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Abstract

Two-dimensional electrophoresis is increasingly being used as an important tool for biological research although
it continues to have few direct clinical applications. In the absence of simple systems to identify and quantify
individual proteins or groups of proteins it is unlikely that clinical applications will increase. Measurement of some
individual proteins, for example a single acute phase reactant, often yields as much clinically useful information as
could be currently expected from quantitation of several proteins with the same physiological role. Cost-
containment pressures within the clinical laboratory will prevent the technique from becoming widely used in the
clinical laboratory until it can clearly demonstrate that it can produce clinically important and necessary
information that can not be obtained by other means.

We continue to believe that the technique’s greatest potential lies in identifying a protein or proteins whose
concentration can be correlated with a disease and whose concentration varies with the progress of the disease.
Antibodies to such proteins can then be produced and used to quantify the disease-associated proteins by a simple
procedure, such as nephelometry. In spite of our belief of the likely clinical application of the technique there
appears to be no systematic use of two-dimensional electrophoresis for this purpose. With clinical specimens a few
investigators still run gels of serum or urine from patients with apparently unusual disorders and compare them
visually with gels from healthy individuals. Nevertheless, the technique continues to have considerable unmet
promise for clinical applications.
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1. Introduction

This review is primarily concerned with papers
published over the past three years which con-
centrated on the analysis of human-based sam-
ples by two-dimensional (2D) electrophoresis.
Where pertinent, some earlier papers are also
considered. Papers have been evaluated where
the technique of 2D electrophoresis either has
direct clinical application for diagnosis or man-
agement of human disease or where the tech-
nique has been used to identify or isolate pro-
teins that may have such application, either as
the proteins themselves or as a tool to develop
antibodies that have clinical application.

We believe that 2D electrophoresis is, and will
be in the near future, of greatest value in
identifying proteins against which specific anti-
bodies may be produced and which may be
subsequently incorporated into simple enzyme-
linked immunosorbent assays (ELISAs), allow-
ing analyses to be performed rapidly and precise-
ly in the clinical laboratory. However, while
techniques have been published and a few exam-

ples are available in the literature this applica-
tion remains remarkably underutilized.

The extraordinary resolution inherent in 2D
electrophoresis not only allows us to focus on
individual proteins, but also with the proper
computer-assisted visualization instrumentation,
enables us to observe patterns in the way cells
and tissues respond to disease. However, little
progress has been made in either cataloging or
understanding the meaning of patterns. There-
fore, the orientation of this review will be on
individual gene products and their relationship to
disease. In the future, it seems likely that as
more and more sophisticated computerized scan-
ning devices are developed, the analytical em-
phasis may shift from individual protein “‘spots”
to coordinated patterns of protein changes, shed-
ding light not only on the clinical picture, but
also on the basic molecular pathobiology associ-
ated with each disease state.

This review is divided into sections dealing
with the major body fluids and their compo-
nents. followed by sections on solid tissues and
cultures of individual cell systems. Trends in
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technology are briefly summarized, as is the use
of computers to develop pertinent databases for
the interpretation of protein patterns.

2. Body fluids

2D Electrophoresis has been used to study
individual components of many body fluids and
solid tissues. Methods have been developed to
prepare proteins for analysis in most body fluids
and tissues. Selection of the appropriate fluid or
tissue for analysis is typically determined by
prior knowledge of association of proteins in it
with disease.

2.1. Blood cells

2.1.1. Erythrocytes

2D  Electrophoresis has been used by
Gaczynska [1] to study susceptibility of erythro-
cyte membrane proteins to proteolysis. He dem-
onstrated that spectrin and band 3 protein from
membranes from the youngest cells were sig-
nificantly more slowly degraded than proteins
from middle-aged cell and the oldest cell mem-
branes. Connor et al. [2] have used 2D electro-
phoresis to show that while Rh-null erythrocytes
are immunologically distinct, they possess an Rh-
like protein that is structurally very similar to
Rh(D) and Rh(c).

