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Abstract

The role of photosynthetic pigments in the development of separation methods in biochemistry during the period
1900–1980 is described beginning with M. Tswett who introduced separation of chlorophylls and carotenoids on
columns and coined the term chromatography in 1906. In Uppsala, T. Svedberg developed the ultracentrifuge
in the 1920s. A. Tiselius improved electrophoresis in the 1930s and developed chromatography of proteins in
the 1940s and 1950s. Others of ‘The Uppsala school in separation science’ include J. Porath, P. Flodin and S.
Hjertén who further developed various gel chromatographic methods. Hjertén introduced free zone electrophoresis
in narrow tubes, a forerunner of capillary electrophoresis. Two proteins, phycoerythrin and phycocyanin, were
used as test substances in all these methodological studies. Aqueous two-phase partitioning as a separation method
was introduced in 1956 by the author. In this work, chloroplast particles were used, and the method was applied
for the separation and purification of intact chloroplasts, inside-out thylakoid vesicles and plasma membranes. My
research was carried out in cooperation with G. Blomquist, G. Johansson, C. Larsson, B. Andersson and H.-E.
Åkerlund during a 20-year period, 1960–1980.

Introduction

It is well known, and widely appreciated, that bio-
chemical separation methods have played an import-
ant role in determining the structure and function of
the photosynthetic apparatus. It is perhaps not so well
known that the reverse also holds, namely that photo-
synthetic material has contributed to discoveries and
development of methods for biochemical separations.

Chromatography

Let us begin with the Russian botanist Michail Tswett
(1872–1919) who was a pioneer in chromatography
(also see Krasnovsky, this issue). He used columns
packed with calcium carbonate, inulin or other starch-

like powders to separate chlorophyll (Chl) a from b
and published this result in 1901. By this procedure
he also discovered Chl c and several xanthophylls. He
coined the term ‘chromatography’ for his method, see
the legend to Figure 1.

Tswett’s columns were used mainly for low mo-
lecular weight substances. In the 1950s there was
an increasing interest in applying chromatography to
proteins, and several new ‘supports’ were tried such
as ion exchangers, calcium phosphates and differ-
ent gel particles. Arne Tiselius and co-workers fre-
quently used phycoerythrin and phycocyanin as model
proteins for testing various calcium phosphates as
column support, leading to several applications of
hydroxyapatite (Tiselius et al. 1965) for separating
proteins and nucleic acids. Also, in the development
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Figure 1. Michail Tswett (1872–1920). His father was Russian and
his mother Italian. He studied botany, chemistry and physics in
Switzerland (Geneva and Lausanne) and received his doctorate in
botany in 1894. In 1901, he moved to Warsaw, Poland where he
was a professor of Botany at the University and at the Polytechnic
Institute from 1906 until 1917, when he was forced to flee to Russia
as a result of the First World War. By this time he was suffering
from tuberculosis. In 1918, when he was working at the University
of Jurev (now Tartu), Estonia, he again was forced to flee and spent
his last years at the University of Voronezj, Russia. In a publication
from 1906, he describes a separation of plant pigment on a column
of calcium carbonate as follows, translated from the original text
in German: ‘This separation is made almost complete, if, after the
pigment solution is passed down the column, a solvent is passed
through the column after it. Just as the light rays in the spectrum
are separated, so the various components of the pigment mixture are
separated on the calcium carbonate column, and therefore they can
be determined qualitatively and quantitatively. This preparation is
called a chromatogram and the method is called chromatography,’
(Tswett 1906). See also Krasnovsky, this issue.

of gel chromatography, by Jerker Porath, Per Flodin,
Stellan Hjertén and co-workers, phycoerythrin and
phycocyanin were used as model substances to test the
columns and to be able to follow the separation with
the naked eye.

Centrifugation

At the beginning of the 20th century, proteins and
other biological macromolecules were not considered
as chemically well defined molecules. Rather, they

were thought to be colloids, i.e., associations of small
molecules. Their aqueous solutions were not molecu-
lar solutions but seemingly suspensions like micelles
with varying particle size.

