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Abstract

Lymphocytes are the best-studied higher eukaryote cells. In this report, quantitative
relationships of the protein components in resting cell, blast cell and plasma cell types
are evaluated. The comparison of these cell types leads to the conclusion that resting
cells synthesize about one-twentieth of the protein species as compared to blast cells.
Blast cells seem to be metabolically the most robust lymphocyte type. Plasma cells are
geared towards synthesis of one main product (antibody in B plasma cells), while most
of the synthesis of other protein species (including those for housekeeping and repair)
decreases as the messages decay. Although the data presented in this communication
allow a meaningful comparison of three cell populations, they are far from providing
a full picture. Both silver staining and radiofluorography depict only proteins of high
or intermediate abundance. Silver staining misses most proteins present at <10 000
copies/cell, while radiofluorography misses all those proteins with slow turnover (and
those with no methionine residue in their sequence). The detection of 1100 spots in the
blast cell-related radiofluorograph includes visualization of some 97-99% of protein
mass, but some 3900 polypeptide species in the remaining 1-3% of protein mass will
pass undetected. This protein mass (0.7-2 pg) reflects some 2500-7500 copies of each
of those 3900 polypeptide species that are present in the cell below the detection limit.
The work emphasizes that full understanding of cellular function can be achieved only
if quantitative aspects of cell inventory are considered. Copyright © 2003 John Wiley
& Sons, Ltd.
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Introduction

polypeptide molecules in a single blast cell is about
10° [2-4]. However, we do not know which of
the protein species is coordinately expressed with

Although the mass of a single lymphocyte is merely
1 ng, the grand total of all cells of the immune
system of an adult man is about 1 kg. Most of
the cells (some 10'% in total) are present in the
blood circulation, lymph nodes, spleen, thymus,
bone marrow, mucosal tissue and skin.

We know that the size of the lymphocyte tran-
scriptome is about 5000 different mRNA molecular
species (a total count of 40000 mRNA molecules
in each cell). We know with some precision the
number of copies of certain messages (and the
ratio of the most abundant to the rarest molecules
[1]), and we know that the total number of all
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which other one, and we do not know which pro-
teins have to be synthesized at which stage, in
what number and in which cellular compartment,
in order to ensure proper functionality. The list of
‘don’t knows’ is much longer, since we are igno-
rant about the number of different kinds of post-
translationally modified polypeptides arising from
any given transcript, we do not know the half-lives
of these modified entities, and we do not know the
trafficking rules of these molecules.

Although this communication does not offer a
definite solution to the above questions, it does
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indicate that quantitative analysis of the protein
components of various lymphocyte types (resting
cells, blast cells, plasma cells) is indispensable
for understanding the infrastructure of a functional
immune system. In this work, we present data on
the number of polypeptide species detected in var-
ious types of lymphocytes, and prepare ground for
further scrutiny in the analysis of low-abundance
protein species.

Materials and methods

Two-dimensional gel electrophoresis

The technique of two-dimensional gel electrophore-
sis has been developed independently in the labora-
tories of O’Farrell [5] and Klose [6]. Norman and
Leigh Anderson have upgraded the method into
a robust 2D gel system (dubbed ‘Isodalt’) capa-
ble of simultaneously analysing up to 20 samples
[7-10]. In their set-up, ampholine based isoelec-
tric focusing (IEF) gels, as well as gels for the size
separation, are cast simultaneously for all 20 sam-
ples. For charge separation, IEF tubes are immersed
in a large container (2 1) of acidic buffer; for size
separation a tank with 30 | of cooled electrolyte is
used. The Isodalt system not only achieves excel-
lent reproducibility within the studied set of 20
samples, but also allows stable and robust exper-
imental comparisons for consecutive experiments
[11,12].

There are many sophisticated software tools for
the evaluation of 2D gel images. Our laboratory
is experienced in only one image analysis sys-
tem — originally developed by John Taylor in
Norman Anderson’s group at the Argonne National
Laboratory, under the “Tycho’ label [13]. We have
used this system from the early stage of its avail-
ability (since 1982), and have continued to use
the follow-up software, ‘Kepler’ [14]. The Kepler
system was originally meant to be commercially
available, but now it is used only by the Large
Scale Biology (LSB) organization and for various
ongoing collaborative projects with the Anderson
group. All relevant information on each and all
spots is stored in a relational database. It keeps
track of all images, spot lists and spot identities,
and maintains congruence in the whole system.