2.1.2. Leukocytes

2D Electrophoresis has been used to demon-
strate the presence of a cytosolic polypeptide.
designated L4, in cells of patients with common
acute lymphoblastic leukemia [3]. Only 4 of 64
patients with acute lymphoblastic leukemia did
not show the presence of this protein. The L4
polypeptide was absent from normal peripheral
B and T lymphocytes, lymphocytes isolated from
thymus tissue, phytohemagglutin (PHA)-trans-
formed T cells, Epstein Barr Virus (EBV)-trans-
formed B cells, chronic lymphocytic leukemia
and hairy cell leukemia. It was also absent from
neutrophils, monocytes and platelets. Clancy et
al. |4] have used 2D electrophoresis to demon-
strate that nitric oxide stimulates ADP-ribosyla-

tion of two distinct substrates, one of which was
actin, in polymorphonuclear cells.

Protein synthesis has been analyzed in patients
with chronic lymphocytic leukemia (CLL) using
2D electrophoresis and '*C-labelled proteins [5].
The degree of expression of certain proteins
appeared to correlate with the stage of the
disease. There were marked differences between
the leukemic cells and non-malignant cells.

2.1.3. Monocytes/macrophages

Using 2D electrophoresis Kantengwa and
Polla [6] were able to show that in human
monocytes/macrophages the stress of exposure
to Staphylococcus aureus caused a threefold
increase in superoxide dismutase activity, selec-
tive and differentiation-induced induction of heat
shock protein and de novo synthesis of heme
oxygenase.

2.1.4. Lymphocytes

Schick and Levy [7] used 2D gel electropho-
resis to confirm that in B cells the transmem-
brane protein TAPA-1 is associated with the
CD19 antigen and to establish an association
with HLA-DR on the surface of B cells. Harada
et al. [8] used 2D electrophoresis to analyze the
surface glycoproteins of human natural killer
(NK) cells to demonstrate a glycoprotein with a
M. of 65000 that is absent from T lymphocytes,
although the significance of this has still to be
determined. High-resolution 2D electrophoresis
of the proteins from lymphocytes demonstrated
an abnormality of actin in patients with either
Alzheimer’s disease or Down’s syndrome [9].
The patients exhibited a double actin spot in-
stead of the single spot characteristic of healthy
controls. This finding supports the hypothesis
that Alzheimer’s disease is a systemic as well as a
cerebral disease.

Analysis of the polypeptides of B cell lympho-
cytes has shown five distinct polypeptides in
hairy cell leukemia which were absent from most
chronic lymphocytic leukemia and normal B
lymphocytes [10]. Two of the polypeptides were
unique to hairy cell leukemia. Thus 2D electro-
phoresis of the proteins of B cells may be used to
distinguish between hairy cell leukemia, chronic
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lymphocytic leukemia and splenic lymphoma
with villous lymphocytes.

2.1.5. Platelets

Hagmann and Burger [11] used 2D electro-
phoresis to show that when platelets attach and
spread on a solid surface the « isoforms of the
protein vinculin, a cytoskeletal protein believed
to be involved in the linking of microfilaments to
the cell membrane, become phosphorylated.
This process is probably important in anchoring
vinculin at sites of microfilament—membrane
interaction. 2D Electrophoresis has been used to
demonstrate an M, 28 000 polypeptide in most
peripheral blood cells, including platelets, which
appears to be useful as a genetic marker in gene
mapping [12].

2.2. Plasma and serum

In 1991 Marshall and Williams [13] reviewed
the applications of a simplified technique for
performing 2D polyacrylamide electrophoresis in
health and disease. Much of the work in this area
has centered on the analysis of immunoglobulins.
This is logical, since clonality issues are a major
clinical concern, and the high resolution of 2D
electrophoresis makes it ideal for this purpose.
The technique has been used to detect and
characterize the abnormal proteins observed in
serum of patients with multiple myeloma and
Waldenstrom’s macroglobulinemia [14,15]. In
both diseases the immunoglobulin heavy chains
showed marked heterogeneity affecting both
charge and molecular size. When non-denaturing
isoelectric focusing was used less heterogeneity
was observed. Goldfarb [16] has analyzed sera
from 24 patients with monoclonal gammopathy
in whom zone electrophoresis and immunofixa-
tion appeared to show a homogeneous immuno-
globulin M component. Analysis by 2D electro-
phoresis showed that only five specimens had a
true monoclonal pattern. When she studied pa-
tients with immunoglobulin G gammopathy she
noticed that several had considerable amounts of
v heavy chain at a reduced size (M, 34 000).

