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SUMMARY

Tsoelectric points, pf,y,, in sucrosc-urea-water and glycefol-cthanol—water'
mixtures and iscelectric points, p/, in water have been determined at 25° for some
carrier ampholytes. The differences, pl,,,—p/, are shown to account for the primary -
medium effect and the pH measuring celleffect on the isoelectric point: Thedxﬁ‘erences, :
pl,,,—pl, for Ampholines are used to correct apparent isoelectric points of proteins. -
pf shifts resulting from the denaturing effect of urea anci ethanol are dlscussed in
terms of the conformation change. ' T

INTRODUCTION

In a recent series of papers'—3, we showed that the apparent tsoelectnc pomts
pl,,,, of proteins, measured by isoelectric focusing in density gradients of sucrose,
glycerol or ethylene glycol in the presence of carrier amphoivtes mbecotrected for
the primary medium effect and the pH measuring cell effect to give isoclectric points;
pl, in water. The correction terms toBe used, which were tabulated?, depend on p[,,,,, ‘
the concentration of the non-electrolyte, the temperature and the chemical nature of
the carrier ampholyte. In this approach, it was tacitly assumed that the conformation
of proteins is not affecied by the gradient-forming non-electrolyte. There is, indeed;
enough evidence*S in favour of this assumption with sucrose, glycemi and ethylene
glycol at the concentrations used in isoelectric focusing. - :

In a paper dealing with the effect of urea on the behavious of some pzotems n
iscelectric focusing, Ui® demonstrated the value of measurements of isoelectric points

in the absence and presence of urea for conformational studies of protems However,. o

in that paper, isoclectric points measured in the presence of urea were corrected for
the primary medium effect and the pH measunng cell effect due to urea by an average
correction term, independent of pl,,. In view of the evidence resulting from our
work!3, this procedure appears to be inicorrect'. Moreover, literature values of cor-
rection terms, ply,,—pl, associated with the effect of urea, have a consxdcrablc
scatter, as is shown in Table L

As we agree with Ui® on the value of tsoclcctnc focusmg for conformatxona.i
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TABLE ]
LITERATURE VALUES OF pl,,, — p/ USED TO CORRECT FOR THE EFFECT OF UREA
Urea concentration Correction term, Range of pl.,,, for which correction Reference
(M) pl... — pi term is stated to be valid

0.42 4-10 6

0.3;04 4-6;7-10 7

0.9 3-6 8

0.35 2.5-6 9

NN

studies of proteins, we determined the appropriate correction terms accurately. For
this purpose we measured values of p/,,,—pI for Ampholines in the presence of two
reagznts that have a conformation-changing effect on proteins, viz., urea and ethanol”,
as a function of the concentration of these reagents and of the pl,,, values of the
Ampholines. As the effect of urea or ethanol on the conformation of proteins can be
studied by density gradient isoelectric focusing, these pl,,,—p/ values were determined
also as a function of the concentration of two gradient-forming non-electrolytes, viz.,
sucrose and glycerol.

Supposing that urea and ethanol do not affect the conformation of Ampho-
lines, these values of pl,,,—p/ can be assumed to account correctly for the primary
medium effect and the pH measuring cell effect of the reagents on the isoelectric point
of a protein. Any difference between the isoelectric point of a protein in water and
that obtained by correction of the pl,,, value measured in the presence of the con-
formation-changing reagent can then be associated with the conformation change of
the protein. It should be borne in mind, however, as was pointed out by UiS, that the
absence of a pI shift due to a conformation-changing reagent cannot always be inter-
preted in terms of retention of the native configuration, as the pf value is informative
only for the degree of dissociation of a few protolytic groups.

As a test of the validity of the correction procedure, we reappraised the litera-
ture values of iscelectric points of some proteins in the absence and presence of urea
and measured the isoelectric points of two proteins, viz., ribonuclease and p-lacto-
globulin, in the absence and presence of urea and ethanol.

In those instances where a significant shift in corrected isocleciric point was
found, this shift was interpreted in terms of the conformation change by comparing
the result with calculations on the basis of the equation of Linderstrom-Lang and
Nielsen'?, using the known chemical compositions of the proteins in question.

