 

(am therefore the actual DH gradient generatea). additives in the gel 

that will change the water structure (chaotropic agents, such as urea) 

or ,qi 1 1  lower its dielectric constant, and the ionic strength itself of 

the solution, will alter their pt values [91.  Conversely detergents 

(both m n  ionic and zwitterionic) do not produce pC, shifts, suggesting 

tnat tne imrobilines do not tend to be incorporated into the surfactant 

micelle. The list ot seven Imrabilines i s  not exhaustive: for extenaed 

p~ gradients there i s  often the need of two additional ones, 1.e. a 

strongly acidic (pKtl, sulphated derivative) and a strongly basic 

(p)c>12. qauternary amino acrylamido derivative) compounds with pks well 

outside the jesired pH range ~ 1 0 1 ,  thus aDle to provide equ?valents of 

acid or case without an\ ouffering action even at tne extreme pH values 

of the titration. Recently, an additional Imbiline, with pK 10.;. has 

Deen synthesized. wnich has oroven verk i:safuI for generating strongly 

alkaline pH gradients (pH 10-11) able to focus Sucn alkaline species as 

cytochrome C, elastase and trypsin [ l l ,  121. In reality, we have omitted 

from the list the mst important ana mst abundant ‘ I m b i  line’ in the 

system, so visible and obvious ds to be corrpletely ignored: water, w h i m  

is always present in ali fornulacions in non-negligible munts (55.56 

M I  as conparea with the aizrage 10 I-IM concentration of a buffering 

Imnobi.*iria. As we will see in section VII, water strongly interferes 

with IPG formulations below pH 4 and move pH 10. 

Since they are copolymerizea within the mtrix, the Imbiline 

buffers no longer migrate in the electric f!eld: this means that the pn 

gradient i s  stable indefinitely, though this condition has to be 

established before the onset of polymerization, and can only be 

destroyed if and when the polyacrylamide gel is hydrolized. At 

conventional mtrix concentrations (5%T) and at the standard Imrobiline 
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112 RIGHETTI, GIANAZZA AND GELFI 

FIGURE 2 

Assernblv ZT a gel cassette for casting I?&. A: (a) c-rjass base plate 

(3 mn thichj; ( b )  Gel Bond PAG foil; ( c )  U-gasket (in general silicone 

or rubber, often glued to the glass cover plate; usually 0 .5  mn thick); 

( d )  Tenpiate. 3 mn tnick glass plate with pieces of self-adhesive Dyrrp 

tape ( 2 5 0  p thick) for w l d i n g  of gel slots; (e) paper slips as 

tenporary, additional spacers ffrm &rg c., ref. 13). 8: 

preparation of the cover plate with a strip of Dym3 tape and cutting-out 

of pocket-forming slots (by courtesy of Drs. A .  &rg and R. 

Westerme i er ) . 
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ISOELECTRIC FOCUSING 11 3 

FIGURE 2 CONTINUED... 

levels (ca, 10 W-I buffering Ion) there is about 1 buffering group (or 

titrant) every 47 acryiamide residues. which means that, statistically, 

two I m b i i i n e  species are abwt 94 carbon atnms apart. 

111. Methodology 

-Gel casting with a two vessel gradient mixer 

For the cassette, the basic assdly is just as depicted in Fig. 2A 

(as Immbiline gels usually have to be washed, it was not feasible, till 

recently, to cast them in g l w  cylinders) [ l L ; .  To the cover glass, we 

suggest binding pocket-forming strips (up to 20), cut out of adhesive 

errbossing (DymoJ, for apDlying the sanple in a free liquid layer. 

Then gluing the intact length of tape and cutting out and removing 3 mn 

wide segnents, perpendicular to it, so as to leave glued to the glass 

separate rectangles of tape (Fig. 28) .  The depressions formed by the 
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114 R I G H E T T I ,  G I A N A Z Z A  AND G E L F I  

Dym -,ape i n  the gel layer are about 2 5 0 ~  deep, and can usually 

accclodate volunes up to 1O-’L 1.11. A double volume can De arranged by 

gluing two embossing strips on top of each other. It i s  always best, 

however, to make sure that, after opening the cassette, the pockets are 

sealed at the bottom by a thit-1 film ot polyacrylamide qel. 

Tne final assembly i s  shown in Fig. 3: notice that the two upper 

clanps on tne top of the cassette are removed and that two  paper clips 

are insertea instead [14]. This greatly facilitates the insertion of  tne 

plastic tuDing conveying tne solution frm the mixer to the charrber by 

forcing the top rims of the glass slabs to diverge ana thus widen the 

0.5 inn gap. However, cover glasses with three indenbtions at tne top 

are now available, so that tne tubing can be insertsd directly into any 

of cnese 3 V-shaped channels without widening the top rim with paper 

cliDs as snow in F ig .  5 .  The gradient mixer i s  positioned about 5-8 cm 

frm the chawber top (the liquid will flow down by gravity) and is 

fiiied witn the acidic and basic solutions. One should r m e r  to fill 

only one chanber first, and then to remove ariy air fran the channel 

connecting the two chanbers by gently opening tre central valve. The gel 

cnmer stands vertically on a levelling table and the capiilary tubing 

is inserted in the middle. A t  tnis point stirring is started (500 rpm), 

the cataiysts added (TEMED and Dersulphate, in this OrderJ, both valves 

are open and the densitv (and ph) gradient is allowed to flow in the gel 

cassette. There are ca. 10 min before the onset o f  polymerization at 

10°C, but in a hot roan in s m r  (and in 8M urea) the reaction will be 

faster (2-3 min at tenperatures > 3OoC).  Once the whole gradient has 

been pwred, the clips are quickly removed and the two wper clanps 

fastened in their position. 
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FIGURE 3 

Gel cassette ana gradient mixer tor casring an Imbiline gel. The 

easic. light solution i s  pioettea 1nt.o the teservoir ( R )  while valves 

( 1 )  and ( 2 )  are closed. The connecting tube is filled by opening ( 1 )  for 

3 xief m n t .  The xiCliC, heavy solurion IS pipetted into the mixing 

charber ( M ) .  Stirring is startea i~ D o t r l  vessels ana the cataivsts 

(TEMED and persulphate, in this order] added. Valves 1 and 2 are 

simultaneously openena and the gel cassette fillea ~y gravity feeding. 

When the liquid has reacned about two-thiras G f  the cassette height, tne 

paper clips (tenporary spacers) are reroved and the four remaining upper 

clamps insertea in place, so that the liquid rises M ; : l l  up the 

charrber (courtesy of Drs. A. &rg and R.  Westermeier, ref. 14). 
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After stanat-d polymerization ( 1  h, 5OoC) the gel cassette is removed 

fran the oven, the eight clanps unfastened and the supporting glass 

plate gently pried open with the tip of a spatula. The Gel Bond PAG foll 

can now be lifted from one corner and gently peeled off, with the bound 

polyacrylamide gel layer, from rhe other plate closing the cassette. The 

first step at this point is weighing (after blotting any traces of 

liquid around the ridges of the foil, ;f needed). as the gel has to be 

washed and will swell in water during this procedure. It is well to mark 

the weight of the gel on the plastic backing. The gel is ~ ~ ) \ r l  washed in 1 

L of distilled water for 30-40 min for 0.5 mn gels (double this time for 

1 mn geki. The washing step is essential: TEMD, persulphate and 12-16% 

unpolymerized Imnobilines must be removed, otherwise large plateaux of 

free acid and free base will form at the anode and cathode, 

respectively, and will Prevent the protein from focusing. After washing, 

the gel should be blotted with soft tissue and then, wir;% the aia of a 

fan, reduced to its original weight. 

-Reswelling of dried Imnobiline gels 

For routine applications, is often convenient to cast gels by a batch 

procedure and then store them dry for subsequent use. Gelfi and Righett3 

[15] studied the If% gel swelling kinetics as a function of the 

following variables: (a) solvent conposition (plain water, 8M urea, 2% 

Nmidet P-40 and their mixture); (b) gel carposition (varying %T at 

fixed %C); (c) temperature (in the range 20-6O'C); (d) gel thickness 

(from 0.5 to 2 mn; Fig. 20); (e) operative pH interval (from the extreme 

acidic, pH 3.5-5, to the extreme alkal ine,  pH 8.5-10, ranges) under 

isoionic conditions. The following practical guidelines for gel drying 

should be observed: (1) the gel should have a low matrix content (e.g. 
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ISOELECTRIC FOCUSING 11 7 

3%T): (ii) they should have reduced thickness (0.5, max. 1 mn; for 

greater thicknesses, the swelling exponential becomes to0 steep): ( i i i i  

2 
alkaline gels should be dried in vacuo over silica, to prevent 03 

adsorption; (iv) the gels should be extensively washed Drior to drying. 

In regard to the last point, it is better, in the last washing, to 

equilibrate the gel in 1% glvcerol, which will keep misture in the 

dried gel and wi 1 1  'lubricate' the polyacrylamide coils, thus preventing 

an irreversible collapse of the gel mtrix. Precast, dried Irnmbiline 

gels enconpassing a feh acidic ranges, are now available frm LhB 

Produkter AB: they ali contain 4%T and they span the following pH 

ranges: pH 4-7; pH 4.2-4.)  (e.g., for a -antitrypsin analysis); pH 

4.5-5.4 (e.g., for Gc screening) pH 5.0-6.0 (e.g., for transferrin 

ararysis) and pH 5.6-6.6 (e.g., for phosphoglucomutase screening). 

