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with spreading of pK, values

The isoelectric points (p/) of native proteins are important in several separa-
tion techniques. For estimating p/ values the net charge of several proteins was
calculated versus pH by use of the Henderson-Hasselbalch equation. Amino
acid composition, pK, values for amino acid side chains and for the N- and
C-terminal groups, and the presence of other charged groups were taken into
account. A set of pK, values was chosen for amino acid residues with ionizable
side chains. Each particular type of ionizable group was assumed to have pk,
values distributed around the chosen value, thereby simulating the situation in
proteins and polypeptides. The calculated pl values showed reasonably good
agreement with experimental ones for most of 16 native proteins over a wide
pH range (3.4—11) when charge contributions of heme groups, sialic acid resi-
dues, etc., were taken into account. The calculated p/ for the human red cell
glucose transporter (Glutl) with one sialic acid residue was decreased from 8.8
to 8.5 by introducing pK, value spreading and became consistent with the
experimental p/ value of 8.4 + 0.05 at 15°C determined in the presence of 6 M
urea. The p/ of the native Glutl was lower, 8.0 £ 0.1, at 22°C. In general, the
pl values for native proteins are affected by the three-dimensional structure of
the proteins, which causes greater differences between calculated and experi-
mental p/ values than in the case of polypeptides for which pl values are deter-

mined in the presence of urea.

1 Introduction

The isoelectric point (pl) of an amphoteric molecule is
defined as the pH at which the net charge is zero. The
variation of net charge with pH is of importance in
charge-dependent separation methods like electro-
phoresis, isoelectric focusing, chromatofocusing and ion-
exchange chromatography. Calculation procedures for
estimating pl values for proteins or polypeptides have
been described earlier [1—8]. The present study describes
a simple calculation procedure with spreading of pK,
values around the chosen values. The procedure was
applicable to native proteins with good results.

2 Theory

For a polypeptide of known amino acid composition an -

approximate pl value can be calculated by use of the
ionization constant pK, for amino acid side chain groups
or other types of ionizable groups that may occur. The
charge for each such group at any given pH was calcu-
lated by use of the Henderson-Hasselbalch equation,

M

where x, is the molar fraction of the base form of the
ionizable group, by taking into account whether the
charge of the base form is zero (as for —-NH,) or —1 (as
for —COO"). The total net charge at each given pH is ob-

x, = 1/[10%%2~PH) 4 1]
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tained by summing up the charge for each type of ioniz-
able group times the number of groups. In the present
study, suitable average pK, values were selected for the
ionizable amino acid side chains, and for the terminal
groups. The individual ionizable side chains of each type
of amino acid were assumed to have the pK, values dis-
tributed around the selected pK, value, thereby simu-
lating the situation in polypeptides and proteins where a
given type of ionizable amino acid side chain often
appears in several positions in the amino acid sequence
and with various individual ionization constants, depend-
ing both on the adjacent side chains and on the three-
dimensional environment in the protein. By assuming a
distribution of pK, values, the calculated titration curves
will be smoothed out (Fig. 1). For the calculations
reported here, the average pK, = pK,; was used for one
third of the groups of a given type i, pK,; + 1 for another
third, and pK,; — 1 for the last third. The calculations can
be performed manually or by use of a computer program.
In the present approach calculations were performed by
a program made in GWBASIC on a PC-compatible com-
puter.

3 Results

3.1 Sets of pK, values

Three sets of pK, values were considered (A—C in Table
1). A series of calculations were performed for five pro-
teins, for which experimentally determined pl were avail-
able. For several proteins (Table 2), the best agreement
between calculated and experimental p/ values was ob-
tained with the pK, value set at C. The pK, values for
His, Cys, Tyr, Lys, and Arg in this set of values are the
same as those used by Bjellqvist er al. [7], whereas the
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Figure 1. Titration curves for the human red cell glucose transporter,
Glutl, with two sialic acid residues (from fresh red cells), with (sotid
line) and without (hatched line) spreading of the pK, values in
column C of Table 1 below. The calculated pf values were 8.29 and
8.67, respectively.