* V/hile urea and ethanol are both frequently used in conformational studies of proteins!®, cnly
the former has been used as such in conjunction with isoelectric focusing. There is, however, no
major objection to the use of ethanol in isoelectric focusing for conformaticnal studies. Practical
drawbacks are, of cousse, its low density, which induces 2 lower stability of glycercl density gredients,
and its high volatility, which can be expected to render isoelectric focusing experiments ¢n granulated
gels more difficult. To our knowledge, such gel-iscelectric focusing experiments have nct teen catried
out; experiments in a glycerol gradient, containing up to 60% of ethanol, have been rperfcrmed bty
Letedev er al.'! for the separaticn of water-insoluble corn proteins.
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EXPERIMENTAL

Measurements of isoelectric points of carrier ampholytes

The isoelectric points of 2 %, (w/v) solutions of Ampholines (LKB, Stockholm,
Sweden) and Servalyte (Serva, Heidelberg, G.F.R.) in water (pJ) and in the presence
of urea, ethanol, urea - sucrose and ethanol - glycerol (pl,,,) were determined at
25° as described earlier3. The chemicals used were urea (Merck, Darmstadt, G.F.R.,
Cat. No. 8488), ethanol (Baker, Phillipsburg, N.J., U.S.A., analysed grade), sucrose
(Baker, analysed grade) and glycerol (Merck, p.a. grade). The specific conductivity of
an aqueous 6 M solution of urea was 9.7 - 107°Q~%.cm~! at 25°, indicating the ab-
sence of electrolytes. Urea was dissolved just before the measurements without
raising the temperature above 25°, to prevent the formation of cyanate‘3 At relatwely
high concentrations of ethanol the reduced solubility of the carrier ampholytes fe-
sulted in turbid solutions.

Measurements of isoelectric points of proteins

Aliquots of 15 mg of bovine pancreatic ribonuclease (Sigma, St. Louis, Mo.,
U.S.A., Cat. No. R-4875) or bovine S-lactoglobulin (Serva, Cat. No. 27440) were
focused in an electrofocusing column (LKB 8100-1) ‘at a temperature of the cooling
water of 4°. The concentration of Ampholines (pH range 9-11 for ribonuclease and
3.5-10 for f-lactoglobulin) was 2% (w/v). Density gradients were produced with a
gradient mixer (LKB 8121) and ranged from 30 to 59, (w/w) of sucrose in the absence
and from 42 to 4% (w/w) of sucrose in the presence of 6 M urea, and from 60 to 6,
(w/w) of glycerol in the absence and presence of 309, (w/w) of ethanol. The catholyte
was a 0.25 M sodium hydroxide solution; the anolyte was 0.16 M orthophosphoric
acid or 0.01 M acetic acid.

After focusing at constant power (5 W) for 48 h (LKB 2103 power supply), the
contents of the column were collected in fractions of 3 ml for ribonuclease and 1.5 ml
for f-lactoglobulin. The extinction at 280 nm of these fractions was measured using a
Vitatron Type MBS spectrophotometer. The pH at 25° of the fractions with maximum
UV extinction was measured, and the sucrose or glycerol content was determined from
the refractive index. We used calibration graphs established with solutions of 27{
(w/v) Ampholines and 6 M urea in sucrose-water mixtures of varying sucrose conicnt
and with solutions of 2%/ (w/v) Ampholines and 30 % (w/w) ethanol in glycerol-water
mixtures with varying glycerol contents, respectively.

RESULTS

Isoelectric points of carrier ampholytes -

The results are given in Table II. As an example, Figs. 1 and 2 give plots of
plapp—p! versus pl,,, at a constant concentration (6 M) of urea in sucrose—water
mixtures and at a constant concentration (309, w/w) of ethanol in glycerol-water
mixtures, respectively. Figs. 3 and 4 show values of Ip,.,—p/ versus pl,,;, in aqueous
solutions of urea and ethanol, respectively.

Isoelectric points of proteins
The results for pl,,, at 25° are given in Table III. Table II also includes pz’
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Fig. 1. Values of pl,;, — pl versus pl,,;, for Ampholines (open symbols) and Servalyte (closed
symbols) at 25° in 6 M solutions of urea in water () and sucrose-water mixtures containing 15
(), 30 (V) and 45% (w/w) (A) sucrose.

values at 25° calculated by applying correction terms, pl,,,—pI, resulting from previ-
ous work® and Table II in this paper.