Precast, dried IPG gels in tne alkaline region have not been introduced 

as jet, possibly because at hiqher pHs the hydrolysis of both the gel 

matrix and the Imnobiline chemicals bound to it is mch mre pronounced. 

There couid be two ways to overcme this problem: (a) wasn the alkaline 

gel, prior to drying, in traces of formic acid (the lower pH will 

greatly extend their lite span); ~ b )  store the dried gels at -2O.C Ll6l. 

It has been found that tne diffusion of water through Imbiline gels 

does not follow a sirrple Fick's law of Passive transport frun high (the 

water phase) to zero (the dried gel phase) concentration regions, but it 

is an active phenomenon: even under isoionic conditions, acidic ranges 

cause swelling 4-5 times faster than alkaline ones. Given these 

findings, it is preferable to reswell dried Irrmbiline gels in a 

cassette similar to the one for casting the IFG gel. Fig. 4 shows the 

reswelling s y s t m  produced by LKB: the dried gel is inserted in the 

cassette, which i s  clanped and allowed to stand on the short side: via a 

1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
2
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



FIGURE 4 

Reswelling cassette for IPG gels. After washing and drying, tne 

Gel-Bond-pasted Iffi matrix is inserted in the cassette, which is clanwed 

and allowed to stand on its short side. On the lower left corner o f  the 

cover glass, a 3 mn d i m .  hole with a short tubing connection allows the 

filling of the reswelling solution via a syringe. 
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ISOELECTRIC FOCUSING 11 9 

mll hole in the lower left side and a cannula, the reswelling solution 

is gently injected in the c-r, till conplete filling. As the system 

is voltme-controlled, it can be left to reswell overnight, if needed. 

Gel drying and reswelling is the preferred procedure when an Iffi gel 

containing additives is needed: in this case it is always best to cast 

an 'enpty' gel, wash it. dry it and then reconstitute it in Dresence of 

the desired additive (e.g., urea, alkyl ureas, detergents, carrier 

ampho:ytes and mixtures thereof). 

-The use of platealrx 

Plateaux, added at one or both mas of the IPG gels, introduce a new 

dimension in the Immbiline technique, as they greatly enhance its 

versati iity. Several types of plateaux can be utilized, either alone or 

in chination: (a) pH plateaux; ( b ,  porosity plateaux ( c )  affinity 

ligana plateaux. PH plateaux were first reported by Ek 3 d. i 1 7 1 ,  

their main purpose being salt rmval from the Iffi matrix. It is known 

that IPGs, Deirxj covalentl,, bound to the gel mtrix, are in principle 

unaffected by salt ions. There are, however, sane practical limits to 

tne munt of salt that can be tolerated even in I-, and they are due 

to: a) initial conductivity of the Iffi gel; b) generation of strongly 

acidic and strongly basic gel zones in proximity of the electrodes as a 

consequence of the physicai separation of the salt ions. With respect to 

the first point, different munts of salts can be tolerated in 

different pH ranges: at acidic pH (pH 3.5-5) as much as 10-15 y l e s  

NaCl/ml gel solution can be tolerated, the corresponding m n t  in the 

pH range 9-10 being 3-4 p o l e s  NaCl/ml gel solution (it should be 

rmmhred that the free proton mobility is 3510.10-~ un V'l sec" while 

the corresponding -Ctl'mobility is only 85.10 an2 VJ sec" at 250C). 

2 

-5 
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120 R I C H E T T I ,  G I A N A Z Z A  AND GELFI 

However in the pH range 5.5 to 9, where the conductivity of the system 

is at a minim, and the contribution of free H+ and -0H'quite ~rf~all, 

the maximm tolerable amount is barely 0.5poles NaCl/ml gel solution. 

The second problem (collection of free cations and anions at the two 

electrodes, with formation of plateaux with extreme pH values) can be 

solved by elongating the gel with pH plateauxat the two extremes, where 

the ion carponents of the salt can collect just outside the Imnobiline 

pH gradient. In this case, it is  best to polymerize a 50% longer gel 

(e.g. 15 an instead of the 10 an standard length). Enough of the acidic, 

dense solution, is injected in the chamber to form a 2.5 cm long 

plateau, which is allowed barelv to polymerize with the aid of a hot 

fan: over this is cast the desired IrmDbiline gradient, of standard :O 

cm length. Over the latter, the remaining light, basic solution is now 

gently floated to form a 2.5 cm long cathodic plateau. The entire 

assmbly is then polymerized under standard conditions, in the oven at 

50 C for 60 min. During the run, the anionic and cationic c m e n t s  of 

the saits in the sample will be seen a6 refractive lines moving out of 

the separation gel and collecting in the two plateaux at the electrodes. 

At this point, one can remove them by excision and repositioning of the 

electrode wires. thus continuing the experiment in a salt-free 

enviroment. Another reason for using pH Dlateaux, in addition to salt 

collection, is for loading the sample at a favorable pH, especially when 

using u!tranarrw pH gradients. E.g., when running very alkaline or 

acidic PH gradients, the m l e  is loaded in a lower , or higher, pH 

?lateau, respectively, so as to minimize sample loss due to harsh pH 

environments and to increase its net charge for rapid migration into the 

real separation gel [11, 121. 
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ISOELECTRIC FOCUSING 121 

Porosity plateaux were first described by Righetti and Gelfi [la] for 

strenghtening the walls of the sarrple application trench during 

preparative runs in 'soft' polyacrylamide gels. As described in section 

IX, low %T gels (e.g. 2.5  to 3%T) afford much higher sanple loads than 

standard 5 or 6%T matrices. However, in such soft and thick gels, the 

wall of the trench will collapse inhibiting the sample application to 

the matrix. Thus, all the gel layer around the trench was cast as a more 

robust, 5%T zone, which also contained a mre acidic pH plateau and a 

dwble ionic strength plateau to enhance the protein mobility in the 

loading zone. Even though porosity plateaux have been described only for 

this purpose, they can be utilized as sieves to eliminate scme unwanted, 

higher Mr species, present in the sanple mixture: under these 

conditions, a run with tho simultaneous separation criteria, i.e. a mass 

coupled to a charge fractionation, would be carried out. 

Affinity ligand plateaux have also been recently described [191: they 

are very useful in coupling two independent separation parameters, 1.e. 

an affinity pre-purification step, based on a specific biological 

activity, followw by a charge fractionation in the IPG matrix proper. 

We have used such affinity plateaux to specifically sequester human 

albunin in serun analysis by trapping Blue Dextran in the cathodic pH 

shelf containing the sample application pocket. At 1% concentration, 

practically all albunin i s  sequestered frcm the sample under analysis. 

In this exanple. the imnobilization of the ligands is simple, due to 

their entrapment in the gel fibers, caused by their extremely large 

size; in other cases, the ligand will have to be bonded to the 'affinity 

shelf', just like the Irrmobiline chemicals are. 
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122 RIGHETTI,  GIANAZZA AND GELFI  

I v .  Narrow and ultranarrow pH gradients 

We define these as gradients frcm a rnin:mum of 0.1 to a m i m m  of 1 

pH unit. Within tnese limits, in general, we work on a ’tandem’ 

principie, 1.e. we choose a ‘buffering’ Imrwoiline (e.g. a base or an 

acid), having its pk within the pH interval we want to generate, and a 

’non-buffering’ Imnobiline re.g. an acid or a base, respectively), 

having its pk at least 2 pH units rmved from either pttmn or pHmax of 

our pH range, which will provide equivalents of acid or base, 

respectively, to titrate tne buffering group but will not itself buffer 

in the desired pH interval. For these calcuiations, we used to resort to 

mditied Henderson-Hasselbalch equations i l l  and tG rather conplex 

-grams found in the LkB Applxation note No. 321. Today, LKB Note No. 

524 liscs 58. 1 pti unit wide gradients. starting w i t p i  the pH 3.8-4.8 

interval ana ending with the pH 9.5-10.5 span. separated ~y U.1 pH unit 

increments. In Table I1 are the relative recipes givinq the IrmPbiline 

volumes (tor 15 ml of mixture) needed in the acidic (mixing) crwrber to 

ODtain pHmin and the corresponaing +olwnes for the basic (reservoir) 

chamber of the gradient mixer needed to generate pMMx of the desired pH 

interval. Only between pH 4.6-5.1 (pHmin) and 7.2-7.4 (pHmin) we work on 

the troika principle, as in these regions there are wide gaps in the pks 

of neighbouring Imnobilines. Let us take the pH 4.6-5.6 interval: there 

are no available Imrmilines with prs within this pH region, so the 

nearest species. pks 4.8 and 6.2 will act both as partial buffers and 

Partial titrants and then a third Immbiline i s  needed in each vessel, a 

true titrant whlch will bring the pH to the desired value (for pHmin we 

will use pK 3.6 and for pHnax pK 9.3 as titrant, respectively). 

