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The above general rules can be made ¢lgarer by means
of examples, First of all, let us lock at acrylamide:

CH,=CH- CONH,

The amide group confers an hydrophllic nature to
this compound and ics polymers, However, the amide group
ig unshielded from attack fwom hydroxyl anions and is
hence quite susceptible to alkaline hydrolysis. adding a
methyl group (N-methylacrylamide) would ingrease its
gtability due to sterlc protection:

CH, =CH- CONH-CH,

The addition of a second methyl group (N, N-dimethyl-
acrylamide) would afiford a greater shielding effect:

e
CH, =CH- CON,
CH,

Increaging the length of the N-alkyl groups (N, N-
diethylacrylamide) would shield the amide group even
nore, due to oscillation of the alkyl chaing in the
surrounging spage:



Appendix D 285

Although they recently brought out a nonlinear pH 3.5-10
gradient for 2-D mape, it isg supplied bathed in a
slightly acidic buffer, which has to be washed out prior
to use,

Hence, it is ‘apparent that polyacrylamide
derivatives of asimilar ease of polymerization, but much
more mkable to hydrolvuis would be a gsignificant advance
in electrophoretic technology., In general, because of
gteric protection of the amide group, N, N-dipubstituted
amides are more atable than N-monosubstituted amides,
whicli are in curn more stable than unsubstiruted amides.
Regearch by Righetti’s group on the relationsghip of the
gtructure of acrylamida derivatives with their hydrolytic
gtability (Chiari et al., 199la,c; Gelfi et al,, 1992)
has shown that thers are other, more subtle mechanisms
governlng stability, £rom which they have derived the
following rules:

(i) to afford protection of the amido bond, the most
important paramecer is nob the degree of gubstitution of
the amide nitrogen {(mono- or dimubatituted) but the type
of substituent;

(i1} in particular, rigid ring structures are
inefficient in protecting the adjacen: amide bond, as
their rigiditcy prevenca'thmn from oscillating in the
surrounding space and thus shielding the amldo plane;

{(iii) flexible chaineg bound te the nitrogen of the
amido bond are capable of protecting the amido plane, as
they can fluctuate in the nearby space and shield the
amido group;

{iv) if a simple, flexible chain is present ae a
pubstituent on the nitrogen of the amido bond, greater
protection of the latter is afforded by a longey chain.
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electrophoretic analysis of proteins and smail- to
medium-gized nucleic acide, being of especial importance
in DNA sequencing., Itg popularity as an electrophoretic
gupport stemg from zome fundamental properties, such as:

(i) : optical transparsngy, includlng Lhe ultra-
violat :

{ii) electrical neutrallty, due to the absence of
chargsd groups

{1i1) posaibility of synthesizing gels in a wide

interval of porosities’,

However, polyacrylamide’'s main drawhack is its
ingtabllity at alkaline pH values (most electrophoraetic
geparations occur at alkaline pH values for both proteins
and nuclele acide). Thus partial hydrolysis of the amide
groups of the polyacrylamide gel to carboxylic acids will
occur during the course of an alectrophoretic xun,
eppacially in DNA sequencing gels which are normally run
at 70°C in order to prevent reamnealing of the DNA
stands., The presence of negative charges on the poly-
acrylanide matrix results in unpleagant phenomana such as
elsctroosmosls and gel swelling, rendering the gal
unugable for further electrophorestic separations. Thia
limire the upe of polyacrylamide gels te single eleckro-
phoretic runs - adding to the time, labour and expsanse of
projects such as Cthe mecuencing of the human genome,
where the availability of reusable matrices would greatly
shorten the analysis time. To date Pharmacia-LKB
Biotechnology AR have commercialized only ready-made
polyacrylamide gels contalning acidic IPG intervals,

! Geals may be prepared containing from 3% £o 30%
acrylamide, corresponding to pore pizes of 0.5 nm and 0.2
nm diameter regpectively. In genmral terms & 30% gel is

suitakblie for the separation of compounds having molecular

masges around 10* daltonz whereas a 3% gel will separate
compounds having nolecular masses around 10" daltons.
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fully protonated {(at least 1 pH unit below the pK of the
bagic Immobiline’). Alternatively, all oxidations can be
prevented hy washing of the IPG gels with a dilute
splution of a reducing agent such as ascorbic acld, 2-
mercaptoethanol or dithiothreitol arfter the polymeri-
zarion step.