Copyright © 2003 John Wiley & Sons, Ltd.
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Labelling procedure, radiofluorography, staining

The procedure for isolation of resting B cell pop-
ulations as well as their mitogen-driven activation
has been described elsewhere [15] and it follows
the protocols employed in limiting dilution analy-
sis (LDA) [16]. Both conventional (bulk) cultures
and microcultures (aliquots of 10 ul in Terasaki
trays) have been employed. In most instances,
RPMI 1640 medium supplemented with 10% foetal
calf serum was used. Cultures of resting cells, or
lipopolysaccharide (LPS)-activated blasts, at a den-
sity of 10° cells/ml were supplemented with 3°S
methionine at 80 pCi/ml and incubated overnight.
IL-4 (100 units/ml) was added to LPS-activated
blasts but not to the resting cells. Prolonged incu-
bation (4 days) of LPS-activated blasts with IL-4
yielded cultures enriched with plasma cells. The
plasma cell population could not be obtained at
high purity; a certain portion of blast cells (differ-
ing from experiment to experiment) was always
present. Since the induction of resting B cells
requires a complex series of coordinated signals
that are normally initiated on contact with activated
helper T cells, the above protocol bypasses the
physiological requirements of ‘normal’ B cell acti-
vation. Similarly, B-cell maturation, from commit-
ted progenitors to terminally differentiated plasma
cells, is a complex process that requires an ordered
activation of a large number of genes and the pro-
cedures employed in this work are admittedly quite
artificial.

Coomassie blue staining was developed some
60 years ago by Fazekas et al. [17]. It is used either
in its original recipe or as a staining protocol using
colloidal Coomassie staining [18]. Silver staining
is known to be considerably more sensitive than
Coomassie blue staining. In our hands, very good
silver-stained gels are obtained when about one-
tenth of the amount of the polypeptide sample that
is required for Coomassie staining [19] is applied to
the separation system. Radiofluorography is based
on the impregnation of gels with diphenyloxazole
(PPO) and, upon drying, by exposure of films
at a temperature of —70°C. The sensitivity of
detection is considerably higher than with standard
autoradiography, and the exposure time can be
shortened about eight-fold. Note that the 2D gel
separation of whole cell lysates is characterized by
the failure of about 25% of radioactive material
to enter the gel (it remains as a precipitate at
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the basic end of the gel). Although lacking full
justification, we disregard this portion of the cell
content. Kepler modelling of silver-stained spots
is often incorrect (e.g. in instances when a spot
is characterized by a ‘negative staining’) and the
estimated ‘spot volume’ often does not correlate
with the true content of spots, but it is still the
only available estimate and we will continue to use
it until a better alternative appears.

Results

The prerequisite for employing quantitative pro-
teomics in the study of the immune system is
the choice of an adequate model. Knowledge of
the biosynthetic properties of resting cells, blast
cells and plasma cells will pave the way towards
studying the actual differentiation processes. The
comparison of the number of detected spots upon
silver staining and spots obtained upon biosynthetic
labelling will provide an insight into the events
occurring along the pathway of lymphocyte differ-
entiation.

The data presented below are meant only as
a first approximation, since the comparison of
silver-staining data with radiofluorographic data
is not a foolproof procedure for several reasons,
one of them being certain restrictions of Kepler
modelling, as mentioned in Materials and methods.
Silver staining provides information on the protein
composition of the cell without any indication of
the biosynthetic activity. In contrast, the number of
metabolically labelled spots will serve as a measure
of the activation of the given cell type.