Table 1. pK, values used for calculation of pl values

Amino acid residue or terminal AY BY c?
group

a-COOH 3.6 3.6 3
Asp 447 4 3.2
Glu 4.47 4.5 4.1
His 6.68 6.4 6
@-NH, 7.6 8 8
Cys 9.5 9 9
Tyr 10 10 10
Lys 10 10.4 10
Arg 11.9 12 12

a) From [9], used for the pl calculations in [4]

b) From [10]

¢) For Asp and Glu, the pK, values were obtained from an NMR
determination of all ionization constants for carboxyl groups in
ribonuclease HI [11]. For ¢-COOH, His and Lys, the pX; values
from [9] were modified, whereby a better fit between experimental
and calculated p/ values was obtained.

Table 2. Comparison between the sets of pK, values in Table 1

pl value®
Protein Source A» BY CY Exp
Heme domain (CDH) Phanerochaete 421 394 334 342([12]
chrysosporium (4.31) (4.03) (3.38)

Celiobiohydrolase I  Trichoderma reesi 475 4.51 3.89 3.9 [13]

(4.63) (4.39) (3.79)

B,-Microglobulin Guinea pig 735 722 6.88 6.6 [14]
(7.15) (6.97) (6.59)
Glutl Human 858 859 846 8.0 [15]

(8.77) (8.90) (8.81)
924 943 925 92 [16]
(9.55) (9.72) (9.55)

a) Calculated and experimental pl values are given. The pK, value
spreading was used, except for values given in parenthesis, which
were calculated without spreading. For experimental p/ values
reference numbers are given within brackets.

b), ¢) See footnote in Table 1

Phospholipase A, Common viper

pK, values for the C-terminal carboxylate group and the
Asp and Glu side-chain carboxylate groups are lower
than the corresponding values used by these authors and
by Matthew [10]. The B set of pK, values gave good
results for prediction of p/l values (Fig. 2), but we chose
to use the C set for further calculations.

3.2 Spreading of pK, values

The native proteins studied showed reasonably good
agreement between calculated and experimental values
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Figure 2. Comparison between calculated pl values for the native pro-
teins listed in Table 2, using the B (A) and C (0) sets of pK, values
(Table 1), without spreading. The middle line represents the ideal cor-
relation.

over a wide p/ range. The linear regression was improved
by the pK, value-spreading procedure (from r=0.943 to r
= 0.983, Fig. 3) and 12 out of 16 calculated pl values
showed better agreement with the experimental value
after the spreading procedure (Table 3). An even better
fit might be achieved by using slightly higher pK, values
for the alkaline side chains. The experimental p/ values
for the few urea-denatured proteins of high pI that were
included for comparison were consistent with the calcu-
lated values (Table 3). This was expected, since hidden
charges become exposed and modifications of pk,
values of individual ionizable groups due to their three-
dimensional environment will largely be eliminated
when the polypeptide unfolds.

4 Discussion

The transmembrane protein Glutl and two cellobio-
hydrolases were studied in more detail. Membrane pro-
teins may be difficult to handle in isoelectric focusing
experiments due to their tendency to self-associate even
in the presence of detergent. The pI of Glutl in the pres-
ence of urea was determined to be 8.4 [4, 24]. Micropre-
parative free-zone isoelectric focusing of the native pro-
tein in complex with n-dodecyl octaoxyethylene (C,E;),
in the absence of urea, showed a p/ of 8.0 [15]. The cal-
culated pl value 8.46 for Glutl closely corresponds to
the experimental value obtained in the presence of urea,
but deviates moderately from the value for the native
protein. The two exocellulases cellobiohydrolase CBH
58 (denoted CBH 1 in Ref. 27) and CBH 62 have pI
values of 3.85 and 4.85, respectively [27]. Therefore the
c¢DNA sequence [28] that gave a calculated pl value of
4.73 probably corresponds to CBH 62.