2D Electrophoresis has been used by Wieder-
kehr et al. [17] to study circulating immune

complexes; they determined that it could be a
valuable tool to determine the protein composi-
tion of the complex.

Tissot et al. [18] have recently reported on
their 5-year experience of using 2D electropho-
resis to assess the clonality of immunoglobulins.
They noted that the majority of the monoclonal
immunoglobulin light chains of monoclonal gam-
mopathy detected by conventional electropho-
resis appeared as a single large well-defined spot
on 2D polyacrylamide gel electrophoresis
(PAGE), with the remainder appearing as multi-
ple spots. Oligoclonal immunoglobulins ap-
peared as multiple spots on PAGE and several
bands with immunofixation. This was observed
in 5 of 26 patients after allogeneic bone marrow
transplantation and in 5 patients with tumors. In
most patients (77%) with hypergammaglob-
ulinemia, light chains appeared as many small
and discrete spots in 2D-PAGE. The authors
suggest that oligoclonal Ig-secreting B cell clone
expansion, and corresponding abnormalities are
not detected by immunofixation. 2D Electro-
phoresis was able to detect oligoclonal immuno-
globulin expansions in other patients after bone
marrow transplantation and in 6 of 10 immuno-
competent patients with acute severe infections
when conventional electrophoresis failed to show
any abnormality.

Harrison [19] surveyed the distribution and
types of monoclonal light chain isoforms in 41
patients with monoclonal gammopathy. He
showed that the light chain patterns were pa-
tient-specific and varied in both the type and
number of isoforms present. Microheterogeneity
was observed in 31 of 41 cases. Determination of
light-chain heterogeneity has proved useful in
resolving some diagnostic immunoglobulin typ-
ing questions and in the understanding of the
molecular basis of neoplastic B-cell paraprotein
metabolism. Harrison et al. [20] also used 2D
electrophoresis to study B cell dyscrasias includ-
ing the first reported case of POEMS (Takat-
suki) syndrome comprising polyneuropathy, or-
ganomegaly, endocrinopathy, myeloma or M-
protein, and skin changes.

Serum protein electrophoresis of specimens in
patients 5-9 months after bone marrow trans-
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plantation revealed L chain patterns in 8 of 19
patients that were similar to those of normal
polyclonal immunoglobulins [21]. Sequential
analysis of specimens from patients following
bone marrow transplantation showed that imbal-
anced clonal reconstitution was transient, al-
though clonal gammopathies are common after
bone marrow transplantation.

In serum of patients suffering from alcohol
abuse abnormal heterogeneity was observed in
the pattern for a,-antitrypsin [22]. The concen-
trations of several unidentified proteins were
augmented. Abstinence from alcohol caused the
abnormal protein pattern to revert to normal.

2D Electrophoresis has recently been used to
resolve apolipoprotein A-I-containing high-den-
sity lipoprotein (HDL) into 12 distinct subpopu-
lations. These subpopulations were comprised of
groups that had mobilities the same as albumin
but also others that were faster and slower.
These groups were described as pre-a, a and
pre-B. Nevertheless, ultracentrifugally isolated
lipoproteins are different from the native apo
A-I-containing subpopulations [23]. The major
differences are in the loss of pre-B, and pre-g,
particles from the density < 1.21 g/ml fractions
to the density >1.21 g/ml fractions. In patients
with “fish-eye” disease, a rare familial dyslipo-
proteinemia associated with corneal opacities
and poor vision, abnormal amounts of the apolipo-
protein A-I precursor were present in serum but
reduced amounts of the mature apolipoprotein
A-I isoforms and apolipoprotein A-I1 were ob-
served [24]. Miida et al. [25] used 2D electro-
phoresis to demonstrate that blood cells are
incapable of maintaining plasma pre-g8, HDL
concentrations in the absence of peripheral cells.
The reverse cholesterol transport is catalyzed by
pre-B, HDL, with subsequent lecithin—choles-
terol acyltransferase mediated cholesterol esteri-
fication, and is directly dependent upon the
interaction of pre-8, HDL and competent
peripheral blood cells.