DISCUSSION

The results in Table II and Fig. 3 corroborate our prediction that the effect of
urea on the apparent isoelectric point of an ampholyte depends on the acidity of the
ampholyte. The same conclusion holds for ethanol (Fig. 4). Also in accordance with

120¢

100}

osof
plgpgel
osol

040t

020}

D!Qpp
Fig. 2. Values of pl,;, — P{ versus pl,,, for Ampholines (open symbols) and Servalyte (closed sym-
bols) at 25° in 309 (w/w) solutions of ethanol in water (©) and glycerol-water mixtures containing
20 (33), 40 (V) and 60% (w/w) (A) glycerol.
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Fig. 3. Values. of pl,y, — Df versus play, for Ampholines (open symbols) and Servalyte (closed
symbols) at 25° in aqueous solutions containing 3 (1), 6 (©Q) and 9 Af (A) urea.
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Fig. 4. Values of pl.,, — pI versus pi.,, for Ampholines (open symbols) and Servalyte (closed
symbols) at 25° in aqueous solutions containing 30 (&), 50 (I2) and 72% (w/w) (A) ethanol.

TABLE 11l

ISOELECTRIC POINTS OF PROTEINS (25°)

Protein Conformation- plap, Gradient-forming plopy, — pI pI
changing agent agent (%, wiw)

Ribonuclease — 9.50 38.6% sucrose —0.11 9.61
— 9.53 40.79% sucrose —0.12 9.65
6 M urca 990 27.5% sucrose .28 9.62
30% (w/w) ethanol 9.75 46.5% glycerol —0.04 9.79
309 (w/w) ethanol 981 48.6%; glycerol —0.06 9.87
309 (w/w) ethanol 9.82 47.8% glycerol —0.06 9.88

B-Lactoglobulin — 498 34.29 sucrose —0.04 5.02
— 499 34.89 sucrose —0.04 503
6 M urea 5.40 28.09%; sucrose 0.47 493
6 M urea 5.38 2B.29% sucrose 0.47 4.91
309 (w/w) ethanol 5.76 49.39%; glycerol 0.68 508

309 (w/w) ethanol 5.74 47.39 glycerol 0.64 5.10
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earlier findings?, the effects of urea - sucrose and ethanol 4 glycerol (see Figs. 1 and
2) on the pl,,, of Servalyte differ from those on the pl,,, of Ampholmes of comparable
acidity.

A comparison of values of pf,,,—pl in sucrose-water and glycerol-water
mixtures® with the results in Table II shows that the effects of sucrose and urea and of
glycerol and ethanol, respectively, are not additive. As there are no literature data on
the pK values of weak acids in ternary solvent systems, this finding cannot be com-
mented upon.

The general appearance of the curves in Figs. 1 and 2, which show the effect of
sucrose and glycerol, respectively, is similar to that in Figs. 3 and 4, which show the
effect of urea and ethanol, respectively, and to that in Fig. 1 in ref. 3, demonstrating
the effect of ethylene glycol. This suggests that the pl,,,—p/ differences due to the five
mentioned non-electrolytes are caused by the same effects, viz., the primary medium
effect and the pH measuring cell effect.

As was pointed out in a preceding paper?, by combining values of p/,;,—p/
with values of é, accounting for the pH measuring cell effect, values of p/*—p/ can be
calculated:

plr—pl = pl,,,—pI—¢

Subsequently it was shown in that paper® that the p/”—p/ values of Ampholines cal-
culated in this way are in between the pK™ —pK values of carboxylic acids and alkyl-
substituted ammonium ions, giving additional support to the view that the p/,,,—p/
differences of Ampholines due to sucrose, glycerol and ethylene glycol are indeed -
caused by the two effects mentioned above.

6 values due to ethanol are known!*. Therefore, pI* —p/ values were calculated
and are compared in Fig. 5 with literature values'® of pK~—pK. An analogous com-
parison for the effect of urea cannot be given, owing to the lack of corresponding
values. One can compare, however, (see Fig. 6) the pl,,,—p/ values of Ampholines
with literature values of pK,,,—pK for acetic acid'® and the n-butylammonium ion"’.