It hap recently been shown that photopolymerizartion
of acrylamide, eg. with riboflavin, is essentially non-
oxidizing (Chiardi et al., 1992), so that no reducing step
is needed. tUnfortunately, riboflavin-catalyzed photo-
polymerization of adrylamide reguires at least 8 hours of
illumination to ensure 95% conversion of the acrylamide
monomers (Righetti et al., 1981h). Moreover, with
riboflavin, proper polymerization iz only obtained in the
pH 4.0-7.0 range. A novel method of photopolymerization
hag recently been introduced, uging methylene blue as the
photolnitiator and a redox couple {(sodium toluene-
sulfinate as the reductant and diphenyliodeonium chloride
as the oxldant) (Lyubimova &t al,, 19%3). Methylene blue-
catalyzed photopolymerization is as fast as persulfate-
cat..yzad polymerization, but with the advantage of being
non-axidizing, Moreover, it performs well over the pH
4,0-10.0 xange (Lyubimova and Righetti, 1993, Cagiic and
Righetti, 1993), whareas persulfate-catalyzed polymeri-
gation perforns wall only in the pE 7,0-10.0 range. Hence
it appears that photopolymerization will become the
preferred wmethod for the preparation of IPG gels,

D.4 DEVELOPMENT OF ACRVLAMIDE DHRIVATIVES OF IMPROVED
PERFORMANCE

Polyacrylamide, since its introduction as a gel
matrix for zoara elactrophoresis in 1959 by Raymond and
Weintrwaub, has remained the most prpular gupport for the



Appendix D 282

over only one pH unit. It has been caleculated that IEF
uging 0.2 pH unit-wide IPG gels can resolve ipoforms with
. a difference in pI of only 0.001 (Bjellgvist et al.,
1982; Righettl, 19%0) . Although it is pogsible to perform
lmoelectric focuming in wvery narrow carrier ampholyte-
generated pH gradients, as high resolution iz generally
not attained, since there are ingufficient ampholyte
gpecies per pH unit! to provide an even pH gradient
{Cliarlionet «¢t =1., 1879).

D.3 OXIDATION OF THE BASIC IMMOBILINE' CHEMICALS

Biochemists performing isoelectric focusing in IPG
gels noticed that oxidation of cysteine residues readily
socurred (Altland et al., 1888), altering the pI values
of the affected proteins and hence leading to the
generation of spurious banding patterns, This phencomenon
was found to be caused by oxidation of the tertiary amine
groupe of the basic Immobilines’ by persulfate during the
polymerization, with the formation of N-oxides (Righetti
et al., 1989k). Thems RN-C mpecies in curn oxidize the
sulthydryl groups (-8H) of cysteine, ctransforming
adjacent -5H groups into disulphide (-8-8-) bridges.
Sinee only the firee base form of tertlary amines ig
susceptible to oxidation, oxidatlon can bhe prevenced by
performing the polymerization at a pH at which the
terciary nitrogen atoms of the hapic Immobilinens’ ace

' In qrder for two proteins of very clode pl values to
he reseclved in a carrier ampholyte-generated pH gradient,
there muet he at least one carrier amphelyte species
pregent of an intermediate pl value in order for phyeical
geparation of the two proteins to cccur (Rilbe, 1976},
Hence in order for two proteins differing in pI of only
0.02 to be separated, carxier ampholytes differing in pl of
0.01 would have Lo be presgent, le, at least 100 digcrete
carrier ampholytes apecies per pH unit would be required.
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The Immobiline chemicals were originally supplied
by LKB in their pure form, to which distilled water was
added by the purchager to make a 0.2 M sclution. However,
it soon became apparent that the bagic Immobilines’ were
not stable, even when the sglutiong were stored at -20°C
(Righetti, 18%90; Asgtrua-Tegtori et al., 1986), One
problam was that the amide bond of the basic acrylamido
derivatives hydrolysed rather rapidly at the high pH of
the 0.2 M solutions. Moreover, the basic Immobilines’ on
gtorage showed a marked tendency to autopolymerize. The
resuitcing oligomers formed complexar with proteins during
alectxofocuaing, leading to precipitation (Rabllloud et
al., 1987, Fawcett and Chrambach, 19288; ¥awcett &t al.,
1888) . These problems wers solved oaly in 1988 (Giveby et
al., 1988), when it was found that the ues of n-propanocl
ag a golvent prevented both the hydrolysis and
autopolymerization, LKB now market the Immobiliine II’
range, in which the acidic pK 3.6 and 4.6 Immobilines’
are provided me 0.2 M soluticns in distilled water, with
a trace of 4-methoxyphenol as a polymerigation inhibitoer,
and the baslc pX 6.2, 7.0, 8.5 and 9.3 Immobilines as
6.2 M golutions in n-propanol.