In 4 of 16 patients with late stage diabetes
mellitus, but in none of the 16 normal sera
studied at the same time, a novel M, 30 000
protein, that appears to be related to chymo-
trypsinogen, was identified. This protein ap-

peared to be an autoantigen in some late-stage
insulin-dependent diabetes mellitus patients [26].

After a myocardial infarction the amount of
several low-molecular-mass proteins was shown
to increase in serum. These proteins appeared
within 30 h of an infarction, peaked at about 50
h, and returned to normal within 5 days [27].
Co-electrophoresis of proteins extracted from
human myocardium and serum from patients
with myocardial infarcts suggested that one of
the spots might be a myosin light chain from the
heart and others of lower molecular mass were
probably isoforms of apo-serum amyloid A pro-
tein, a non-specific acute phase reactant [28].

Guy-Crotte et al. [29] found that screening of
serum to detect cystic fibrosis protein (CFP) was
of little value, although in most sera from pa-
tients with the disease a protein of M =12 000
(P12) was quite characteristic. CFP was present
in the sera of about 75% patients with cystic
fibrosis and in 66% carriers of the disease, often
in lesser amounts. It was present in trace
amounts in about 20% sera from healthy in-
dividuals. The P12 protein was detected in 69%
homozygotes, 65% heterozygotes and 33% heal-
thy individuals. The CFP has been detected in
granulocytes from which a monoclonal antibody
has been developed, permitting a quantitative
immunoassay to be devised with probably great-
er potential as a diagnostic tool for cystic fibrosis
than 2D electrophoresis [30].

Miyano et al. [31] have studied complement
components in the cord blood of 128 newborn
infants. They observed that the concentrations of
C,, C,, C,,;, CHy, and factor B were reduced in
the 28 infants with respiratory distress syndrome
compared with infants with other lung diseases
or normal respiratory function at the same gesta-
tional age. The authors commented that lung
surfactant is synthesized in alveolar type 2 cells,
the site of synthesis of many complement com-
ponents, and that common factors may regulate
the synthesis of both complement components
and surfactant.

Ultra-thin-layer polyacrylamide gel isoelectric
focusing has been used to study isoforms of
lactate dehydrogenase in human serum to de-
termine their potential use as tumor markers



168 D.S. Young. R.P. Tracy / J. Chromatogr. A 698 (1995) 163179

[32]. The enzyme yielded 15 bands in serum and
20 bands were detected in hemolysates of eryth-
rocytes. The authors claimed that potential
tumor markers were detected in the cytosols of
different tumors. Abnormal bands were present
in the cytosols of cells from hepatoma and
intestinal cancers. These were not present in the
cells from healthy organs or in the plasma or
serum of patients with the malignant diseases.
Whether increasing the sensitivity of the detec-
tion system will enable the abnormal proteins to
be detected in serum has yet to be determined.

The clonality pattern of immunoglobulin light
chains in the plasma of healthy newborns was
shown to be similar to that of their mothers [33].
Analysis of specimens from infants aged 1 month
to 5 years revealed discrete alterations of the
clonality of immunoglobulin production. Be-
tween the second and fourth month of life
several well-resolved immunoglobulin light chain
spots appeared, but in infants older than 2 years
the pattern evolved towards the normal adult
polyclonal pattern which was evident at 5 years.
Analysis of fetal blood plasma or serum after the
18th week of gestation showed the presence of
many normal proteins, such as albumin, trans-
ferrin, factor B, antithrombin 1II, Gce-globulin,
a;-antitrypsin, several apolipoproteins, retinol-
binding protein, transthyretin and a-fetoprotein
{34]. The amount of «a-fetoprotein decreased
towards birth but the number and size of other
spots increased. In particular, the amount of
heavy and light chains of IgG and «,-anti-
chymotrypsin increased.

sCD27, a soluble form of the human T cell
differentiation antigen CD27, has been found in
the serum of healthy blood donors [35]. The
authors suggested that its concentration may be
quantified as a marker of T lymphocyte activa-
tion in vivo.