Figs. 5 and 6, which should be compared * with Fig. 3 in ref. 3, show that the
effects of both urea and ethanol on the isoelectric points of Ampholines are indeed
- intermediate between the effects of these non-electrolytes on the dissociation constants
of carboxylic acids and alkyl-substituted ammonium ions. We conclude, therefore,
that the pJ,,,—p/ values in Table II can be used to correct for the primary medium
effect and the pH measuring cell effect on the isoelectric points of proteins. Therefore,
these values were used in a reappraisal of the literature values of the isoelectric points
of some proteins, measured by iscelectric focusing in the presence of urea (see Table
1V).

The data, confined to proteins that are not dissociated into subunits by the
action of urea, clearly indicate the importance of the correction procedure.

For insulin and haemoglobin, there is no significant influence of urea on the p/
value, which leads to the conclusion that these proteins contain no abnormally dis-
sociating groups, as far as groups having an influence on the isoelectric point are
concerned. For a comment on this conclusion, which was also arrived at by Ui®, we

* For that reason, data on propionic acid and n-propylamine are included in Fig. 5.
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Fig. 5. Values at 25° of pK* — pK for acetic acid (@), propionic acid (4), n-butylammonium ion
(&) and #-propylammonium ion (¥) and p/* — pI for Ampholines, pI = 2.90 (©) and pI = 5.76
(1), in ethanol-water mixtures.

Fig. 6. Values at 25° of pK.,, — pK for acetic acid (@) and r-butylammonium ion (&) and p/,;p —
pI for Ampholines, p/ = 2.90 (©) and pl = 9.76 (@), in aqueous urea solutions.

TABLE IV

LITERATURE VALUES OF ISOELECTRIC POINTS IN THE PRESENCE AND ABSENCE
OF UREA

Prozrein - Urea play, (25°)° Concentration pl,,, — pI pl(25°)  Reference
: concentration of sucrose
(M) %, wiw) ™"
Insulin 0 5.69 20 —0.01 5.70 6
6 6.15 20 0.36 5.79 6
Haemoglobin O 7.07 38 0.01 7.06 6
6 7.50 34 - 0.40 7.10 6
Ribonuclease O 9.26 45 —0.08 9.34 6
6 9.93 45 0.26 9.67 6
a-Casein (4] 44" — — 4.4
7 4.66 ~20 ~0.8 39 8
B-Casein 0 45" — — 4.5
7 5.4 ~20 ~0.8 4.6 8
«-Casein 0 3.7;4.1"° — — 3.7: 4.1
7 6.2 ~20 ~0.8 54 8

* plpp (25°) was obtained from the literature value pf(¢) using Apl/AT values equal to the mean
of the distribution of dpK/dT values given in Fig. 2 in ref. 3.
" Estimated from the descriptions of the focusing experiments and the graphs of the focusing
patterns.
*"* Moving boundary values.
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refer to his paper. For ribonuclease, however, the significant shift in pf due to urea
would imply the presence of abnormally dissociating groups in the native .stateS.
The data on caseins show, contrary to the conclusion that would be obtained from a
comparison of pl,;, values, that a-casein does and f-casein does not contain‘anoma- -
lously dissociating groups determining the isoelectric point in the native state. This is
consistent with the evidence from viscosity measurements'®, indxcatmg that ﬁ-msem is
a random coil in the native states.

‘In Table I, our experimenta! results on nbonuclease are given. Whereas the
value for p/ estimated from the measurements in 6 M urea agrees with that found by
UiS, the p/ value found in the absence of urea differs considerably from his value
(9.34). Our results are in good agreement with the pH of aqueoussolutions of ribo-
nuclease, found by Nozaki and Tanford!? (9.60 at zero ionic strength and 9.71 in 0.15
M potassium chloride solution) and by Tanford and Hauenstein?® (9.65 in 0.15 Af
potassium chloride solution). We conclude therefore, in contrast to UiS, that 6 M
urea does not produce a significant pf shift. Further, there is no need for the assump-
tion of an abnormally dissociating e-amino group in the native protein. On the basis of .
the known?! amino acid composition of ribonuclease and the equation of Linderstrem-
Lang and Nielsen!?, the pf value in water (9.63) can be explained by assuming that
three out of six phenolic groups are dissociated (pK = 9.95), while the mean pK value
of the ten s-amino groups, coasidered to be identical, is 10.22. These ﬁgur&s agree wzth
those required for the explanation of the entire titration curve®. - .