Small resting lymphocytes

A small resting B lymphocyte upon receiving a
meaningful signal (antigen, mitogen) will undergo
transformation into a blast cell, and this in turn,
upon several cycles of proliferation, eventually
becomes a terminal plasma cell. Not all standard
procedures used for obtaining populations of rest-
ing cells, blast cells and plasma cells (velocity
sedimentation, cell sorting) might be adequate for
proteomic studies. Although contamination of rest-
ing cells with blast cells might have a minimal
effect when ‘silver-stain readout’ is employed, it
could profoundly distort the pattern of the ‘appar-
ent’ biosynthetic activity of the resting cells. Since
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we were aware of the fact that some members
of the resting cell population spontaneously trans-
form to blast cells, we decided to minimize the
effect by sample ‘partitioning’ into small aliquots,
such that at least some culture wells were free of
blast cells. S methionine was added to the cul-
ture wells as described in Materials and methods. In
Terasaki trays, 10 ul aliquots of 10 000 resting cells
each were cultured for 2-3 days in the presence
of 80 uCi S methionine/ml and then the medium
was replaced by solubilizing buffer and the samples
submitted to proteomic analysis. Each microcul-
ture was inspected using a microscope during the
culture period, in order to mark (for elimination)
those wells that were suspected to contain loci of
blast cell proliferation. For the proteomic patterns
of silver-stained gels, a pool of 30 selected Terasaki
wells was used.

Blast cells

Biosynthetic labelling of blast cells was performed
in either 10 pl wells of the Terasaki tray or standard
microtitre, wells as described in Materials and
methods. The proteomic radiofluorography images
obtained through various procedures of culturing
and labelling typically revealed a pattern of about
1000-1200 spots. Overloaded gels or prolonged
exposure of the films yielded images that could
not be analysed by the Kepler system (confluence
of spots, streaks); nevertheless, an additional set
of some 50 discernable acidic spots (those which
were below the detection level at ‘normal’ loading
or at standard exposure time) appeared. Early blast
cells (activation by LPS for 2 or 3 days) yielded
more robust and reproducible proteomic patterns
than late blast cells.

Plasma cells

We have rarely succeeded in obtaining a truly
pure preparation of plasma cells (containing maybe
1-5% blast cells). In most instances, the prepara-
tion included a portion of biosynthetically active
blast cells. Other protocols (using alternatives to
IL-4) might provide a more uniform population
of plasma cells, and this is being scrutinized at
present in our laboratory. In order to have at least
an approximation ‘towards plasma cells’ we elec-
tronically subtracted the blast spots from the image
of plasma spots. Spots attributed to immunoglob-
ulin light and heavy chain species were also
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disregarded. Note that an often-praised alterna-
tive — plasmacytoma — is not an adequate source
of cells, since such cells, in spite of displaying the
morphology of plasma cells, are not end cells and
thus do not fulfil the criteria for analysis.

Discussion

Cells, clones, immune response

Our interest in quantitative proteomics is based
upon the earlier work of Kettman and Lefkovits
[20-23] on the clonal analysis of the cells of the
immune system. Differentiation pathways, kinetics
of clonal amplification and several other charac-
teristics of the primary antibody response differ
considerably, depending on the nature of antigen,
route of antigen administration and on the fre-
quency of epitope-specific cells in the organism.
In the entire immune system of a man there are
typically some 10° B cells that are ready to be
selected by the specific antigen and thereupon acti-
vated by armed T cells. The resting B cells are
precursors of antibody-forming cell clones, 10 suc-
cessive cell divisions yielding about 1000 progeny
from a single B cell (attained about at day 5). Thus,
the initially induced 10° B precursor cells yield 10°
clones with a total of ~10° B cells.

Polypeptide species — abundant and rare

Although the data presented in this communica-
tion allow a meaningful comparison of three cell
populations, they are far from providing a full pic-
ture. The problem is that both silver staining and
radiofluorography depict only the abundant pro-
teins. Silver staining will miss most of the pro-
teins that are present in the cell at less than 10 000
copies/cell), while radiofluorography will miss all
those protein species that have a slow turnover

I. Lefkovits

(and of course those that do not have a methionine
residue in their sequence). The 100 most abundant
proteins comprise about 90% of the mass of cellular
proteins, while the other putative 4900 molecu-
lar species of proteins account for the remaining
10% of mass. The most prominent of the high-
abundance polypeptides is actin, which is present
at 107 copies/cell (to keep up with the material bal-
ance of the tabulated data, we consider here a figure
of 9 x 10° copies).

