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1. INTRODUCTION

The aim of this article is to provide a list of proteins having known macro-
molecular parameters, with particular emphasis on isoelectric points (pI) and molec-
ular weights (M.W.). The new updated revision of the classical tables of Darnali
and Klotz' now has more than 500 entries, each complete with the native molecular
weight of the macromolecule, as well as its subunit number and M.W. For each
entry, these workers also list the source and, when applicable, the organ of origin.
This is very important, since lack of this information in previous tables has generated
confusion.

The main aim of Darnall and Klotz! was to tabulate proteins having a known
quaternary structure. Similar tables nave been published by Kleine?. However, there
is no literature compilation of information on the charge (pI) as well as on the size
{M.W.) of proteins. Yet, the pI of a protein is a very important parameter, and its
knowledge is very important for the proper use of several techniques, such as disc
electrophoresis, isotachophoresis, isoelectric focusing, ion-exchange chromatography
and even ammonium sulphate fractionation. Until recently, the literature data on
pI values of proteins were scanty and even contradictory. With the advent of iso-
electric focusing®—S, pl data for proteins have been rapidly expanding, to an extent
which justifies their collection in a table. Thus, the main emphasis here is on the
availzbility and collection of protein pI values. When available, we also report their
M.W. values and quaternary structure. The cor:bined knowiedge of these two param-
eters makes possible the macromolecular m.apping of proteins’. Most proteins, in
fact, are uneguivocally determined by values of their pI and M.W. (except, perhaps,
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for very close genetic variants of a protein, such as human haemoglobin). Many of
the entries in our tables, which lack data on M.W. and subunit structure, can be
found in the tables of Darnall and Kloiz!. However, for the same protein the source
and/or the organ may be different; therefore we decided not to report such data.

Since most of the proteins reported display microheterogeneity, we have
marked the main components with an asterisk when this information was available
or could be deduced from graphs or tables. In addition, we also report not only the
source and the organ, but also the intracellular location, in the case of isozymes dis-
playing different properties in different subcellular compartments. Unfortunately,
there is quite a degree of uncertainty as to the temperature of pH measurement. This
is quite an important parameter when defining the pl of a protein, since acid—base
equilibria are temperature dependent and a pl of a protein, if quoted without the
temperature of measurement, is per se ambiguous and lacks an exact physicochemical
significance. Some workers never report the temperature of pH measurement. Most
workers simply refer fo measurements performed at room temperature, which,
unfortunately, is not unequivocally determined. Only a few workers have made pH
measurements at a precise temperature, in a thermostatted vessel. Siace the way in
which a pH measurement is made is of utmost importance in defining pl, we sum-
marize here the different techniques used, either in liquid or in gel media.

(A) Measuremen: of pH in isoelectric focusing

The plI of a protein determined by isoelectric focusing (IEF) also represents
its isoionic point in the absence of complex-forming ions®. By definition, the isoionic
point is a measure of the intrinsic acidity of a pure protein, as it is defined as that pH
which does not change on addition of a small amount of pure protein®. This definition
is also applicable to a protein analyzed by IEF, as the pH of the isoelectric zone does
not alter on addition of more protein. It should be remembered that pl values esti-
mated by IEF are temperature dependent and usually decrease with increasing tem-
perature®. The difference in pl for the same protein, measured at 25 and at 4°, could
be as high as 0.5 pH units, the higher value being obtained at the lower temperature.
This différence is usually more pronounced in alkaline regions, and when a protein
has a pl value close to the pK of some of its functional groups.

Unfortunately, when given a pl value for a protein at a certain temperature it
is difficult to extrapolate this value to another temperature, since the temperature
coefficient, dpl/dT, can vary from protein to protein. Thus Bours!®, by measuring the
pI values of f-lactoglobulin A and B at 4 and 25° found a value of dpl/dT of
—(0.9 & 0.2)-107* pH unit per degree. On the other hand, measurements of pI at
4 and 25° for carbonic anhydrase have given a dpi/dT value of —(1.3 - 0.2)-102
PH unit per degree. In the case of myoglobin'?, the temperature coefficient is as high
as —1.7-1072 pH unit per degree.

Ideally, pH measurements should be made at the same temperature used
during the IEF separation, since in IEF the temperature coefficient, dpl/d7, refers to
the corresponding carrier ampholytes rather than to the protein contained in a given
fraction. In fact, at the usual concentration of Ampholine (1 %), the buffering capacity
of the carrier ampholytes in the isoelectric state will normally be sufficient to permit
them to dictate the pH even in the presence of as much as 1%} of proteini®:2. This
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means that the pH value ascigned to the concentration maximum of a focused protein
at a temperature different from the IEF temperature will refer to the corresponding
ampholyte fraction rather than to the protein'®. Furthermore, different protolytic
groups are known to display widely different degrees of temperature dependence in
their dissociation constants (as a consequence of large differences in their standard
heats of ionization)*®. Thus, once a protein has been focused at 4°, a pl measurement
made at 20 or at 25° may not represent the true pl of the protein or the pl of the
Ampholine molecules surrounding it.