The absence of a sngmﬁmnt shift in pI under the action of 6 Af urea should then :
be interpreted by assuming that the protein is barely denatured under’the particular ex-
perimental conditions (at 4° and pH 9-11) and that an eventually occurring partial
denaturation does not influence the degree of dissociation of the mentioned pf de-
termining protolytic groups. The results of Nelson and: Hummel** (denaturation by
8 M urea at 25° and pH 7.3 is incomplete) and viscosity and optical rotatory dis-
persion data for ribonuclease® in urea and guanidine hydrochloride solutions are
consistent with this interpretation. Moreover, it.is well known?? that polyhydric
alcohols (in this instance sucrose) protect the native conformat:on of nbormclease o
against denaturation by urea.

In the presence of ethanol, which is known>: 2 to have a destablhzmg eﬁ'ect on
the native conformation of ribonuclease, the pf value differs significantly from-that
in water. We ascribe this p/ shift to 2 general increase in the pX values of e-amino -
groups upon denaturation. This increase, which is consistent with the fact that the
pK values of side-chain amino groups required to explain the titration curves of
native proteins are generally smalfer than expected, was ascribed by Tanfqrd? to the
hydrophobicity of the major parts of lysine side-chains. These parts thereby'tend to be
buried in the interior of the native structure, resulting in stabilization -of the un-
charged form of the e-amino groups relative to the charged form and hence in a de-
crease in their pK value. This view was confirmed by Nozaki and Tanfotd, who showed
that the pK values of amino groups needed to explain the titration curves of amino
acids®® and proteins!® in 6 Af guanidine hydrochloride are close to the correspondmg
PK values of amino acids in aqueous dilute salt solution.

Consequently, we calculated the mean pK value of the ten s-amino groups
(considered to be identical) needed to explain the pf value (9.85) found i in 307 ethanol
assuming all other pK values to be unchanged relative to their eﬁ'ectwe values in the

AR
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native state. We obtained the result pK = 10.55, a value intermediate between the
“expected” value according to Tanford*® (10.4) and that (10.8) for lysine in aqueous
solution?>.

The pl value (Table III) of g-lactoglobulin, i.e., the approxnmately equimolar
mixture of the genetic isomers A + B, calculated from measurements in a sucrose
gradient, is slightly lower than expected from literature data. The latter are not con-
sistent, however. By means of isoelectric focusing the following values are fouand:
.5.26 (A)" and 5.34 (B)”; 5.21 (A)*” and 5.34 (B)*’; 5.13 (A)*® and 5.23 (B)*®; and 5.24
(A)* and 5.14 (A+B)*. The isoionic point of the protein (A+B) in pure water was
found at pH 5.19 and to be invariable with ionic strength by Cannan er al3!, but at
pH 5.39 and to decrease with increasing ionic strength by Nozaki et al.32. pf values
found by moving boundary electrophoresis are generaily lower: 5.19 (ref. 33) and
5.10 (ref. 34). By means of the equation of Linderstrom-Lang and Nielsen!? and the
pK values required for an adequate description?s of the titration curve of g-lactoglobu-
lin (A-+B) in aqueous solution, a pf value of 5.36 can be calculated.

The pl,,,—pl correction terms are large in this instance, so the only comment
that can be made on the p/7 shifts exerted by urea and ethanol is that they are small.
A small effect is indeed expected. From the work of Tanford and co-workers>-*, it is
known that two out of fifty-three carboxyl groups are abnormally weak (pK ~ 7.4)
in the native protein but behave as “expected” (pK = 4.8) in the denatured state. Cal-
culation shows that this conformation change upon denaturation should result in a
decrease in pl of 0.07 pH unit.

CONCLUSIONS

(1) pl,;,—p! values in sucrose—urea—water and glycerol-ethanol-water mix-
tures depend on the acidity/basicity and the chemical type of the ampholyte and on

the solvent composition.

(2) pl,;,—p! values in these mixtures account for the primary medium effect
and the pH measuring cell effect on the isoelectric point of Ampholines.

(3) pl,,,—pI values for Ampholines can be used to correct the apparent iso-
electric points of proteins measured in these media, giving p/ values which are useful

for conformational studies.
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