If a narrower pH gradient i s  needed, this can be derived frcm any ot 

the 58 pH intervals tabulated by a simple linear interpolation of 
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:I M+ll 1x1 - ?ill - 
:l.Wfll.ll3 - 7 1 0  - 
.(II:I+IIIEl - - 7.G 
4,l:l+ll.lKl - - I U  
. l , ~ l 2 l l . l l : l  - - I P I  
4,:r2201x1 - - 662 
.1.11+1111:1 - - li!ll 
4.SlflI.lM - - 71R 
I 1 ~ 1 2 1 1 . 1 l ~  Yi'l - lilll 
4,752lJ.M 4W - 675 
I.Wi+ll.l,I :ml - 1.Xl 
1 yH+II.III 21n - n.33 

5.1lfll.lU 113 - WI 
71 %.I+O 1M 1 9 1  - 
6.:G120U.12 Ills5 - 
i .l:I+II.IP H!)o - 
5.Sl20.W 77s - 
: 1i'2~11.1l7 676 - 
5.7If0.08 SOH - .-, H l + O  Ili 3:ui - 
5,9l+O.U5 4 s  - 
li.l11211.1l5 447 - 
6.10~0.M 416 - 
I i 1 1 2 O I I  91s - 
li.;lll?lll~ i t 2  - 

I, 117+ll 1I:I I5H - Mil 

R . ~ I + I I . W  w - 

TABLE I I  

I-pH Unit Gradients: Volumes of lmmobiline for 15 ml Each of Starling Solution (2 gels) 
V01umc1~~11O.2 hl Irnmc~hilmr irk: 

Hmir liyhl solution 
Volum~l,hll P Y Imnwbliw I ~ K  

Gmlnd pH ,\V,'I,V ,I#."*. UllUllll" Control IIH 
.I 20.f' 3 6  I 4  I I; 6 2  711 H 3 9 :I pH mid rt?ll'C 1 6  4.4 l . 6  R.2 7 0  M G 9:l 

r.np pohl 

- - - 159 3.8- 4.8 4.3 4.9320.Wi - 760 - - - - ,591 
- - - 180 3.9- 4.9 4.4 5.Mf0.07 - 810 - - - - 
- - - 1.57 4.0- 5.0 4.5 3 14fOffi - - 74.5 - - - !: 
- - - I77 4.1- 5.1 4.0 6.23f0.07 - - 803 - - - ffl9 
- - - ZWI 4.2- 5.2 4.1 3:X320.08 - - 884 - - - 733 

- - - 275 4.4- 5.4 4.9 l.6220.12 - - 1133 - - - 1021 
, - -  - 32s 4.b- 5.5 54  L61+0.14 - - 1314 - - - 1208 

Wl - - - 4.6- 5.6 5.1 3.68fO.M - - BBS 863 - - 105 
Wl - - - 4.7- 5.1 5.2 5.19?0.M - - 883 863 - - 150 

- - - 2% 43-  sa 4.8 5.42f0.10 - - wz - - - 871 

6.4l1~0.07 63s - 
1; 4!1+11 Ili 3li.i - 
6.SSfO.05 .SO@ - 
li,li!l2ll 11.5 410 - 
6.7Ut0.01 430 - 
li .M+II.IH 4IEl - 
R.KI2O.M :*I - 
i ZI+lL.fYI' l l m  - 
7.:IlfO.ffi WI - 
i4I2I I . I I :  !I:M - 
7.ffl20.IS 1230 - 
8 ,.,+I1 I? I1l:li - 
7.KW0.10 W5 - 
i !uLii.im i i c ~  - 
n . ~ + o . o 7  667 - 

- -- 

N l:l2ll IUi :!I1 - 
M23fO.Ilb: 530 - 
N : C I 2 I I I I >  IU? - 
1.182O.M 413 - 
N T , ? 2 0 1 l 4  113 - 
I 4t12t1 I4  I?tlU - 
R.4Y200.1? 1 1 1  - 
Ni! l+t l  Ill Uil - 
n.BB+o.lm 7sJ - * ;*+I1 11; Iii!l - 

n . m o o 4  w - 

n.nifo.Mi .w - 
N!li+ll ID 32: - 
9.07fO.M 47U - 
! l l l ~ 2 l l l l 7  1411 - 
9.2620.07 410 - 

- -  - 4.8- 5.8 - -  - 4.9- sd 
- - - 5.0- 6.0 
- - - 5.1- 11.1 
- - - 5.2- 83 - - -56-w 
- - - 5.4- 6.4 - - - 5.5- 11.5 
- - - 5.8- 0.0 - - - 6.7- 0.7 
- - - 5.8- 8.8 - - - 6 . e o . s  
- - - 6.0- 7.0 - -  - 6.1- 7.1 

Iluui - - 6.2- 7.2 

M57 - - 8.4- 1.4 
703 - -0d-1.5 

732 - - 6.6- 7.6 
698 - - 6.7- 7.1 
IN3 - - 6.8- 7.8 
684 - - 8.9- 1.9 
701 - - 1.0- 8.0 

754 7% - 7.2- 8.2 
750 750 - 7.3- 8.S 
7 M  731 - 7.4- 8.4 
- 1331 - 1 . b 8 . 5  
- I l l9  - 7.6- 8.6 - 1w - 7.7- 8.7 
- HR.3 - 7.8- 8.8 
- 810 - 7.9- 8.9 - i W  - 8.0- 9.0 
- 710 - 8.1- 9.1 
- w i  - 8.2- 9.2 
- 682 - 8.3- 0.3 
- IiR2 - 8.4- 9.4 
- 720 - 8.5- 8.5 
- - 1.114 8.6- 9.6 
- - 1133 8.7- 9.7 
- - wz 8.8- 0.8 - - 884 8.9- 0.9 
- - ME1 9.0-10.0 - - 74s 0.1-10.1 

- - m9a-10.3 
- - li*2 8.4-10.4 
- - 6W 9.S-10.5 

e~ - - 03- 7a 

73.5 - - 7.1- a1 

- - i n i  g.?-io.z 

~ 

5 3  5HOfOM 
6.4 6 WfOM 
5 5  6092001 
Ld 620fOM 
I 7  fiU+OM -.. ~. 
M 6.43f0.03 
5.9 6.S3f003 
11.0 6.69f0.03 
0.1 6.7320.03 
0.2 6.82f0.03 
6.3 6.9220.03 
6.4 1.0220.03 
8.5 7.1220.08 
6.6 7.2Z20.03 
6.1 7.2120.03 
Od 7.31f0.03 
6.9 7.4120.03 
1.0 7.Wf0.03 

7.1 7.6020.03 
7.2 7.70f0.03 
7.3 i.BofOO3 
7.4 7.9020.03 
7.5 8.00+003 
1.0 8.OgM.03 
7.7 W.36fO.Oj 
1.8 8.4820.06 
7.9 UdRf00.5 
8.0 8,762004 
8.1 U.&520.03 
8.2 8.oK20.03 
8.3 9 01'0 ffi 
8.4 a . i i G 5 i  
8.5 9?4+000 
8.6 9.34fO.08 
8.7 9.442ouB 
8.8 9.54f0.08 
8.9 9.U2O.ffi 
9.0 9.74+0.08 
9.1 9so2oMI 
9.2 9.59f0.08 
9.3 9.692000 
9.4 97820.08 
9.5 !I &l20 MI 
9.6 99810.08 
9.7 lll.llu2ll I*; 
9.8 10.1820.08 
9.9 10 ZHCII ini 
10.0 10.382006 

- 
- 
- - 

337 
284 
242 
108 
182 
101 
144 
131 
120 
112 
262 
214 
195 
171 

152 
137 
125 
116 
108 
103 

503 

331 
279 
238 
208 
180 
169 
143 
130 
119 
111 
105 
:i25 
275 
?:I*? 
203 
177 
157 
141 
I 2 9  
1 I!) 
I l l  

a n  
45n 

883 - - 202 
883 - - 248 
80.3 - - 3:in 
113 - - 443 
724 - - - 
m - - -  
5 3 2 - - -  - - - -  
707 - - - 
745 - - - 
809 - - - 
m - - -  
9 9 2 - - -  

1133 - - - 
- 6 8 6 -  - 
- 8 8 9 -  - 
- 6 9 4  - - - 724 - - 
- 771 - - 
- 8 4 0  - - 
- 9 1  - - 
-10.54 - - 
- 1217 - - 
- 1422 - - 
- 760 730 - 
- 7.50 750 - - 7.50 7.M - - - 7 2 0  - 
- - 692 - - - 6 8 2  - 
- - 710 - - - ,011 - 
- - 810 - 
- - M!KI - - -1w - 
- --111!1 - 
- - 13:U - - - - i l l ;  - - - 691 - - - IW2 
- - - M i  - - - 71.1 
- - - 735 
- - - XI; 
- - - ari 
- - - 1 1 8 1 7  
- - - 111i1 

- - 1x7 - 
-_ 

From LKB Application Note No. 324 (1984). The pH range (given in the middle two columns) is the one 
existing in the gel during the run at 20°C. For controlling the pH of the starting solutions, the values 
(control pH) are given at 2 O 0 C  
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124 R I G H E T T I ,  GIANAZZA AND G E L F I  

intermediate Imnobiline molarities. Suppose that ircm a ph 6.8-7.6 range 

[excellent for m t  hamglobin (Hb) analyses] we want to obtain a pH 

graaient of 7 . 1  to 7.5 (this wili resolve neutral mtants which cofocus 

with HbA) 1201. Fig. 5 shows the graphic method: the limiting mlarities 

of the two Imbillnes in the 1 pH unit interval are Joined by a 

straight line (because the pouring of the gradient is done linearly) and 

then the new pH incerval is defined according to experimental needs (in 

our case, pH 7 . 1 - 7 . 5 ) .  Two lines are drawn fran the two new limits of 

the pH interval, parallel to the ordinates (broken vertical lines). 