In addition, pH measurements can also be affected by the presence of solutes
such as glycerol and sucrose, which are commonly used in IEF. As sucrose lowers the
dieleciric constant of the solvent and this, in turn, causes the pX values of amino
acids to increase'®, it can be expected that the pl value of a given protein is increased
on increasing the concentration of sucrose. When IEF is performed in the presence of
urea, it should be noted that urea appreciably decreases the activity coeflicient of
hydrogen ions, resulting in apparently higher pK and pl values of the carrier ampho-
lytes. Correction factors should therefore be used for pl determinations of proteins
in ureals.

( B) pH measurements after IEF in density gradients

In preparative IEF in liquid support media, combined UV and pH readings
of all of the collected fractions can be a lengthy and cumbersome procedure. To over-
come this, Jonsson er al.'” automated the analysis of column contents by pumping
them at a constant rate through series-coupled flow cells, one cell for the recording
of pH and the other cell for the determination of UV absorbance. This set-up, how-
ever, presented some difficulties in pH determination, which are discussed in detail
by these workers!’. More recently, Secchi'® described a modification of this technique,
which appears to overcome many of the problems. A combined glass electrode
(Iingold Type 401-M7, provided with a flow vessel and water cooling jacket) is coupled
in series with the UV flow cell of an LKB Uvicord II. In this case, the UV signal and
pH readings are fed, via a control unit, to the same galvanometric recorder used for
the UV readings (LKB 6500). Since the volume lag between the pH and UV cells is
cnly 0.35 ml, accurate and simultaneous pH and UV readings are obtained on the
same recorder chart. Moreover, since the pH cell is thermostatted, pH readings are
made at the temperature of the focusing column. Another advantage of flow systems
is that absorption of carbon dioxide from the air, which might affect pl readings by
lowering the pH of the solution, especially in alkaline regions, is a- oided.

A similar set-up was reported by Strongin er al.’®, who brilt a pH fiow cell
in Perspex with Type K-401 and Type GK 2320c pH electrodes from Radiometer
A/S. When using flow cells, the peristaltic pump should be attached after the cells,
in order to prevent leakage of potassium chloride from the electrodes and to keep the
flow-rate as low as possible (to avoid pressure on the glass membi ane of the electrode,
which could alter the pH readings). Alternatively, for measurem:nt of the pH course
in a micro-column, where fractions of only 60 gl are collccted, Fredriksson?
described the use of a Radiometer micro glass electrode, in which the pH-sensitive
membrane is shaped as a horizontal capillary. The capillary can be filled, via a
vertical polyethylene tube, simply by suction. A volume as small as 20 p! is sufficient
for pH reading. Values correct to within 0.01 pH unit have been reported.
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(C) pH measurements after IEF in gel media

When performing IEF in solid support media, it is convenient to be able to
measure directly the pH gradient along the gel length. For 8at gels, a surface elecirode
may be used with a coplanar glass reference electrode having either a flat face or a
spear tip. In either case, it is advisable tc have the probes of both electrodes as close
as possible to minimize errors due to differences in conductivity throughout the gel.

. One of the first electrodes developed for pH measurements on gel surfaces is
the antimony micro-electrode, in conjunction with a calomel reference electrode,
reported by Beeley er al?t. This electrode, which was originally developed by Klein-
berg?? to measure the pH of dental plaques, has a spear tip of 1 mm in diameter.
Measurements are made by placing the gel over a sheet of graph paper, pressing the
reference electrode at any position along the gel length and scanning at regular inter-
vals with the antimony micro-elecirode. Where the pH reading has been made, the
gel is marked by serration with a scalpel blade. This allows a much greater accuracy
in the determination of pl by inferpolation on a graph of pH versus protein position
in the gel. With the antimony electrode, readings of electromotive force are obtained
on the millivolt scale and are converted into units of pH by means of an appropriate
calibration graph. This type of elecirode might be better standardized against
Ampholine solutions, which in turn are calibrated against standard buffers®*. One
important property of the antimony micro-electrode, in contrast to very small glass
electrodes, is its rapid equilibration time (less than 10 sec), even at low temperatures,
which makes it very attractive for use at 4°. However, one disadvantage of this
electrode is its low reproducibility, given by Beeley er al?! as << 0.25 pH units, in
comparison with the resolution of 0.02 pH units, and even less, afforded by IEF.

Alternatively, on gel slabs, the pH can be measured directly on the gel surface
with a flat membrane electrode, such as L.OT Type 403-30-M8 from Ingold. However,
since this electrode has a high surface area (membrane diameter, 8 mm), Drysdale®*
(in collaboration with Ingold Inc., Lexington, Mass., U.8.A.) has developed a flat
membrane micro-electrode. This h-shaped elecirode contains the reference unit in
one arm, and the measuring membrane in a parallel arm. The iwo clectrodes are
coplanar, and are only 3 mm apart in order to offset variations in conductivity along
the gel. The pH membrane has a diameter of 2.5 mm. This allows accurate pH
measurements over a small surface; however, due to the high impedance of the small
glass membrane, this electrode is practically of no use at low temperatures, since the
response times are extiremely long.