White et al. [36] have recently shown that a
protein, hemonectin, in rabbits that binds gran-
ulocytes in a developmentally regulated manner
is similar to fetuin (a,-HS-glycoprotein) in
humans but whether the human protein has the
same granulocyte binding properties has still to
be determined.

2.3. Urine

Weber [37] has recently summarized previous
electrophoretic analyses of urine.

Urine may be examined with the intent of
evaluating abnormalities of the renal tract or to
assess overall metabolism. 2D Electrophoresis
provides a 100-fold increase in sensitivity over
agarose electrophoresis for the examination of
urinary proteins [38]. Grover and Resnick {39]
have recently studied urine from healthy humans
using a double stain. Through simplifying the
processing procedure, they were able to identify
the majority of acidic proteins that previously
had only been captured with the ISO-DALT
system and others that were precipitated during
processing.

Several proteins in urine are identifiable as
“kidney proteins”. These are not present in
plasma and do not usually occur in urine in
proteinuria. These proteins are highly heteroge-
neous in both charge and size, most likely
indicating extensive glycosylation. Absence of
these proteins from urine in pathological
proteinurias may be attributable to dilution caus-
ing masking of the small amounts of these
proteins by the large amounts of plasma pro-
teins. Many proteins of kidney origin have been
identified. These include a brush border epitheli-
al cell protein, adenosine deaminase binding
protein (a proximal tubular protein), BE antigen
(thermostable kidney antigen) and nephrocalcin,
an inhibitor of crystal formation in the renal
tubules. Tubular epithelial cells secrete Tamm-—
Horsfall protein and secretory IgG. Several
tubular enzymes have been identified in urine.
These include urokinase, Kallikrein, N-acet-
ylglucosaminidase, alanine aminopeptidase and
y-glutamyltransferase. Flynn [40] has recent-
ly summarized recent research on the use of
monoclonal antibodies to analyze the urine of
patients with renal disease. Whether any of the
antigens that have been identified as being
markers of tubular integrity are present as spots
on 2D gels has still to be determined [38].

Gestosis, occurring as a complication of the
last trimester of pregnancy is associated with
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proteinuria of glomerular origin. Not only are
the usual components of glomerular proteinuria
identifiable, e.g. albumin, IgG, transferrin, and
mid-range «, and «, proteins, a prominent spot
overlapping transferrin is observed. This has
been identified as pregnancy-specific B,-glyco-
protein but its role in the pathogenesis of ges-
tosis-induced proteinuria has still to be deter-
mined [41].

Because of the mechanisms by which urine is
formed, filtration of plasma in the glomerulus
and reabsorption of small molecules in the
tubules, it is usually possible to differentiate
whether abnormalities are associated with a
metabolic problem or a disorder of glomerular or
tubular function in the kidney or a disorder of
another part of the urinary tract. Generally
glomerular proteins have a higher molecular
mass than those of tubular origin. Glomerular
proteinuria is thus characterized by several spots
of proteins in plasma corresponding to albumin,
IgG, transferrin and various «, proteins. Many
glomerular diseases are characterized by intra-
glomerular deposition of immunoglobulins and
the complement components, C,,, C; and C,. In
acute glomerular disease these complement com-
ponents may be excreted into the urine [41]. If
hematuria occurs, the low-molecular-mass mono-
mer of hemoglobin may also be present [42]. The
presence of fibrinogen and the tetramer of hemo-
globin also indicate hematuria. Chronic glomeru-
lar disease is associated with increased urinary
excretion of albumin, IgG and transferrin. This
may be caused by increased capillary pressure in
the intact glomeruli [41].

Tubular proteinuria is characterized by a cas-
cade of a,-microglobulin, zinc «,-glycoprotein,
Ig-light chains and B,-microglobulin as well as
albumin [41]. A glomerular proteinuria may be
superimposed upon a tubular proteinuria. This
may occur, for example, with renal transplant
rejection. Tubular necrosis has a characteristic
urinary protein pattern but may be associated
with additional spots corresponding to necrotic
or proteolytic products or leukocytic action.
Tubular proteinuria may occur with ascending
infections of the urinary tract involving the

kidney. The proteinuria of pyelonephritis com-
bines the tubular cascade with an exudative
pattern of high-molecular-mass proteins such as
1gM, 1gG, a,-macroglobulin, fibrin products and
hemoglobin. Albumin is not necessarily a promi-
nent spot.