Were they intersect the two sloping lines defining the two ImrKJbiline 

mlarities, four new lines (dashed) are drawn parallel to the abscissa 

and fcur new mlarities of the Imnobilines defining the new PH interval 

are read directly on the ordinates. This process can be repeated for any 

desired pH interval down to ranges as narrow as 0.1 ph units. From this 

exanple, it is clear that the number of ultranarrow pH gradients which 

can be created is almost endless, as any starting and ending point can 

be cnmsen along the pH scale. This sharply contrasts with CA-IEF, where 

barely a hadful of prepared pH cuts are available: the reason lies again 

in tne principle of continuous titration, operatige in IPGs, vs. the 

discmtinuous chemical synthesis of buffers obtainable it1 CA-IEF. Thus, 

it i s  only with IPGS that a true 'pl-l-gradient-engineering' could be 

achieved and made available to the scientific camxmity to tailor to any 

possible separation problem based on surface charge differences. 

V. Extended pH gradients: linear and non-linear formulations 

For creating extended pH intervals, several buffering species have to 

be mixed, and the situation becanes considerably m e  carplex. This has 

been solved with the aid of conputer programs designed specifically for 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
2
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



ISOELECTRIC FOCUSING 125 

I I 

I 

I 
I 

I 

I 

I 

so0 

L 
500 2 

E z 
400 0 

n 

300 '- 

.- a 
0 

c 

0) e .- - 
a 

E 
5 

100 c\r 
0 

0 

r 

200 g 
- 

(c 

- 
6.8 7. I 7.5 7.8 

PH 

FIGURE 5 

Graphic representation of tne oreparation of narrw (up to 1 pH unit) 

IPG gradients on the 'tandem' principle. Tne limiting molarities of pt 

7.0 (buffering species) ana pC 2.G :titrant) Imrobiiines needea to 

generate a pH 6.8-7.8 interval, as obtained directly from Table 11, are 

plotted in a grapn. These points are joined by straight lines and the 

new mlarities needed to generate any narrower pH gradient within the 

stated pH intervals are then obtained by sinple linear interpoiation 

(broken vertical and horizontal lines). In this example, a narrow pH 

7.1-7.5 gradient is graphically derived (from Rochette et al., ref. 20). 
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126 RIGHETTI, GIANAZZA AND GELFI 

the purpose [Zl-231. The basic findings are: a i  tor generating a linear 

pH gradient the buffering power has to be constant throughout the 

desired pH interval; b) to avoid deviations from linearity, the titrants 

should nave pks well outside pHmin ana pHmax of the wanted pH range (in 

general, at least 2 pH units removed from the limits ot the pH 

interval). As a consequence of this, for pH ranges wider than 3 pH 

units, two additional Imnobi lines are preferred as titrants: one 

strongiy acidic (phtl) and one strongly basic (ph>12), as discussed in 

Section 11. 

In Table I11 are recipes for 2- and 8-pH unit wide gradients whose 

intervals can be generatea withcut.the aid of strongly acidic and basic 

titrants. We had then computed the remaining 4,  5 and 6-pH unit wide Iffi 

gradients needed to conplete these formulations. Kowemr, these recipes. 

in order to oDtain the best possible linearity, contained the two 

strongly dissociated titranzs, hich are not cmrcially available. In 

order to avoid confusion, we have recalculated and listed in Table IV i A  

to F )  all gradients between 4 and 6 pti units, with forrmlations which 

exclude the two strong titrants and utilize only 6 cawnercially 

available Imbilines (out of seven, since the pK 4.4 and 4.6 species 

shculd never be mixed together in extended IPG recipes, as they will 

locally alter the pH profile by providing too mrch buffering power; in 

all these recipes, only the pU 4.6 has been used). In entries G and H, 

fornulations are given for the widest possible Iffi span, a pH 3-10 

interval, prepared with a two charrber mixer either according to the 

'same concentration' principle (G, by that we mean that all the six 

buffering ImrobilineS are Present in the same mlarities in the two 

chenbers) or according to the 'different concentration' approach (H, 

where, in addition to the titrants, also the six buffering Imrobilines 
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Nonlinear 4- 10 Immobilized p H  Gradient 

"IDEAL" I -  in 

lnilual pH : 4.190 
F I M ~  pH .' 9.980 
Notes : pH in solution at 25°C: 4.24-9.70 
Buf@ caccnlralions (no litranlrj 

PK 3.57 Cham I 9.321 Cham 2 0.577 

PK 6.21 Cham I 8.943 Cham 2 2.596 

PK 8.50 Cham I 0.000 Cham 2 1.154 
DK 9.59 Cham I 0.000 Cham 2 1.846 

PK 4.51 Cham I 4.327 Cham 2 0.000 

PK 7.06 Cham I 0.000 Cham 2 3.173 

"IDEAL" 4-10 

Initial pH : 4.040 
Final PH : 9.880 
Nolrs : pH in solulion at 25°C: 4.13-9.61 
Buffm concatrations (wth acidic titranfj 

PK 0.80 Cham I 7.028 Cham 2 0.910 
PK 4.51 Cham 1 7.659 Cham 2 0.000 

PK 

PK 9.59 Cham 1 0.000 Cham 2 2.523 
PK 

PK 6.21 Cham I 9.010 Cham 2 2.703 
7.06 Cham I 0.000 Cham 2 3.604 

Cham 1 0.000 Cham 2 1.352 8.50 

are present in totally different mlarity ratios in tne two chanbers). 

It should be noted, however, that in neither case could such a w i d e  pH 

range be created without resorting to strong titrants. 

up to now, IPG formulations have been given only in terms of 

rigorously linear pH gradients. While this has been the only solution 

adopted so far, it might not be the optimal one in some cases. Altering 

the pH slope in sane portions of: the gradient might be required in those 

pH regions overcrowded with proteins. Table V gives two examples of a 

non-linear, pH 4-10 interval, obtained either without titrants (upper 

part) or with only the strongly acidic titrant (lower part). This has 

bean calculated for a general case, e.g. the separation of proteins in a 

carplex mixture, such as a cell lysate. Gianazza and Righetti "241 have 

conputed the statistical distribution of the PI'S of water-soluble 

proteins, given in the histogram shown in Fig. 6 (insert). With the 
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PH 

9 

7 

5 

gel length 

x 

9 -  

FIGURE 6 

Non-linear 4-10 pH gradient: ' i d e a l "  (......) and xtual I------, 

fornulation 0 ,  including aciuic titrant frm Table VI) courses. The 

shape fcr the ideal" prof1 le was conputed f r m  data on the Statistical 

distribution of protein PIS (Gianazza and Righetti, ref. 2 4 ) ;  the 

relevant histogram i s  redrawn in the figure inset (frcm Gianazzac g., 
ref. 39). 
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ISOELECTRIC FOCUSING 131 

relative aoundance of different species, it is clear that an optimlly 

resolving pH gradient sharld have a gentler slope in the acidic portion, 

and a steeper ccurse in the alkaline region. Such a general course has 

been calculated by assigning to each 0.5 pH unit interval in the pH 

3.5-10 region a slope inversely proportional to the relative abundance 

of oroteins in tnat interval: by such a procedure, the ideal (dottad) 

curve, Fig. 6 was obtained. O f  the two formrlations given in Table V ,  

the one including the strongly acidic titrant foi lowed most closely 

(soiid line) tne theoretically predicted course. In a separation of a 

cruoe lysate of klebsiella pnewnoniae, a qreat improvement in resolution 

for  the acidic cluster of bands, without loss of the basic portion o f  

the psttern, was obtained i251. What is also inportant here is the 

establishment of a new principie in IPG technology, namely that the pH 

gradient and the density gradient stabilizing it need not be co-lirear, 

the possibility existing c;f mdulating the former, by localized 

flattening of pH gradients for increased resolution, while leaving the 

latter unaltered. Clearly, such non-linear pn gradients are extremely 

useful as a first dimension of 2-0 fractionations, especiaily men 

analyzing colrplex mixtures (e.g., t o t a l  cell lysates). 

VI. Mixed-bed, Imbiline-carrier arrpholyte gels 

In 1985, we [26 ]  and others [27 ,  2d] reported the use of mixed-bed, 

CA-IPG gels, by which the primary, imnobilized pH gradients, is adnixed 

with a secondary, soluble carrier ampholyte driven pH gradient. It 

sounds strange that, given the problem connected with the CA buffers 

(discontinuities along the electrophoretic path, pH gradient decay, 

etc.), which the IFG technique was supposed to solve, one should 

resurrect this past methodology. The reason given to this approach was 
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132 R I G H E T T I ,  GIANAZZA AND G E L F I  