JIn order to overcome the problems connected with the use of surface elec-
trodes, we have devised 2 simple method for accurate pH measurements in gel slabs,
using a standard combination micro-electrode. The gel slab is focused over plastic
graph paper placed on the cooling block of an LKB Multiphor 2117 apparatus,
thermostatted at 4°. At the end of the experiment, 22 or 23 gel segments are cut from
the side of the gel, at 0.5-cm intervals. Simultaneously, a 1-2-mm diameter hole is
bored in the gel (with the help of a gel puncher for immunediffusion and of a suction
pump) in a zone corresponding to the middle of the 0.5-cm gel segment removed for
pH measurement. Since this operation is made on the cooling block, and requires
only a few minutes, no appreciable diffusion of the protein zones takes place. The
rectangular gel segments removed are eluted in small test-tubes with 0.3 ml of I0 mA/
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Kl Since the combination micro-clectrode, with a saturated solution of KCl and
buffers, is kept in the cold room (connected to the electronic control unit outside by
a cable passing through the wall), accurate and reproducible pH measurements are
obtained from the gel eluates at the focusing temperature. The pH profile can be
easily superimposed on the stained ge!l siab with the aid of the 22 or 23 holes punched
in it.

(D) Use of pH markers

An alternative to pH measurements along the gel length, especially when
working with thin-layer equipment, is the use of a calibrated mixture of pH markers,

TABILE 1
pH MARKERS FOR ISOELECTRIC FOCUSING
PpH marker pI ar 25° plar 4°%
Proteins
Cytochrome ¢ 9.28 + 0.02"
Ribonuclease 8.88 + 0.03"
Myoglobin (sperm whale):
major component 8.18 - 0.02%; 8.18 - 0.04"~
minor component 7.68 + 0.02"
Myoglobin (horse):

733 £ 0.017; 745 -+ 0.04™°  7.58 4 0.02

major component
6.88 + 0.02%; 7.15 + 0.04™* 7.22 -~ 005

minor component

Bovine hzemoglobin A 6.80"""

Carbonic anhydrase (bovine) 6.18 + 0.02
Conalbumin 5.88 +0.02"

B-Lactoglobulin B 5.31* 5.45 = 0.02
B-Lactoglobulin A 5.14 =~ 001" 5.35
Bovine insulin 5.32 + 002"

Albumin (bovine) Cohn:

fraction 5 490" 495 + 0.02
QOvalbumin 4707

Horse spleen ferritin I 4.50 + 0.02"

Horse spleen ferritin II 4.38 + 0.02°

Horse spleen ferritin I 23 L 003"

Dyes
Tris(5-hydroxy-1,10-phenanthroline)iron(Xf) 7.15*
Tris(5-hydroxy-1,10-phenanthroline)iron(Il)
~tris(4-hydroxy-1,10-phenanthroline)-
iron(iT) 6.82""
Tris(4-hydroxy-1,10-phenanthroling)iron(il)
—tris(5-hvdroxy-1,10-phenanthroline)-

iron(x) 6.24""
Congo Red 5.80°""
Tris(4-hydroxy-1,10-phenanthroline)iron(®l) 5.45°
Evans biue 5.35***
Methyl Blue 3.60°*"
Fast green FCF (major component) 3.05%**
Patent blue V 3.c0"""
* Ref. 27.

** Ref. 26.
** Ref. 25.

¢ Ref. 10.
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covering the pH range of interest. Ideally, these pH markers should be coloured pro-
teins or dyes. In the case of protein markers, they shouid not be heterogeneous, or at
least have a major, easily identificable, band in order to avoid confusion in pH
assessments. Studies on the use of pH markers have been reported by Conway-
Jacobs and Lewin?®, Nakhleh et a/.25, Bours!® and Radola?’. We have listed the most
common protein and dye markers in Table 1. This table will be followed by the
compilation of data on pI and M.W. values of proteins. -

In these tables, the most accessible references are given for each entry; they
do not necessarily indicate the source most deserving of credit for the macromolecuiar
parameters given. Some references might have been overlooked. We would appreciate
comments from other laboratories on missing references and data or on possible

errors in these tables. We hope that this compilation will prove useful for teaching

and research purposes.
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3. SUMMARY

Proteins with known isoelectric points {pf), as determined by isoelectric focus-
ing, have been tabulated. When available, the native molecular weight as well as sub-
unit molecular weight and stoichiometry have been reported. For each entry, the
source and, when applicable, the organ of origin and/or subcellular location are given.

The pl values are listed together with the respective temperature of pH
measurement. Moreover, in the case of proteins displaying microheterogeneity, the
major components have been indicated. The table lists a total of approximately 800
pf values.
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