D.2 QONDUCTIVITY ASPECTS OF IPG GELS

Since there are no free buffer ions in an IPG gel
(after polymerizatlon the gelm are extensivaly washed in
digrilled water to yemove all digsclved iong), the
conductivity ip very low, as the current can only be
carried by H,0* and 0K lons. The positive ampect of the
very low conductivity of IPG gels ia that IEF can be
performed at wvoltages as high as 5 kV without
overhaating, since the power consunption is minimal
{power = voltage x currvenk). Hence very sharp focusing of
proteina is achieved, even with pH gradients extending
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Appendix D: Aspects of the chemistry of the
Immobiline' c¢ompounds and of the physical
chemigtry of immobilized pE gradients in
generall

D.1 CHEMISTRY OF THE IMMOBILINE CHEMICALS

The aynthesis of the Immobiline  chemicals is very
simple, involving the reaction of acryloyl chloride with
an amino acid or a diamina to produce the acidic and
bagic Immobiline  buffers reepactively [(Righetti, 1990;
Chiari et al., 1%89%a,b):

CH-CH-UOCL + HHN-{(CH,-R = CH «OH-CONH- (CH),-R + HOL
whers % = 1 Lo 3
acryloyl amine aoid/ acrylamido buffer hydrochloric
ehlavide dlamina acid

Notwilithetanding their ease of syntheeis, the
Inmobiline' chemicals are, a8 ia the case with most
gpeclality chemicals, overpriced, An illuminatinyg example
cai: be geman din the 1895/1996 Fluka catalogus: 2-
acrylamide-2-methylpropane~l-sulfonic acid, a strongly
acldic aorylamide derivarive, coste $14,85 for 250 g. Yeb
the identical chemical, listed elsewhere in the catalogus
ug Acrylamide buffer pK 1 costs $339.85 for § g, ie.
$16982.50 for 250 g - over one thousand times the pricgs)

i The authoritative reference work on the field of
immobilized pH gradients (IPG's) ig Righetti (1990). This
book probably contains all the information of papere,
published up to 19%0, that ave related to the field of
IP@'s. DPractical protocols for IEF-IPG are given in
Righetti et al. (1990) and Weetermeier (1993).
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according to their molecular mapses, as in discentinuvous
SDE-PAGE, first .introduced by lLaemmli in 1870. The
chloride-glycine boundary can be seen as a refractive
line moving ahead of the proteins; or if a marker dye
such as bromophenol blue is used, a chloride-bromephenol
blue-glycine moving boundary will be observed.

3. TIomic strength of buffer - the ‘esolving gel buffer
(D.060 M HC1l ~ 0,361 M Tris, pHE &.8) i8 of & higher ionic
strength, and hence conductivity. than the stacking gel
buffer (0.060 M KOl - 0.063 M Trim, pH 6.8). Hence the
voltage gradient is lower in the resolving gel, causing
the veloecity £ the proteins to drop (see Equation (B-7)
in Appendix B) az they antar the resolving ¢el. This
leads to a fuxther sharpening of the protein bands, and
hence increasing the vesclution obtained,

4, Nature of the buffer loms - the stacking and
resolving gel buffers should not contain glycine, nor
ghould the upper electrode buffer concain chloride, as
this decreases the electric field strength gradient
acrosg the chloride-glycine gteady state moving boundary.
{See Section 1.2.3 of the Introductlon fur a dimcussion
on the affect of mixed ion zones in steady state moving
boundary systems.)
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C.4 FURTHER ASPECTS OF THE DISCONTINUQUS ELECTROPHORESIS
SYSTEM OF ORNSTEIN AND DAVIS

The discontinuity Dbetween the stacking and
separating gels in based on four parameters (Williams and
Reilsfeld, 1964; Westermeier, 1993): '

1. Gal strucﬁure - the stacking gel has large pores in
order not to impede the tmigration of the proteins,

thereby enabling them to stack behind the woving

boundary. The separating gel, on the other hand, has
gmall pores in order to meparate the pre-sta<ked protein
bands by molecular sieving.