for overcming conductivity minima in I-, centred around pH 7, which 

were supposed to harper protein focusing i27, 281. As we were worklng 

with membrane proteins [26] from Streptococcus crmris and later with 

microvillar hydrolases, partly embedded in biological merrbranes [291, we 

gave a conpletely different explanation, namely that addition of C A s  t~ 

the sanple and IPG gel wwld increment protein solubility. possibly by 

forming mixed-micelles with the detergent used for merrbrane 

solubilization [26] or by cirectly conplexing with the prcjtein itself 

[29]. It is a fact that, in the absence of CAs, these same proteins 

would essentislly fail to enter the gel and mostly precipitate or give 

elongated smears around the application site (in general cathodic sanple 

loading). As the same pnenomenon recently happened even with ferritin, a 

cytoplasmic, freely soluble protein, we were forced to explore in mre 

aecail the effect of CAs on iPG matrices ana to broaden the meaning of 

our first explanation [30]. It was found that, on a relative 

hydrophobicity scale, the four basic imbilines (pKs 6.2.  7.0, 8.5 and 

9 .3 )  are decidedly mre hyarophobic tnat their acidic counterparts (Ws 

3.6.  4.4 and 4 . 6 ) :  upon incorporation in the gel matrix, the pnenomenon 

beccmes cooperative and could lead to formation of hydrophobic patches 

on the surface of such a hydrophilic gel as polyacrylamide. As the 

strength of a hydrophobic interaction is directly proportional to the 

product of the cavity area times its surface tension, it is clear that 

experimental conditions which lead to a decrement of mlecular contact 

area aximtically weaken such interactions. Thus, our original idea of 

C A s  as solubilizing ions in IFG matrics has been extended to the 

hypothesis of C A s  as shielding mlecules coating, on the one side, the 

polyacrylamide mtrix studded with Imnobilines (especially the basic 

ones) and, on the other side, the protein itself. This strongly quenches 
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ISOELECTRIC FOCUSING 133 

the direct hydrophobic protein-IPG matrix interaction, effectively 

detaches the Protein from the surrounding polymer coils and allows good 

focusing into sharp bands. This phencmem can be appreciated in Fig. 7: 

when horsespleen ferritin is focused alone in an Iffi gel, it gives poor 

smears in the proximity of the application site; however, upon adbition 

of 3 to 4% CAs ( 1 . 5  to 2% actual gel concentration, as the IPG matrix 

covers 1 pH unit interval while the CAs span 2 pH units) a sharp irray 

of ferritin banas is developed in the gel, with essentially no protein 

rmining in the packet. For this to happen, the CA shielding species 

shouid alreaay be impregnatedin the Imbiline gel and present in the 

sample solution as well. If added afterwards, e.g. by electrophoretic 

migration from the electrode strips, they will be ineffective as, once 

the hydrophobic protein-matrix interaction has occurred, the surface 

which the CAs were supposed to mask will not be available any longer for 

such shieldinq action (in other wrds, CAs can only prevent the 

phenomenon, cannot cure it a posteriori). The users of the mixed CA-Iffi 

technique should be aware of another fundamental fact: the shielding 

mechanism is most effective in the unfocused state while, if the protein 

is applied to a prefocused CA bed, severe precipitatlon and poor protein 

migration and banding patterns ensue (see Flg. 81. Two possible 

explanations to this phenanenon are: (1) in the unfocused state, both 

CAs and proteins have a maximun of charge: this means a local increase 

in ionic strength which could shift the equilibrium towards the bound 

state (CAs coatinq hydrophobic particles on the protein surface) as 

hiqkr ionic strengths favor hydrophoblc interactions; (11) prior to 

focusing, the IPG matrix is still impregnated by salts. which act as 

counterions to the bound charges, and which cannot be eliminated during 

the washing step. These salts also increase the local ionic strength and 
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c w l d  drive the equilibrium towards the formtion of CA-protein 

cctrplexes. Most lickely, the two mechanisms operate simultaneously [ 3 i l .  

A note of caution should be put on the undiscriminate use of the 

CA-IPG technique. At high CA leves (>1%) and high vo!tages 01000 V / 1 0  

cm) these gels start exuding water with dissolved carrier anpholytes, 

with sebere risks of short-circuits, sparks and burning on the gel 

surface. The reason for tnis is shown in Fig. 9: the array o f  focused 

carrier anpholyte species acts like a chain of mini-water PMPS, with 

water uptake upon diffusion away from the PI ana water discnarge at the 

PI zone, due to a regain of the state of zero net zhage. This resblts :r, 

accwrulation of water droplets at the Arrpholine PI zone and denydration 

on either side of the peah. The Dhenomenon is minimized by chaotropes 

(e.g., 8M urea) by polvols (e.g., 30% sucrose) and by lowering the CA 

mlarity in the gel [32J.  As an answer to the basic question: when and 

how much CAs to add, we suqgest: (a) if your sanple focuses well as 

such, ignore the mixed-bed tecnrlique (which prestmbly will be mstly 

needed with hydrophobic proteins and in alkaline pH ranges); (b) add 

only the m i n i m  m n t  of GAS (in general around 1%) needed for 

avoiding sanple precipitation in the pocket and for producing sharply 

focused bands. As a last remarh, while the hypothesis of hydrophoDic 

protein-IFG matrix interaction seems the most likely (there are really 

no conductivity prcbiems in IPG gels!) it cannot be excluded that, tor 

same samples, aaded (;As might act sinply as buffering ions in the bulk 

water solution preventing protein denaturation due to abrupt pH changes 

in the sanple layer as salt ccnponents are split by the current into a 

strongly alkaline (towards the cathode) and a strongly acidic (towards 

the anode) bcundary . 
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VII. Focusing at extreme alkaline and acidic pH values 

As stated in Section 11, when trying to formlate Iffi recipes outside 

the pH 4-10 range, e.g., a mre acidic (pH 3-4) cr mre alrtaline (pH 

iO-11j Iffi intervals, one is faced with severe problems, as two new 

'IWilines' become operative, a weak base witn a pK=-1.74 and a weak 

acid witn a pK=15.74. They are the H +  and OH- ions in equilibrium with 

undissociated water. It might be argued that their pKs are so remote 

frcm the extremes of even the mst extended IPG interval (pH 3-11) that 

they should not alter these pH values. They do. in fact, as tnere are 

constantly 55.56 mles of water present throughout tne system (hence the 

provocative concept of water as an Imbiline) vs. 2-10 m-l ot eacn 

buffering Imbiline. The effects of water an the s v s ~ m  can oe 

appreciated in Fig. 10: it is seen that alreaay at pH 3 and pH 1 1  the 

buffering power of water is non-negligible, while outside these limits 

it rises so sharply as to nullify any attenpt of using IPGs in these 

regions. In addition ?,o the proD1m of the bufferinq power cif warer, 

FIGURE 8 

Effect of prefccusing a mixed-bed, CA-IPG gel. The IPG gel contained 

a pH 4-5 gradient (mae with In-mbilines of pKs 4.6 and 9.3) .  l0Opg of 

ferritin were applied to a prefocused [right side. prerun) or to a 

control gel in which the protein was '=used sirmltaneously wltn the 

background CAs (in the IPG gel at 2% concentration). Note the poor 

focusing, smearing and m l e  precipitat7on ir: tne prefocused gel. More 

than 50% of tne orotein sample (ioadea in the same m u n t  as the control 

in the left panel) was lost by precipitation in the pocket. suggesting 

that the solubilizing power and shielding effect of CAs is maximal only 

in the unfocused state (frcm Rabilloud 4.. ref. 31). 
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focusing, 
-tor discharge 

e 
0 - c 
c e 
!! s 
e 
0 

- diffusion, I) 
wakr uptake 

distance 

FIGURE 9 

Hypothetical imuel of  the concentration d is t r ibut ion of a toc~,sed 

carr ier  afmh01yt6. The peak i s  subjected to two opposite forces: a 

tocusinq process, driven by tne e lect r ic  f i e ld .  and a di f fusion process, 

driven b y  the absolute CA concentration i n  the zone. The di f fusion event 

1s depicted as a hydration step, as the anions (Amph ) and cations 

Ibmh') i n  equilibrium with the isoelectr ic sDecies (Ampha ) acquire more 

hyarat-ion d a t a .  The focusing event i s  represented as a water deposit-iori 

step a t  the PI zone ( f rom Astrua-Testori and Righetti. see re f .  2 2 ) .  
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ISOELECTRIC FOCUSING 139 

FIGURE 10 

Bclffering power of water along the pH axis. For calculations, we have 

t a ~ e n  as p~ of the base H+ the value of -1.74 and as pk of the acid cwi' 

tne value of 15.74 (the mlarity. of water being 55.56). KW is the ionic 

product of water. It i s  seen that water does not have any appreciable 

buffering power in the pH 4-10 interval. 

there is another serious drahback at using IPGS at these pH extremes: 

the matrix acquires a net charge, negative at low pH, positive at high 

pH. E.g., at pH 3 the Iwobiline mtrix nust contain 1 RM extra 

carbxyls to neutralize the 1 RM protons defining the pH value in the 

bulk water; at pH 11 it will bear an extra 1 n*( positively charged amino 
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4 
10.93 

-9.93 

FIGURE 12 

IPG separations in an alkaline, pH 10-11, range. A:  focusing of 

alkaline proteins and staining with Coanassie Blue. Rib: rihuclease; 

So-6: soluble leaf protein purified from SaDOM ria officinalis; CytC: 

cytochrane C; Lys: lysozyme. B: focusing of a proteolytic enzyme 
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(elastase) followed by i n  s i t u  ;ymgrming with a cellulose acetate 

overlay impregnated with a substrate giving a fluorescent product upon 

hydrolysis. I n  both cases, the sample was applied i n  a constant-pii (pH 

8) plateau a t  the anodic side ( f rom Gelfi ett., ref.11 for A and f rom 

Sinha and Righetti, re f .  12 for 8 ) .  
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144 RIGHETTI, GIANAZZA AND CELFI 

groups for balancing the 1 njul oxydryls in solution. This excess bound 

charges will produce a strong electrosmotic flow which will eventually 

dry out the cathodic and anodic extrfmes. with consequent burning of the 

gel matrix. Given these premises, focusing with IPGs at pH extremes 

m i d  appear unfeasible. On the contrary, we nave obtained excellent 

separations in the pH 3-4 and pH 10-11 ranges by resorting to viscosity 

graaients (which act as wenchers of conductidity and electromsis) 

incorporated in the gel m t r i A .  These viscosity gradients [in general 

sucrose or sorb3tol) will be oriented so as to have tne denser part in 

the mst conducting region of the gel [33, 341. Fig. 1 1  shows the 

separation of a -acidic glycoprotein. a huiran -serum protein strongly 

glycosylated, in patients having norm1 (40-80 mg/lOO ml) or abnormal 

(100-300 mg/lOO ml) levels of this acute phase reactant: 6 to 8 isoforms 

are well resolved, with different quali- and/or quantitative patterns, 

with a PI distribution in the pH 3.0-3.8 range [35]. At the other 

extreme, in the pH 10-11 range, it has been possible to obtain sharply 

resolved bands of such alkaline proteins as, e.g.. cytchrane C and 

lysozyme, which are in general lost in the cathodic carpartment in 

conventional IEF [ll] (Fig. 12A). In addition, it has even been possible 

to perform zymgrams of proteases focused at such alkaline extreme: as 

shown in Fig. 128, elastase has been resolved into 3, fully active 

m e n t s ,  the mst alkaline band having a pI=10.70 [12]. 