In Uppsala, The (Theodor) Svedberg had stud-
ied colloidal metals, such as gold sols, and to be
able to study small particles he developed a primitive
ultracentrifuge in 1923–1924 which he also applied
to protein solutions (Svedberg and Lewis 1928). To
follow the sedimentation he preferred to use colored
proteins such as haemoglobin, phycoerythrin and phy-
cocyanin. The latter were particularly useful since
they were strongly colored and had large molecu-
lar weights reducing spreading due to diffusion. The
remarkable result of these studies was that the pro-
teins behaved as distinct molecules with well defined
molecular weights. This prompted improvement of ul-
tracentrifuge technique and studies of several other
proteins of a wide span of molecular weights.

Figure 2 shows the sedimentation of phycoeryth-
rin during centrifugation at 39,000 rpm (revolutions
per minute). From this and similar studies it was
concluded that, to quote, ‘the most probable value
of the molecular weight of phycoerythrin is 208,000
± 8,000 and of phycocyanin 106,000 ± 5,000,’ the
former within the limits of experimental accuracy, be-
ing double the latter. It is interesting to compare these
values with those of the other two proteins already in-
vestigated in this laboratory, namely, egg albumin and
haemoglobin. We have for the molecular weight of egg
albumin, 34,500 ± 1,000; for haemoglobin 68,5000
= 34,500 × 1.99; for phycocyanin 34,500 × 3.07;
and for phycoerythrin, 34,500 × 6.03 (Svedberg and
Lewis 1928). An old sample of phycoerythrin which
had been degraded upon standing in the cold room
had a molecular weight of around 34,000, i.e., approx-
imately 208,000/6. Based on these results, Svedberg
suggested that proteins have molecular weights which
are multiples of 17,000. However, this had to be aban-
doned later when more molecular weights of different
proteins became known.

Electrophoresis

Arne Tiselius (1902–1971) started his career as re-
search assistant to Svedberg in 1925 and his first two
publications concerned work with the ultracentrifuge.
Svedberg and Tiselius, Figure 3, realized that the
successful approach used for studying proteins by sed-
imentation in a centrifugal field might also be used
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Figure 2. Sedimentation of phycoerythrin from Ceramium rub-
rum. Photographs of the rotating cell taken during centrifugation
at 39,000 rpm, i.e., with a mean centrifugal force of 90, 000 times
that of gravity; this photograph is from one of the early experiments
with the Svedberg ultracentrifuge carried out in 1927 (Svedberg and
Lewis 1928).

for their characterization by movement in an elec-
trical field, i.e., electrophoresis. In his doctoral thesis,
published in 1930, Tiselius used phycoerythrin and
phycocyanin as model substances for a systematic ana-
lysis of both theoretical and experimental aspects of
the moving boundary method using a U-tube (Tiselius
1930). This work paved the way for the development
of electrophoresis as a reliable method for study-
ing electrophoretic behaviour of proteins. Tiselius’
work demonstrated that proteins in solution behaved
as molecules having a uniform electrical charge and a
well defined isoelectric pH. The breakthrough of the
method came when he demonstrated that serum pro-
teins could be separated into four distinct fractions,
albumin, alpha -, beta -, and gamma-globulin.

It was probably a great surprise to many colloid
chemists at the time when they realized that the results
of Svedberg and Tiselius demonstrated that nature had
developed macromolecules with well defined particle
size and charge. It is of interest that already in 1927
Tiselius separated phycoerythrin and phycocyanin by
gel electrophoresis using a bed of gelatin. However,
he found the results not interesting enough for pub-
lication. In hindsight, this may be considered as a
great mistake, perhaps because it delayed the applica-
tion of gel electrophoresis until after the second World
War. However, one should realize that Tiselius at that
time, in the1920s, was a graduate student in physical
chemistry and, to a physical chemist, electrophoresis
in gelatine may not seem to be a very well defined sys-
tem. Also, perhaps, the time was not then ripe for the
scientific community to accept such a highly selective
method as gel electrophoresis. Later, in the 1950s and
1960s, Hjertén and co-workers frequently used phy-

Figure 3. Arne Tiselius (right) started his research career in 1925
as an assistant to The Svedberg (left) in the laboratory of physical
chemistry in Uppsala.

coerythrin and phycocyanin as test substances in the
development of various gel electrophoresis methods
using gels of polyacrylamide and agarose and also for
the development of capillary electrophoresis (Hjertén
1958, 1988), Figure 4.

Why phycoerythrin and phycocyanin?