Thus, the cellular matrix protein actin is present
at a million times higher abundance than a putative
‘10 copy/cell’ regulatory protein. In a 2D gel
system — analysing a whole cell lysate — there is
a chance to visualize proteins in a dynamic range
of 1000. This means that if a polypeptide is present
at an abundance of 10-fold, 100-fold or 1000-
fold lower than actin or tubulin, there is a good
chance of detecting such a polypeptide molecule.
Unfortunately, most of the regulatory proteins are
present at a considerably lower abundance and the
detection readout will miss them.

Although the detection of the 1100 spots in
the blast cell-related radiofluorograph (Table 1)
includes visualization of some 97-99% of pro-
tein mass (disregarding those proteins that fail to
enter the separation system), there will be some
3900 undetected polypeptide species in the remain-
ing 1-3% of protein mass. Even if we neglect
the protein isoforms by virtue of co- and post-
translational modifications (e.g. phosphorylation,
glycosylation), and also by metabolic processing
(activation cleavage), the undetected polypeptide
species will remain a major challenge for the future
identification effort.

We are not in possession of a canonic figure
of the maximum detectable number of polypeptide
species. Although a good radiofluorography reveals
well over 1000 polypeptide spots as modelled by
the Kepler system, there are laboratories claiming
to be able to detect up to 3000 spots in a gel.

Table I. Polypeptide spots in the proteomic pattern of lymphocytes

Polypeptide spots in a pattern

Lymphocyte Cell Cell Cell

type diameter (um) volume (um?) mass (pg) Silver staining Radiofluorography
Resting 7 180 180 512 55

Blast I 700 700 737 1066

Plasma 16 2150 2150 4332 336%

2 |g-related spots not counted.

Copyright © 2003 John Wiley & Sons, Ltd.
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Table 2. Mass of a single lymphocyte, mass of the protein content

Cell Protein
Number of polypeptide
Lymphocyte type Mass Mass (Da) Mass (pg) Mass (Da) molecules?
Resting 180 pg 1.0x 10" 18 1.0x 10" 2.5 % 108
Blast® 700 pg 4.0x 10" 70 4.0x 10" 107
Plasma 2 ng 1.2 x 10" 200 1.2 x 10" 3x 10°

@ Considering 60000 Da as an average molecular mass of a polypeptide molecule (sometimes for convenience 40 000 Da is used).
b If the total number of polypeptides in a blast cell is 10 chains, then the undetected portion of | —3% thereof is | -3 x 107 chains. Since
these polypeptide chains fall into 3900 different molecular species, on average there might be some 2500—7500 polypeptides of each kind.

The reality is that unqualified use of some image
analysis systems creates artifacts of quasi-spots, or
undifferentiated spot clusters, giving an inflationary
spot count. Master patterns (cumulative represen-
tation of protein spots upon matching all relevant
patterns of a sample set) in our experimental set-up
offer a realistic upper limit of 2000 detected spots.

Why do we imply 5000 polypeptide species in a
cell, if a single gel, or a cumulative pattern thereof,
suggests no more than 2000 protein spots? Besides
the transcriptomic predictions, there are also results
from the proteomic analyses of subcellular frac-
tions and of cellular compartments (membranes,
lysosomes, endosomes) revealing additional pro-
tein species (of low abundance in the context of
the whole cell, but of intermediate abundance in
the enriched samples), and the cumulative approx-
imation indicates that the magic number ‘5000’
might be a correct estimate. Incidentally, the above-
mentioned 1-3% protein mass (0.7-2 pg) reflects
some 2500-7500 copies of each of those 3900
polypeptide species that are present in the cell
below the detection limit (Table 2).

The comparison of the analysed cell types lets
us conclude that resting cells synthesize about
one-twentieth of the protein species as compared
to blast cells. It could well be that de novo
protein synthesis is even more rare, such that
there is heterogeneity of the dormant state cells;
the synthesis of new polypeptides would occur
preferentially in those rare cells that are being
awaken from the dormant state. The category of
the blast cells seems to be the most robust active
lymphocyte type. It will probably turn out that
there are many more different subsets of blast
cells than currently envisaged by CD-serotyping.
Plasma cells are geared towards synthesis of one
main product (in B plasma cells the product is
antibody), while most of the synthesis of other

Copyright © 2003 John Wiley & Sons, Ltd.

protein species (including those that are needed for
proper housekeeping and repair) decreases as the
messages decay, and the cell concentrates on only
a small number of polypeptide products.
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