2. pE of buffer - During the stacking phase the pH of

the terminating zone is regulated at pE 9.0, giving

glycine a net mobility of -4.9 x 10" en® Vi 8!, This is
glower than the net mobilitles of wost proteinsg at the
same pH, ensuring that stacking of the proteins occurs
between the chloride leading long and glycine terminating
ieong. During the separating puase tha pH of the
terminating zone is regulated at pH .5, increasing the
net mobility of glycine to ~12,2 x 10* o™ V' &, The
glycine ions now overtake the protein banda, The
chloride-glyeing woving boundary wigrates ahead of the
proteins, and the proteins arxe left behind in a
homogenaous buffer wedium (0.046 M glyecine - 0.347 M
Trig, pHE 9.5), each effectlvely in an extremely thin
gtarting ~one. Migration of the mample proteins will now
accuxr as in ordinary zone electrophoresis, ie. according
to their charge, shape and size. Since the higher pE gel
iz normally of smaller gel pore size, wmolecular sieving
of the sample proteins will cccur. If a denaturing buffer
is uped, then the proteins will be resolved solely

B -], L o TR e T I I

rak . il o .

e me s et e
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1o Cutorige= ©.060 M 8. PHy = 9.9

2. Cuspigy = 0.060 M 9, Byene = -21.6 x 10°
omt yiegtt

3, eLisl. = 0,361 M

4. cigtel, = 0.045 M 10, iy = 6.43 w8 o’
Kr = 2.79 mgrem?
5. Chatn = 0.364 M

6 . c‘”wgu‘, 0 .026 M 11- I{. = D .060 M

I, =  0.026 M
7- cwp”rp L D.UZG M

Composition of the leading zone:
0.060 M HCL - 0.381 M AMPR, pH 9.5

Composition of the terminating zone:
0.045 M glycine - 0,346 M AMPD, pH 9.9

When the chloride-glycine dgteady state moving
boundary crosses the stationary pH boundary between the
stacking and separating gels, the composition of the
leading electrolyte is changed from 0.060 M HCL - 0.066
M AMPD, pH 7.8 to 0,060 M HCL - 0.36)l M AMPD, pH 5.5,
This causes the ilonic compositlon af the terminating
glectrolyte to be altered from G.046 M glycine - 0.082 M
AMPR, PH 9.3 to D.046 M glycine - 0.346 M AMED, pH 9.9,
Hence, in effect, the proteing in the separating gel
migrate in a 0.046 M glycine - 0,347 M AMPD buffer, pH
9.5, The net mobility of the glycine terminating ions
beromes -21.6 x 10" om® Vgt
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Composition of the leading zone:
0.U60 M HC1 -~ 0.066 M aMPD, pH 7.8

Cdmposition of the terminating gone:
0.045 M glycine - 0,0%2 M AMPD, pH 9.3

Electrode buffer:.
0.077 M glyeine - 0.013 M AMPD, pH 8.8

Although the initial composition of the terminating
zone (electrode buffer) is 0,077 M glyeine - 0.012 M
AMPD, pH 8.8, once electrophoresis ig commenced the
concentrations of glycine and AMPD in the terminating
zone become regulated agsinst the concentrations of
~chloride and AMPD in the leading =zone, =0 that the
composition of the terminating zone hecomes §.045 M
glycine - 0.052 M AMFD, pH 9,3. The net mobility of the
glycine terminating iong is -3.1 x 10 em™ Vi g,

The following ionic parameters were calculated for
the separating phase of dimgcontinuous slectrophoresis,
uging the equaticns in section C.2. The total molar
concentration of the chloride ieading icn ig 0.060 M, and
the pH of the leading zone (pH,) is 9.5.
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This causes the ionic composition of the terminating
electrolyte to be altered from 0.046 M glycine - 0.049 M
Trig, pH 8.9 Lo 0,046 ¥ yglycine - 0,361 M Tris, pH 9.5,
Hence, in effect, the proteins in the separating gel
migrate in a 0.046 M glycine - 0.347 M Tyris buffer, pH
9,5, The net mobility of the glycine terminating ions
becomes ~11.9 x 10°° em* viigt,

c.3.2 Tamura-Ul system

The following ionic parameters were calculated for
the stacking phase of discontinuous electrophoresis,
uging the equations in section (.2, The total molar
concantration of the chleoride leading ion is 0.060 M, and
the pH of the leading zene (pH,) ieg 7.8,