The advantage of using phycoerythrin and phycocy-
anin as model proteins for developing biochemical
separation methods lies in their strong color; phyco-
erythrin is red with yellow-orange fluorescence, phy-
cocyanin is blue with orange-red fluorescence. Com-
pared to haemoglobin, phycoerythrin and phycocyanin
have many more pigment molecules per given molecu-
lar weight of protein; thus, one can use much more
dilute protein solutions in the case of phycoerythrin
and phycocyanin and yet have strongly colored solu-
tions. This turned out to be important in the case of
centrifugation and electrophoresis experiments where
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Figure 4. Separation of phycoerythrin from phycocyanin by free
zone electrophoresis in a narrow rotating tube designed by Hjertén
(1958). His apparatus can be considered as a forerunner of capillary
electrophoresis. The terms on the ordinate are absorbance at 498 nm
(phycoerythrin) and at 620 nm (phycocyanin), respectively.

it is desirable to avoid convection caused by density
difference between protein solution and the surround-
ing, protein-free buffer solution. (Chlorophyll-protein
complexes also have a high pigment/protein ratio;
light-harvesting complex, LHC II, for example, has
about 10 times as many molecules of pigments per unit
protein than haemoglobin.)

Both Svedberg and Tiselius had summer houses on
the west coast of Sweden in the archipelago of Bo-
huslän. Tiselius’s summerhouse was located not far
from Kristineberg’s Zoological Station in Fiskebäck-
skil. Here he had access to large quantities of marine
algae. In order to give the reader a flavor of the work
to isolate proteins in the 1920s, I quote the following
procedure, described in Tiselius’ doctoral thesis, for
the isolation of phycoerythrin (Tiselius 1930):

About 20 kilograms (wet) of Ceramium rubrum
were collected at Kristinebergs Zoological station,
Fiskebäckskil, where the extraction and the first
preparation were also carried out. The material
was extracted three times with rain-water, each
time in a quantity just sufficient to cover the ma-
terial in the vessel used. The extract was filtered
through filter cloth and the material was pressed
as much as possible. It was precipitated by addi-
tion of 25% of its weight of ammonium sulphate,
The precipitate was filtered and filled in bottles for
transport.

Phycoerythrin was further purified and crystallized in
Uppsala according to the method of Kylin (1910).

Aqueous two-phase partitioning

In 1954, I began my graduate studies at the Institute
of Biochemistry in Uppsala, the head of which was
Arne Tiselius (Figure 5). My supervisor was Håkan
Leyon, an electron microscopist who, together with
Heitz, had discovered the crystalline-like structure of
the prolamellar bodies by electron microscopy (Heitz
1954; Leyon 1954). My first project was to study the
structure of Chlorella pyrenoidosa by electron micro-
scopy (Albertsson and Leyon 1954) and then to try to
isolate its pyrenoid. Besides centrifugation I also tried
chromatography on hydroxylapatite, which had been
introduced by Tiselius for separation of proteins (see
above). The experiments failed; however, the chloro-
plast membrane vesicles were easily adsorbed on the
columns but could not be eluted even by 1 M phos-
phate buffer solution. I switched to a batch procedure
and attempted to add a detergent in order to elute the
particles. I used a solution of polyethylene glycol be-
lieving that it was a detergent (which it is not). The
combination of high concentration of phosphate buffer
together with polyethylene glycol formed a liquid–
liquid two phase system on top of the hydroxylapatite
in the test tube. Furthermore, all the green particles
which had been so firmly attached to the apatite were
now partitioned into the upper liquid phase contain-
ing polyethylene glycol. Due to this spectacular color
phenomenon, I realized that partition could be used
for the separation of cell particles and macromolec-
ules, which became the theme for my doctoral thesis
work (Albertsson 1956, 1958a, 1960). Thus, my using
polyethylene glycol, assuming it was a detergent, was
a rewarding mistake.

In my thesis work, I frequently used phycoerythrin
an phycocyanin in order to study systematically the
different factors determining partition of proteins (Al-
bertsson 1958b) in an aqueous-dextran-polyethylene
glycol two-phase system. The proteins partitioned
according to the Nernst distribution law, i.e., the parti-
tion coefficient was independent of the phase volume
ratio and protein concentration. This now seems self-
evident, but at that time there was a general worry
that the polymer–protein interactions might not give
an ideal partition behaviour. Phycoerythrin was also
used to study the effect of different ions on the parti-
tion coefficient (Albertsson and Nyns 1961). Chlorella
cells were used for the same purpose to study partition
of cells and chloroplasts for studying the partition of
cell organelles and membrane vesicles. The partition
was independent of the particle concentration and that
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Figure 5. The author (P-A. A.) as a graduate student at the Insti-
tute of Biochemistry, Uppsala, in 1954, trying to cut thin sections
with an ultramicrotome for electron microscopy of Chlorella pyr-
enoidosa. The thin sections were then inspected with one of the
earliest Siemens electron microscopes brought to the Department of
Physical Chemistry during the 1940s by The Svedberg. Photograph
taken by Gösta Forsling.

the ratio between the total number (not concentration)
of particles in one phase and the number of particles at
the interface was constant (Albertsson 1971).