1 

VIII. TMY dimensional maps 

According to Giddings [36], 'two-dimensional (2-0) separations are 

those techniques in which a sanple is subjected to two displacement 

processes oriented at right angles to one another. The displacement 

steps carry carponents fran their point of application out into a 2-D 
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Type of displacement 

Bulk displacement 
Flow 
Chromatographic 
Field flow fractionation 
Electrophoretic 
lsoelectric 
lsotachophoretic 
Dielectrophoretic 
Sedimentation 
lsopycnic sedimentation 
Magnetic gradient 
Thermal diffusion 
Thermogravitational 
Diffusophoretic 
Photophoretic 

Abbrevia!ion 

BLK 
FLO 
CHR 
FFF 
ELP 
IEL 
ITP 
DEL 
SED 
IPY 
MAG 
THD 
THG 
DIF 
PHO 

Prosertv controlline 
displacement 

N Nonselective 
Nonselective 
Partition coefficient 
Field interaction parameter 
Electrical mobility 
lsoelectric point 
Electrical mobility 
Dielectric constant 
Sedimentation coefficient 
Density 
Magnetic susceptibility 
Thermal diffusion coefficient 
Thermal diffusion factor 
Interfacial energy 
Photophoretic mobility 

1) From Giddings. see ref. I .  

One-dimensional displacements which might serve 8s building blocks for 2D 
sepantlon techniques' 

bed where there is mre space for their resolution that in 

one-dimensional (1-D)  separation systems'. The high intrinsic resolving 

power of 2-0 separations holds great prmise for resolving conplex 

biological sarrpies, for which 1-D methods are not powerful enough. In 

fact the mximxn separation power of 2-13 systems is described 

approximtelv by tne rmltiplicative law: 

2 y x  1 n 4 n n an2 

where the subscripts 2 ana 1 refer to 2-0 and 1-D values, respectively. 

and n is the peak capacity, 1.e. the maxim nwber of peaks or zones 

that will fit into the available separation space. According to Giddings 

[36], there are at least 15 primary displacements for separation of 

micro- and mcrmlecules, based on their different pnysico-chemicai 

properties: they are listed in Table VI. If we note that there are N 

canbinations for N disDlacements, this means that the 15 primary 

separation techniques in Table VI can originate 225 different WBYS Of 

2 
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performing 2-D maps. IRpressive, isn't it? Yes and not. Giddings notices 

that this is a mrch too large nwber and yet it i s  mrch too ma11 since 

m n y  of the 15 primary 1-D principles can be fractionated into sets of 

subtechniques, which in turn could generate novel 2-0 fractionation 

principles. Thus Giddings thinks of assenbling a grand matrix 

representing as m n y  as 10 to 10 distinguisnable 2-D techniques. The 

reader will then excuse us if, out of this sesquipedal nutber, we dare 

to fish out only a single exanple, 2-D maps based 011 charge 

fractionation (focusing) in the first dimension, followed by a 

size-dependent analysis ~sodiun dodecyl sulphate, SDS, electrophoresis) 

in the second, orthogonal dimensiotl. Such technique, first reported by 

klose ( 3 7 ;  [IEF-SDS), was subsequently highly refined by the Andersons 

[ 3 8 ] ,  under the acronym 133-DALT. In fact, the metnod we are here 

outlining is yet another varianr, utilizing imbilized pH gradients in 

the first dimension, and thus publicized under the name IPGDALT: there 

are three approaches to this technique, as describd below. 

4 6 

The variant adopted in our lab is illustrated in Fig. 13: the IFG gel 

slab is usually cut into separate lanes before sarrple application. This 

prevents lateral spreading and cross-contamination even when running 

sanples w i t h  widely different protein concentration or buffer 

carposition. After the IPG run, the separate gel strips are cut while 

still bound to the polyester foil: this ensures dimensional stability 

and thus helps inproving spot reproducibility in the 2-0 plane. After 

incubation in the SDS denaturing solution, the vertical gel slab for the 

2nd-D (we use a disc buffer, stacking gel and a porosity gradient in the 

running gel, e.g. 5-17%) is overlaid with 1% melted agarose and the IKi 

strip imnediately transferred and sealed in situ by the gelling agarose. 

This mixed horizontal-vertical operation mode allows us to run 6-12 SDS 
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FIGURE 13 

Horizontal to vertical transfer 11 2-D mps. Upper left: IPG gel slab 

with precut lanes onto a single plastic (Gel Bond PAG; supwrt,  upper 

riqht: clrtting individual sanple strips after the IPg run (tne plastic 

on the contact side witn the SDS gel must be cut flash witn the 

supported IPG strip); lower ieft: pouring melted agarose on the top of 

the 2na-D SDS slaD; lower right: the equilibrated Iffi strip is iowered 

in situ on the stacking SDS gel ifrm 

ref. 3 ) .  

before onset o f  agarose gelation 
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slabs in the 2nd-D by utilizing large tanks (e.g. the Bio Rad Protean 

cell). We have utilized this approach for the analysis of serum proteins 

[39, 411, of myofibrillar proteins [42], of bacterial plasma merrbranes 

[25] and of rat erythrocyte ghosts, kidney microvilli and heart biopsies 

[43]. Two inportant methodological points: (a) in the first run, for a 

good transfer of focused proteins to the SDS slab, the Iffi matrix should 

not exceed tne standard mlarity value of 3 mequiv/(LxpH); (b) ccmplex 

protein mixtures are best applied in a pocket at the anodic side. so as 

to minimize hydroohobic interaction with tne matrix and severe streaking 

(see also section VI). 

Fig. 14 shows an alternate protocol developed by Grg’s group: the 

Iffi gel on plastic backing is sliced into individual gel strips prior to 

the run (panel a). The IEF run IS thus performed already in separated, 

individual strips (panel b). After the IPG run and SDS equilibration, 

the Iffi strip is applied to the surface of the horizontal SDS gel 

without size alteration and no agarose overlay (panel c) [MI.  In 

urea-detergent gels, for avoiding spot streaking, &rg g aJ. 1451 have 

proposed lowering the m n t  of Nonidet P-40 from 2% to only 0.5%: this 

prooably minimizes the formation of mixed detergent micelles ano helps 

the detachment of the Nonidet P-40 from the protein coil and its 

substitution for SDS. In a recent approach, Gijrg a_l. [46] ,  again fcr 

minimizing problems of streakings appearing during the silvering 

procedure, have suggested to add iodoacetoamide to the DTT contained in 

the SDS-interfacing buffer: the former will react with the excess of 

thiol-reducing agent, thus eliminating potentially nazardcus free -SH 

groups, which appear to act as units for micro-deposition of silver. 

The third approach, adcpted by Hochstrasser’s grcup [47] is shown in 

Flg.  15: it consists in casting IPG gels in narrow glass tubes, instad 
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a 

b 

149 

, Y \ 

C 

FIGURE 14 

Horizontal 2-D eiectropnores1s witn IPSS in tne first dimension. The 

IPG gel on piastic backing i s  s1Tcea into individual gel strips prior 

IEF ( a ) .  During the IEF run, single IPG strips are aligned on the 

cooling block (bi. After IEF, tne IPG strip i s  auiiibratec ana applied 

w tne surface of the horizontal SDS gel with no agarose overlav [c) 

( f rom ref. Mi. 

of the standard flat slab geometry. This approach has been m d e  possible 

by the discovery of mixed-bed, CA-IPG gels, as reported in Section VI 

[261. The mixed-bed method eliminates the need for washing the IPG gel 

(which, in a cylmdrical configuration, could not be washed anyhow as it 

w l d  have to be extruded from the supporting glass tube); moreover, it 
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Pump 2 

v) 
Q) a 
3 
c) 

- s - .- 
3 
0 

3 Way-stopcocks (To open or close the capihy tubes) 

I I magnetic stirer 

Solutions; B - basic and light 

A - acidic and heavy 

FIGME : 5 

Preparation of cylindrical IPG gels. The soiction frcm tne reservoir 

( E l  is transferreo by pump : to tne m i x i r i g  ..hamber ( A ) .  A multichannel 

pwrp (Ismatec, Zurich) conveys the graaient solution siwltaneously to 

tne  to^ of LO qlass tubes (200 x 1.5 mn i .d .  1 standing vertically tfrcm 

ref. 471. 

strongly quanches hydrophobic interactions between proteins and the IPG 

matrix [30, 311. The resulting serum patterns are quite inpressive: 

according to those authors [47J, a properly stained 2-D gel reveals ca. 