1. Cousde= 0.060 M 8. pH, = 9.3
2, Carmppeizy ™ 0.060 M 9, ﬁyﬂ}'u‘lhl‘ - =3.1 x 10 d
cm* Vg !

3. Oy = 0,066 M

4, ciyt. = 0.045 M 10, = 6.43 m8 ¢m
Ky = 1.18mS cm®

5. e, = 0,052 M

0,011 M 1. I = 0D.060 M
I. = g.011 M

§. c'uwine .

7. chn”“ = 0;011 M
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CH. =CH - CONE - CHl,CH.CH, - OH

Regearch on the chemlical properties of AAP by Prof.
Righetti’s group (Simd-Alfonso et al., 19%6a,b) showed it
to combine high hydrophilicity {l-octanol:water partition
coefficient of 0.10 versus 0.13 and 0.2 for AZEE and
agrylamide rxespectively} with extreme hydrolytic
gLability - glightly better than that of AAEE. Moreover
aguecus golutions of AAP, stored at room temperature in
plain daylight, showed no autopolymerization even after
two montha. Resolution of DNA by capillary alectro-
phoresls in entangled solutiong of linear poly!APP)
ghowed excellent reproducibility (Gelfi et al,, 19898). It
lg axpected that poly(AAR) will aleo be of great
potential in the field of biocchromatography for the
preparation of hydrophilia, hydrolytically-gstable gel
medis,
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AREE even more hydrophilic than acrylamide {1-
cctanol ;water partition coefficient of 0,13 versusg 0.2),
but it ie very resiastant to hydrolysis - poly{(AAEE) being
500 times more stable towards alkaline hydrolyseis than
polyacrylamide. Entangled solutiuns of linear poly{AAEE)
were shown to show superior performance compared to
linear polyacrylamide for capillary electrophoresis
{(Chiari &t al,, 1994b). lavelsctric membranes composed of
poly (AAEE) (Bopgi et al., 1994a; Chiari et al.,, 1994c¢)
wera superior to adrylamide membranes for preparative
iscelectric membrane electrofocusing (PrIME) .,

Unfortunately AABE, ptored as & 1:1 (v/v) golution
in  water ab  4°7, wag shown b0 undergo  an
autopalymerization reagtlon, possibly caused by the
reaction of dissolved oxygen with the ether groups to
form peroxides. Moreover, molecular modelling sgtudiers of
AAEE found that trangfer of a hydrogen atom from the
double bond to the ether oxygen waa favoured, with the
congaquant formation of free radicals (Simd-Alfonso et
al., 1996a).

Since ather groups ¢an no longer be introduced into
the N-alkyl chaing, this means the N-alkyl chaing may not
be more than four carbon atoms long or else the
acrylamide derdvatives will be too hydrophobic, The rules
for derived by Chiarl et al. (1994q) requlre any hydroxyl
groups presgent to be geparated by at least three carbon
atomeg from the amido group Bo aR to prevent formation
(via hydrogen hond with the free -OH group) of 5- and 6-
membered ringe closlng onto the amido boud, which favour
hydrolysis via a wechanism of N, ¢0-acyl transfer., It ig
apparent that the only acrylamide derivarive fulfilling
these requirements is N-acryloylaminopropanol (AAPR):
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hydrolytic stability, ©results in compounds like
dideoxytrigacryl’ and N, N-dimethylacrylamide that are too
hydrophobic to use for preparing hydrophilic matrices for
gel electrophoresis. These resulta provoke a dilemma:
hydroxyl groups are necessary f£for hydrophilicity, yet
gatalyze the rate of hydrolygis of the amido bond., How
dogs oneg golve this paradoxical situation?