Procedures for calculation of pl values for polypeptides
have recently been published [1—8]. Calculations of titra-
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Figure 3. Calculated pl values versus
experimental pJ values for the native pro-
N teins listed in Table 3. (A) Without
spreading  of pK, values. (B) With
spreading of pK, values. The pK, values
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in column C of Table 1 were used in
both panels. Linear regression lines
(lower ones) and ideal lines (upper ones)
are shown.

Table 3. Experimental p/ values (with reference numbers within brackets) for (A) native proteins and (B) polypeptides obtained by denaturation
of proteins with urea, and corresponding calculated pl values without and with spreading of the pK, values in column C of Table 1

Protein Source Code Experimental Calculated pl value
pl value Without spreading With spreading
A. Native proteins
Heme domain (CDH)>*»® P. chrysosporium 3.42 [12] 3.38 3.34
Cellobiohydrolase 1?9 T reesei 3.9 [13] 379 3.89
Endoglucanase I T. reesei 45 [13] 3.97 4.19
Growth hormone® Human 49 (17 5.1 5.4
Endoglucanase I19:® T reesei 55 [13] 4.12 4.40
Cellobiohydrolase 11°® T reesei 59 [13] 4.06 4.34
B-,-microglobulin® Guinea pig Sw:Bmg_Cavpo 6.6 [14] 6.59 6.88
Pyruvate kinase S. cerevisiae Sw:Kpyk_Yeast 6.7 [18] 7.9 7.53
Myoglobin® Horse heart Sw:Myg_Horse 7.4 [191 6.97 7.31
Myoglobin® Chicken SW:Myg_Chick 7.7 [20] 6.88 7.22
Glut1? Human Sw:Gtrl_Human 8.0 [15] 8.81 8.46
Myoglobin® Sperm whale Sw:Myg_Phyca 8.4 [19] 7.55 7.69
Myoglobin® Emperor penguin Sw:Myg_Aptfo 8.5 [21] 8.77 8.37
Colicin E E. coli JC411 P:.IKECI1 9.05 [22] 8.35 8.00
Phospholipase A," Common Viper Sw:Pa_Vipbb 9.2 [16] 9.55 9.25
Lysozyme® Human 11 [23) 10.46 10.52
B. Polypeptides in urea
Glut1? Human Sw:Gtrl_Human  8.40 [24] 8.81 8.46
Cytochrome c Horse heart Sw:Cyc_Horse 9.4 [25] 9.59 9.35
Ribonuclease® Bovine pancreas P:NRBO 9.58 [26] 9.37 8.81

a) Contains a heme group, pK, values 4.0 and 4.8
b) N-terminus blocked

¢) All cysteines form disulfides

d) Denoted endoglucanase III in [13]

e) Two free cysteines

f) From aged .red cells, with one sialic acid residue [4], pK, values 2.75

tion curves and pl values for polypeptides of known
composition (sequence) are useful for understanding
charge properties of the polypeptides or the native pro-
tein with or without additional charged groups. Our
simple calculation procedure in most cases showed good
results for proteins over a wide pl range. A small
improvement was achieved by spreading the ionization
constants. We want to emphasize that effects of the
three-dimensional structure (hidden charges and
abnormal pK, values) may have caused discrepancies
between calculated and experimental values, which
could not be eliminated by the spreading procedure.

We used relatively low pK, values for the Glu and Asp
side chain carboxyl groups obtained by NMR measure-
ments on ribonuclease HI [11]. This protein contains a
large number of Lys and Arg and thus the protein will
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be positively charged at pH close to the pK, values of the
carboxyl acids. This will create local increase of the pH
that may decrease the pK, values of some Glu and Asp
residues to become lower than the corresponding
average values in proteins. Nevertheless, this set of pkK,
values gave a better prediction of the p/ than the other
sets examined (Table 2).
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