600 spots frcm h m n  serun. Fig. 15 shows how the technique i s  

performed: owing to the small volume o f  each gel (250 PI), 20 tubes nave 

to be filled simrltanearsly with a multi-channel pum, delivering 

individually the required volune to each tube, fran a two-charkmr mixing 
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device containing only 2.5 ml of each limiting solution. However, it 

must be underlined that, in this last, method [ 4 7 ] ,  due tG rhe fact that 

the gel is not firmly bound to the glass walls, it tends to stretch or 

to shrirw in presence of increasing amounts of carrier anpholytes, thus 

lmsing the dimensional stability which gives the highly reproducible 

2-0 patterns so typical of Iffi runs. 

I A .  Preparative aspects 

Just as, analytically, IPGs appear to have a resolving pcwer ~ A p l ,  in 

ph units) about one order of magnitude higher tnan conventionaj IEF 

(ApI=O.OOI vs. a ApI=O.Ol pH unit in CA-IEF) so, preparatively, IPGS 

seem to afford a cmmarably higher loading capacity, apprcacning or even 

passing the icad limit of isotachophoresis [17 ,  481. There are a few 

reasons for that: one i s  given in Fig. 16: it is seen that the 

solubility of an isoionic protein, plotted against pH near the isoionic 

point. i s  a parabola, with a fairly narrow minimxn at relatively high 

ionic strengths (I) but with progressively wiaer minima, on the pti axis, 

at cecreasinq vaiues. At very low1 vaiues (e.g., 1 mequiv./L. as 

typical of conventional IEF) two phenomena are apparent: (a) the m i n i m  

of solubility for p-lactoglobumin spans a 0.4 pH unit interval, centred 

on the PI value; (b) the amount of protein which can be brought in 

solution i s  tairly low, only 2 mg/ml. At higher Lvalues fe.g., 20 

mequiv./L, values which can be easily obtained in an IPG matrix) the 

same protein has an increment of sclubility at the PI of a factor of 8, 

and its solubility minimun is confined to a narrow pH span (barely 0.05 

pH units). Thus, we can equate IPG gels to 'salting in' media and CA-IEF 

gels to 'salting cut' milieux. The reason for this i s  that a protein in 

an Iffi matrix is iselectric but not isoionic, in the sense that it 
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4 
1 mM 

b0 .4pH 4 
I I I 1 I 

P I  4.8 5.0 5.2 5.4 6.6 

- 
A 
w 

C 

FIGURE 16 

Solubility of p-lactoglobulin in the pti range 4.8-5.6 as a tunction 

of the ionic strength o f  the environment, frcm I mM to 20 W NaCl .  ‘he 

amount of protein dissolved has been determined as kjeldahl nitrogen. 

The pH values on the parabolas give the pH spans o f  the solubility 

minim, centred on a theoretical PI of 5.3 (mdified frcm G/&nwaIl, see 

ref. 61). 
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form a salt with the surrounding ions bound to the polyacrylamide 

coils, a sort of a 'protein-Imnobilinate' or 'Imrabilineproteinate', 

depending on which species act as a carboxyl donor. Thus the protein 

solubility at the PI is substantially increased due to the fact that the 

Imbiline matrix Provides counter-ions (aifferent from protons) to the 

isoelectric protein and allows for salt formtion. Such a phenomenon was 

recently Wnstrated by focusing proteins and measuring their diffusion 

coefficient in the absence of the electric field: it was seen that, in 

IPG matrices of increasinq Imbiline mlarities, the diffusion 

coefficient was progressively and strongly diminished. The opposite was 

true in CA-IEF gels, suggesting that proteins focus in the boundaries 

between adjacent nnpholine peaks: as these boundaries quickly diftuse 

when interrupting the electric field, the protein d7ffusional transport 

i s  incremented too [491. 

A second cause for incremented protein loads can be seen in Fig. 17: 

it i s  seen that the protein load is stronglv dependent on the m n t  of 

po-!yacrylamide (%T) utilized for preparing the supporting gel. A t  a 

relatively high matrix cnn.t,alt (6%T) the m x i m  tolerated protein load 

in an isoelectric zone is only 30 mg/ml gel volume whereas, in highly 

diluted gels i2.5%T). this uDper limit i s  strongiy increased, up to 90 

mg protein/ml gel voiume [ l a ] .  This nas been interpreted as a 

ampetition for the available water between the two polymers, the 

polyacrylamide coils and the protein invading them. They both sequester 

and coordinate water in their hydration shell, however in high %T gels 

tbe matrix coils, being the mast abundant species, sequester most of the 

available water, leaving preciously little liquid volm for the protein 

to be dissolved in. Such highly diluted gels have two additional 

advantages: (a) by diluting the mtrix, while keeping constant the 
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90 

80 
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30 

,i 0 

% T  

FIGURE 17 

Relation between loading capacity [in terms of mg protein/ ml gel 

volwne) and XT (T=grams acrylamlde + cross linker per 100 m l  gel volume) 

value of the gel m t r i X .  Notice that, while in the range 3% to 6XT the 

protein load aecreases iinearly, in softer gels (<3%T) it increases 

exponentially (from Righetti and Gelfi, see ref. 18). 

m n t  of Imnobiline (the conventional ca. 10 ml buffering ion), the 

charge density on the polymer coil is in fact increased. and this 

results in sharper protein zones and increased protein loading capacity; 

(b)  below 3%T, the visco-elastic forces of the gel are weakened, 

allowing the ogllotic forces in the protein zone to predominate and draw 
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mre water frcm surrounding gel regions: this results in a further 

increment in load aoility within a given protein zone due to local gel 

swellir,g sna conccmiiant increase in cross-sectionai area [ l a ] .  

On the basis of the above observations, we have carried tbe 

preparative Iffi technique to what could be tne ultimate evoluticnary 

step. Fig. 17 suggests that, i f  the gel matrix were totally abolished, 

possibly much greater protein loaas could be tolerated. In addition, as 

oiscussed in Section VI, hydrophooic proteins are not conpatible at ail 

with nigh levels o f  Imnobilines, as they are bound to the mtrik by 

hydrophobic interaction and are poorly extracted after the fractionation 

prcjcess. Both observations lead to only one possible conclusion: why not 

try to perform a preparative IPC; run in the absence of both, gel matrix 

and Irmbilines (quite a paraaox, isn't it)?. This concept has 

materialized in the novel technique, callea 'segnented Irmbilized pH 

gradients' as exemplified :n Fig. 18: the Iffi gel is canposed of two lor 

m e )  segments separated by liquid interlayers, which function as 

recycling chmbers. The floor and the ceiling of such flow chambers are 

Iffi gel extremities, arranged so as to have PIS Just lower (in the 

anodic side) and just higher (in the cathodic side) than the protein of 

interest to be purified. The electric field and the liquid f low are 

orthogonally coupled, and the protein feed kept in a large, thermtated 

and stirred reservoir. As the protein solution is continuously recycled, 

only the protein of interest is maintained iscelectric, by a continuous 

titration process, by the two IFG walls, while all the non-isoelectric 

impurities are swept away and collect either in the anodic or cathodic 

IFG segnents. This new pr0ce-s (patent pending) has q u i t e  a fe  w 

advantages: (a) it can handle very large liquid volwnes; (b) it can 

tolerate very large protein amounts, as only a fraction of it enters the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
2
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



156 RIGHETTI ,  GIANAZZA AND GELFI  

P t  
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IPG gel; (c) it allows very high protein recoveries, as the conponent of 

interest never enters the Iffi gel and thus does not have to be extracted 

from it. The principle o f  this novel approach is further explained in 

Fig. 19: the extremities of the two Iffi gel segnents delimiting the 

recycling chamber a n  De envisagea as isoelectric menbranes. endowed 

w i t h  a strong buffering capacity, naving PI value on either si& and in 

Droximity of the PI of the conponent to be purified. The latter thus, by 

a continuous titration process, stays isoelectric, for the duration of 

the experiment and is therefore unable to leave the m l e  reservoir. 