Countercurrent distribution

Countercurrent distribution is a multiple stage ex-
traction procedure developed by L.C. Craig for the
separation of low molecular weight substances using
organic solvents. The first countercurrent distribu-
tion, using the Craig apparatus, with aqueous polymer
phase systems demonstrated that phycoerythrin could
be separated from phycocyanin (Albertsson and Nyns
1959). Countercurrent distribution of a phycocyanin
preparation gave a diagram that demonstrated that the
protein behaved as a single substance and that the
technique could be used as an analytical tool for ana-
lyzing protein mixtures (Albertsson and Nyns 1959).
A thin layer apparatus was developed which allowed
a shorter separation time (Albertsson 1965). Coun-
tercurrent distribution could also separate cells (Al-

bertsson and Baird 1962) and Chlorella pyrenoidosa
at different stages of the cell cycle (Walter et al. 1971).

Countercurrent distribution of a chloroplast prepar-
ation showed that this consisted of two populations,
one representing intact chloroplasts, i.e. with the en-
velope preserved (class I) and the other representing
broken chloroplasts having lost their envelope (class
II). (See Walker, this issue, for a discussion of CO2
fixation by intact chloroplasts.) This work was carried
out at University of California at Los Angeles (UCLA)
together with Herrick Baltscheffsky; it was one of
the first isolations of intact chloroplasts (Albertsson
and Baltscheffsky 1963). Further, it was demonstrated
that in addition to these two populations there was
a third population, later named class III, which, in
the phase contrast microscope, looked like the intact
chloroplasts (Karlstam and Albertsson 1969), Figure
6. By electron microscopy it was found, however,
that the class III chloroplasts were surrounded by a
cytoplasmic layer, containing mitochondria and per-
oxisomes, and bounded by the plasma membrane
(Larsson et al. 1971). Functional studies by Christer
Larsson, Figure 7, and published in his doctoral thesis,
showed that these ‘multiorganelle particles’ could not
only fix carbon dioxide and evolve oxygen, but they
also synthesize sucrose and amino acids (Larsson and
Albertsson 1974).

These class III chloroplast particles had the
strongest affinity for the upper phase which demon-
strated beautifully how aqueous two-phase partition-
ing separates particles according to their exposed
surface properties. Later, Christer Larsson and co-
workers exploited the high affinity of the plasma mem-
brane for the development of a method for isolation
and purification of plasma membranes from plant cells
which has found many wide applications (Larsson et
al. 1994). A similar method is used for isolation of
plasma membranes from animal cells (Morré et al.
1994; Persson and Jergil 1994). Covalent binding of
bispecific ligands to the polymers allowed the ap-
plication of various affinity partition methods to the
separation of proteins and cell organelles (Johansson
1994; Johansson and Westrin 1978).

The success of the partition method for analyzing
chloroplast populations prompted a similar approach
on sub-chloroplast vesicles. This study was carried out
by Bertil Andersson and Hans-Erik Åkerlund, Figure
8, first in Umeå and then in Lund (Åkerlund et al.
1976; Andersson et al. 1976). After press treatment of
stacked thylakoids it could be shown by countercur-
rent distribution that the sub-thylakoid vesicles were
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Figure 6. Separation of a conventional chloroplast preparation from spinach into three classes by countercurrent distribution. Peak I represents
intact chloroplasts with the envelopes preserved, Peak II represents chloroplasts which have lost the envelope and the stroma and Peak III rep-
resents intact chloroplasts embedded in a thin cytoplasmic layer containing cytoplasm, mitochondria, and peroxisomes. The three populations
expose different surfaces: I, outer envelope; II, thylakoid membrane; III, plasma membrane.(Karlstam and Albertsson 1969; Larsson et al.
1971).