The answer ig obtained {(Chiari et al., 19%%4a} by
fulfilling the following reguirements:

(1) N-mono- and digubstituted acrylamides are
generally more resistant to hydrolysis due Lo gteric
protection of the amido group. The longer the chaing, the
batter,

(11) Hydrexyl groups are riacassary for
hydropkiliclty., In oxder to combine both hydrolytiu
staktliicy and hydvophilicity, the necessary -OH groups
ghould he at oz distance from the amido group 80 a#s to
prevant formatlon (via hydrogen bond with the free «-0H
group) of 5~ and 6-membered rings closing onto the amido
bond, which favour hydrelysis via a mechanism of N, O0-acyl
transfer,

{iii) In addition, in oxder to lessen the
hydrophobicity of the N-substituted alkyl chaing, an
oxygaen atom should ba present aleng these chains,
preferably every two carbon atoms,

An acryvlamide derivative wmeeting these requirements
is N-acryoylaminoethoxyethanol (AAEE):

CH, =CH- CONH~ CH,CH, -0~ CH,CH, -OH

introduced in 1994 by Prof. Righetti’s group at the
Universiiy of Milan (Chiari et al., 1994al. Not only is
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Table 18; Effect of sgtructure on hydrophobicity and
stabllity of acrylamide derivatives (Data fxom Gelfi et
al,, 1992)

Acrylamides Fr.mula Stability! dxophi.
[ - =_|,d=_ﬂ__—_.l_%i&=
' vl
N, N-dimethylaviylamide CH = CHOON 188 0. 54
©H,
Dideoxyerisacryl® e
soxyTaisacry <HL=CHCDNH~%~CHJMI 130 0.
CH.
Acryiamide CH =« CHUONE, 111 .0
s . s
/o
¥-acvyloylmorphol ine lTH_mi_','HC‘ON\ /l'.l 50 o
+H OH
Trigacyryl™ : CH «CHUONK-¢'- CH OH 1% 0,01
‘H OH '

Half-life {n miputes for degradation of acrylamide compound in
u.7 M NacH at 76%0,

g Partition coeifinient of avyylamide compound betweent 1 ocranci
and water at room temperarure. _
Regleterved trademark of IBF Corpovation, PFrance (Begcherti,
1984}

Burprisingly, the hydroxymethyl groups  of
Trisacryl’, instead of protecting the amide group
sterically from hydrolytic¢ attach by hydroxyl anions,
actually increase its rate of hydrolysis., This ia due to
the fact that the hydroxymethyl groupe can Ffom a
hydrogen-bonded ring with the carbonyl of the amido
group, and, for electronic¢ reasons, aukocatalyze the rate
¢f hydrolysis (by a mechanism of W, O-acyl transfer). Yet
removal of the hydroxyl groups, while increasing
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H,
cna.cncom-{- CH,
H,

However, N-{tert-butyllacrylamide is not suiltable
for wuwse in electrophoresis due to .bts  extreme
hydrophobiclty. The addition of hydroxyl groups is the
obvious solution:

dj‘ H;"OH
CH,=CHCONH--CH,~0H CH,=CHCONH-C-CH,~0H
, H, - OH
Dideoxytrisacryl’ Tripacryl’

The monchydroxylated and trihydroxylated derivatives
of N-{tert-putyl)acrylamide - Dildeoxytrisacryl’ and
Trisacryl® respectively, are commercially available
chemicals (Boschettd, 19289), However, as can be seen in
the following table, based on data from Qelfi et .
(1892}, the hydrolytic stabllity of Did«xxytrisacryl’ and
Trisacryl is very poor indeed:
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CH: - CH{
CH,=CH~CON

\cnz-cu_.

However, if the N-alkyl chaing are in the form of a
rigid ring structure (N-acryloylpiperazine), then little
gteric protection is afforded to the amide group, as
omeillation of the alkyl chains in the surrounding space
can no longer occur:

CH,~CH,
cnagcn-comr/ \CH:

\CHa-CHz

The following acrylamide derivative, N-(tert-
butyl)acrylamide, prxepared by the reaction of
acryleonitrile and rtert-butyl alcohol under strongly
acidic gonditions (Plaut and Ritter, 1951), is extremely
resigstant to alkaline hydrolysis, requlring prolonged

heating under drastic conditions to bydrolyse the amide
group':

' Compounds of similar structure require refiuxing in
concentrated potagsium hydroxide in ethylene glyeol for 48
hours for quantirative hydrolysis of the amide group to he
achieved (Minleri and Ritter, 1948),
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