Initially, we had performed these preparative runs in vertical charrbers 

delimited by segments of Imbiline gradients [ 5 0 ,  511: subsequently we 

adopted ari horizontal configuration and util7zea s i m p l y  isoelectric 

Imbiline rnmbranes to face the flow charher, instead of true pH 

graaients [SL, 531. The latter aprroach has the advantage that the 

iwurities can cross such isoelectric menbranes and collect in the 

FIGURE 18 

Sketch of the recycling, segmentea IPG apparatus. A central 

f low-cmr  i s  coupled. via two symnetric O-ring seals. to an upper and 

lower glass cylinders ( 2  cm diam., 8 un in height) which serve as 

containers of cathodic and anodic segnents of a polyacrylamide gel 

containing inmbilized pH gradients of appropriate pH intervals. The 

upper electrode chamber i s  connected to the upper IPG gel segnent via a 

water-tight O-ring seal, while the bottom segnent (here depicted with a 

screw-on connection) can in reality be plunged directly in the anolyte 

solution. The sanple i s  recycled fran a refrigerated reservoir by a 

peristaltic p w ,  in general operated at m a x i m  speed ( 5  ml/min) (fran 

Faupel ets., see ref. 5 0 ) .  
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+ -  + - + - I  
% ISOELECTRIC PROTEIN - Plcm - + - + - +  

+ -  + - + -  - + - + - + I  Pla m 

FIGURE 19 

The concept of isoelectric IPG membranes. It is hypothesized that the 

two Iffi gel extremities facing the recycling chamber in Fig. 18 act like 

two iscelectric nmbranes titrating the protein of interest to i t s  

isoelectric point (PI), thus keeping its mbility constant and equal to 

zero all throughout the desalting process. For this ta occur. it i s  

necessary that pIun > PIP ; DIW, W e  the subfixes indicate cathodic 

merrbrane, protein and anodic nmbrane, respsr-tively. In addition, the 

two Inmbiline 'mmbranea' satisfy the condition of having high 

buffering capacity at their PI value. The curved arrows indicate protein 

recycling in the desalting chember (frcfn Righetti m., ref. 51) .  
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electrolyte carpartments, without clogging the I W  gel. The iaea "t 

anphoteric, isoeiectric Imnobilines mentranes, to ae used in 

multic,orrpartment electrolyzers, bad ill fact been explored recently by us 

in collaboration with the Institute of Chemical Engineering in Lausanne 

[541. 

As we have given here only the latest developments, we will sumrarize 

now the salient features of preparative Iffi runs: 1 1 )  in Ek eta. [171  

general guidelines are qiven tor preparative IPG fractionations (protein 

detection, band excision, electrophoretic elution in hydroxyamtite 

beads, equations for calculating m x i w m  protein loads); ( 2 )  in Gelfi 

and Righetti [ & I ,  dptimization of experiments; parameters IS stuaied 

(gel thickness, ionic strength and ph gradient width), while i~ Righetti 

and Gelfi [ l a ]  the load capacity of soft gels i s  evaluated; (3) i n  

Casero c. [55]  recovery ot proteins from Imnobiline matrices into 

ion-exchange resins (CM- for basic, DEAE-Sephadex for acidic proteins) 

is studieo, ( 4 )  in Righetti G. [56]  a direct recovery of proteins 

from an Imbiline gel into a free liquid phase is evaluatea; ( 5 )  

finally, in Bartels and Bock [57 ]  a simultaneous fractionation-recovery 

technique in a mixed-bed, Imbiline gel containing Sephadex-fllled 

trenches, is discussed. 

X .  The flaws of IPGs 

After reading all these wonders, quite a few of our readers mignt 

hardly wait for the want to plunge in the IFG technique. Well, one of 

the most disappointing aspect of Science is that new techniques, which 

are developed just tx overcune the flaws of existing ones, generate new, 

unexpected problems on their om, often more severe than the ones of 

already established methodologies. Luckily this is not the case with 
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IPGs, but there are problems one should be aware off, while waiting tor 

their solution. There are three defects afflicting the IFG technique. 

(a) hydrolysis of Imnobilines: ( D )  spontaneous auto-polymerization and 

( c )  relative hydrophobicity o f  Dasic Imoiiines. Problem (a) is quite a 

nuisance because, upon nydrolysis, only acrvlic acid is incorporated 

into the IFG fmtri>, with a strong acidification of the calculated pF 

gradient. Hydrolysis is an auto-catalyzed process for tkte basic 

Imnobilines, as it is pH-dependent [163: for the PK 8.5 and 9 . 3  species, 

such a cleavage reaction on the amid0 bond can occur even in the frozen 

state, at a rate of about 2046 oer vear [ % I .  Auto-polymerization, a 

recentlv discovered accident [3G. : l l ,  i s  also quite deleterious for the 

IPG technique. Again, this reaction occurs particularly to a:laline 

Imbilines, and i s  purely auto-catalytical, as it is greatly 

accellerated by deprotonated amino groups [31] :  oligomers and n-mers are 

formed, which stay in solution and can even be incorporated into the IpG 

gel, as in principle they still contain a double bond at one extremity 

(unless they anneal to form a ring). As shown in Fig. 20, upon analysis 

on a B i o  G e l  P-2 colurm, these autopolymerization proaucts are seen tc 

range in size fran sirrple dimers and trimers to molecules having the 

same elution volume of a 64000 dalton protein, like hemoglobin. Analysis 

of the pK 9.3 Imbiline stored frozen revealed, after mre than 6 

m t h s  of storage, the presence of ca. 20% polymer (Fig. 2 1 ) .  These 

Products of autopolymerization, when added to proteins in solution, are 

able to bridge them via two unlike binding surfaces; a lattice is formed 

and the proteins (especially larger ones, like ferritin, 

a -macroglobulin, thyroglobulin) are precipitated cut of solution. This 

precipitation power is quite strong, and begins already at the level of 

short oliganers (>decamer) [311. There i s  an easy teat to check for the 
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FIGURE 20 

Measurement a f  the poiydispersity of Imnobiline chemicals. A B i o  Gel 

P-2 colufm (0.8 x 45 un) equilibrated witn 50 nM phosphate Duffer, pH 

7.0, was loaded with 50 pl o f  50 nf-4 solutions of pK 6 . 2  Imbiiine. The 

co lm was eluted at a rate of 3 ml/h and 0.8 ml aliquots collected. The 

absorbance ( W s )  was read at 280 m. Hb: elution position of hemoglobin 

(void volme); B12: elution position of vitamin B12. Elution profile 

with triangles: control pK 6 . 2  Imbiline (non-precipitating); elution 

profile with solid circles: pK 6 . 2  Imnobiline able to precipjtate 

ferritin (from Rabilloudg g . ,  see ref.  31) .  
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c 
E 
0 
(v 
(v 

u) 

v 

n 
U 

PK 9.3 

,D,L-Ala I 
I 10.7 t t i L  11.5 

Retention Time (min) 

FIGURE 21 

Control of the degree of self-polvmerization of Imnd,iline chemicals. 

Analysis performed by gel filtration on HPLC in a B i o  Gel TSK SO colwm. 

Sanples and colum were buffered at pH 6.8 with 20 nM phosphate. 10 pl 
ot EO nM DF 3 . 3  Imnobiline were injected and eluted at 1 m l / m i n  flow 

rate. The eluate was mitored at 220 nm and automatically integrated. 

Note the large amxlnt of polymeric material (18%) present in the sanple. 

D,L-Ala: elution position of alanine, marker of the colm t o t a l  volune 

(from Rabilloud aJ., see ref. 31) .  
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presence of polymers, called 'ferritin precipitation test' [30j: as 3 

short-term remedy, we have described an easy method for oligmr 

r m d a 1 ,  based on adsorption onto hydrophobic polymer phases (e.g., the 

XAD-2 polymer or a C18-bonded phase) [59, SO!. 

In reality, the drawbacks outlined in (a) and (b) will soon 

disappear, as they are an accident linked to the storage of the 

chemicals. In col1aborat:on witn other scientists (Gavebv & g., in 
preparation, we are finishing a long-term experiment on a suitable 

solvent which wili ccnpleteiv abciisk both degradation pathways. There 

remains, however, a tnird. mst severe problem, 1.e.. the relative 

hydr.3phobicity o f  oasic 1m)bi 1 ines, wnich will require a long-term 

approach, namely the chemical synthesis of alkaline species with mre 

hyorophilic substittients. As discussed in Section V:, hydropnobic 

interaction with an IPG mtriA can be quite disastrous, as no remedy 

Will be avai;able once such interactior has a;ready occurred 126, 

29-31]. As a short-term remedy, we suggest the following: (a) impregnate 

the IFG matrix rcitri :As; (b) add CAs also to the protein sarrple; (c) do 

not orefocus the IPG gel: (d) use fairly high CA levels (typically in 

the 1-2% range] and (e) try to lower the Imbiline level in the gel 

(e.g., to 1/2 the standard concentration given in published recipes). If 

all tne above fails, bclry your fa;?tires in a wttle of Wet-Chandon ( w e  

tried also a Dan Perignon and it seems to work witn the same efficiency: 

there are r m r s  that even a Mercier will do it). 

X I .  Conclusions. Future trendS. 

We wauld not render justice to t,he Iffi technique if we neglected to 

concluae that, notwithstanding some shortcomings, IPGS nave performed 

wonders and nave anply solved the problems tney were supposed to 
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overcane: notably an indefinite stabilization of the pH gradient, an 

astonishing reproducibility f r om run to run, abolition of 

discontinuities in the gel matrix (thanks to the principle c f  continuous 

titration). Ammg other notable features of IPGS: (a) their remarkable 

performance at acidic and alkaline pH extremes (truly unexpected) and 

( b )  their adaptability to any separation problem by their intrinsic 

property of engineering any desired pH interval, no matter how minute or 

how extended. We feel we can veritably conclude, without exaggerating, 

that IPGs represent the technique for antonmsia anang all 

electrokinetic processes. What future trends can we envisage? We aare to 

suggest the foll~wing : (a) the synthesis of a second generation o f  

basic Imbilines, hydrophilic enough to overcane the problems of 

hvdrophobic interact'on with proteins ( s e e  sections VI and X ) ;  (b) a 

bunch of legionaries (possibly witn a strong background in organic 

chemistry) willing to spend a few years of their life grafting 

Imbilines to agarose matrices and perhaps to acetate foils; (3) a 

tR3JOr effort towards development and exploitation sC largescale IPG 

runs, e.g. with the recently discovered 'segmented Imndsi ine' 

gradients. 
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