Figure 7. Christer Larsson in his office of the Division of Plant
Biochemistry, Chemical Center, Lund University.

very heterogenous which suggested differences in sur-
face properties, Figure 9. This was confirmed by the
discovery that one population consisted of inside-out
vesicles (originating from the grana) and the other
by rightside-out vesicles (Andersson et al. 1977; An-
dersson and Åkerlund 1978; Åkerlund and Andersson
1983).

One day, Bertil Andersson came into my office and
seemed worried: ‘Strange, it seems that the left peak

(inside-out vesicles) mainly contains PS II and very
little PS I’. (At that time, it was generally assumed that
the two photosystems were not segregated but inter-
mixed in the grana.) I answered something like, ‘Well,
let it be so.’ I had just read about the patches of bacteri-
orhodopsin in the purple membrane of Halobacterium
halobium and thought that it may not be so strange
if PS II also resided in patches in the grana of the
thylakoid membrane, which our experiments indicated
since the vesicles were of about the same size as the
grana partitions.

That inside-out vesicles were enriched in PS II
and depleted in PS I suggested a lateral heterogeneity
of the thylakoid membrane and in his doctoral thesis
(1978), Bertil Andersson presented a model for the
thylakoid membrane according to which PS II is con-
fined to the appressed region of the grana while most
of the PS I is located in the stroma exposed lamel-
lae. This model was later confirmed by also analyzing
the polypeptide composition of the two sub-thylakoid
populations (Andersson and Anderson 1980; see
Anderson 2002). It is of interest that this model,
i.e., PS II in the appressed grana region and PS I
in the stroma exposed region, was also suggested by
structural arguments from electron microscopic and
immunoassay data (Schmid et al. 1976).



223

Figure 8. Hans-Erik Åkerlund (left) and Bertil Andersson (right) graduate students preparing spinach chloroplasts for subsequent separation
of inside-out from right-side-out thylakoid vesicles. Picture taken by Lars Backman in the cold room of the Biochemistry Department of Umeå
University, around 1975.

The inside-out thylakoid vesicles could be used
to study the properties of the lumenal surface of the
grana and the transverse localization of many pro-
teins. By salt washings, the oxygen evolution was
strongly reduced concomitantly with the release from
the membrane of two proteins. By lowering the salt
concentration and readdition of the released protein,
the oxygen evolution was restored. By this proced-
ure Åkerlund and co-workers demonstrated that the
oxygen evolution complex is located on the lumenal
side of the thylakoid membrane and discovered two
proteins (16 and 23 kDa) essential for the proper func-
tioning of oxygen evolution (Åkerlund et al. 1982).

Figure 9. Countercurrent distribution of sub-thylakoid vesicles obtained by mechanical fragmentation of thylakoids from spinach chloroplasts.
The left peak is highly enriched in Photosystem II; since these vesicles have a size of about 0.3 microns it was suggested that they originate
from Photosystem II regions in the native thylakoid (Åkerlund et al. 1976). In addition the vesicles of the left peak are inside-out while those of
the right peak are right-side-out (Andersson et al. 1977).

(For a discussion of oxygen evolution mechanism, see
Renger, this issue.)

The success of these fractionation experiments
stimulated many other workers to apply aqueous two-
phase partitioning for the separation and characteriz-
ation of other biological membranes and cell organ-
elles, of microbial, plant and animal origin, such as
plasma membranes, mitochondria, microsomes, syn-
aptosomes, and also whole cells. (The entire volume
228 of Methods in Enzymology, published in 1994, is
devoted to applications of the two-phase partitioning
technique.) A countercurrent distribution apparatus
combined with centrifugation shortened the time for



224

phase separation considerably which was essential for
the separation of labile cell particles (Åkerlund 1984).

Conclusion

The use of photosynthetic pigments, particularly the
phycobilins in phycoerythrin and phycocyanin, and
chlorophyll in chloroplasts and thylakoid fragments
have played an important role in the development of
biochemical separation methods from the beginning
to the end of the 20th century. A rational reason for
this is, as I described above, the intense color due to
the high concentration of pigments per protein mass.
One should not neglect, however, that irrational factors
have also been involved: the beauty and natural ori-
gin of the protein pigment complexes give an aesthetic
touch to the daily work of the researchers. The location
of the summer houses of Swedish scientists probably
also played a decisive role in selecting phycoerythrin
and phycocyanin for work with separation methods.
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