If inflammation is responsible for the renal
damage, as with glomerulonephritis, «,-protein-
ase inhibitor and a,-antitrypsin may appear as
prominently as albumin [42]. Inflammation of
the lower renal tract shows the characteristic
exudative pattern.

Tubular proteinuria is characterized by the
presence of larger amounts of proteins of low
molecular mass. The amount may vary with the
extent of tubular damage. With mild damage,
there typically will be increased excretion of the
light chains of immunoglobulins, o,-microglob-
ulin, zinc-a,-glycoprotein, retinol binding pro-
tein and B,-microglobulin. With more severe
damage the amounts of these proteins may be
increased with the amount of albumin remaining
the same [42].

Non-renal infection with fever may be associ-
ated with a mild proteinuria which includes an
increased excretion of albumin and a;-acid
glycoprotein (orosomucoid) and e;-microglob-
ulin [42]. The increased «;-acid glycoprotein is
claimed to be associated with leukocyte prolifer-
ation [42]. B,-Microglobulin is a protein that is
prominent in serum but its excretion is increased
in both glomerular and tubular disorders [38].

Monoclonal gammopathies are associated with
a tubular pattern of proteinuria together with
proteins characteristic of the specific gam-
mopathy [42].

2.4. Amniotic fluid

Proteins are typically present at such a high
concentration in amniotic fluid that they may be
detected by Coomassie Brilliant Blue. Neverthe-
less, silver staining allows trace fetal proteins of
possible diagnostic significance to be detected.
The overwhelming dominance of albumin may
be eliminated by pretreatment with Sepharose or
immobilized antibodies specific to maternal pro-
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teins. Marshall and Williams [13] have summa-
rized several studies in which «-uterine protein,
a-fetoprotein, fibronectin and modified isoforms
of «,-antitrypsin and apolipoprotein A-1 have
been identified in amniotic fluid.

Sun et al. [43] have used continuous monodi-
mensional electrophoresis to study the urine of
patients with mucopolysaccharidosis 1 or 1V and
have applied the same technique to study sub-
sequent high-risk pregnancies in the previously
affected mothers. Two affected fetuses were
diagnosed and proved.

2.5. Cerebrospinal fluid

Proteins, even albumin which is present in the
largest amount, are normally present at low
concentrations in cerebrospinal fluid. The low
concentration of proteins in normal cerebrospi-
nal fluid necessitates the use of silver staining to
obtain the necessary sensitivity [13]. Several
studies have linked abnormalities in cerebrospi-
nal fluid protein patterns to specific diseases.
Marshall and Williams [13] have summarized the
work of others demonstrating abnormal patterns
in multiple sclerosis, Parkinson’s disease, schizo-
phrenia and Creutzfeldt—Jakob disease. In their
study of 21 patients with Creutzfeldt-Jakob
disease Harrington et al. [44] have shown that
two protein spots were present in all patients
with the disease and only present in five of 420
patients with other neurological diseases. Two
other proteins were present in 14 of the 21
patients with Creutzfeldt-Jakob disease, al-
though they were also present in 9 of 10 patients
with herpes simplex encephalitis, 17 of 54 with
schizophrenia, 3 of 26 with Parkinson’s disease,
17 ot 130 patients with multiple sclerosis, all four
patients with Guillain—Barre disease and the one
with Behcet’s disease. None of the four abnor-
mal proteins were detectable in the cerebrospinal
fluid from healthy individuals. Using these four
proteins in a blinded study, Harrington et al. [44]
were able to differentiate patients with Creut-
zfeldt-Jakob disease from those with Alzheim-
er’s disease, Huntington's disease, multi-infarct
dementia, the Parkinsonian dementia of Guam

or the specific dementia of acquired immuno-
deficiency syndrome (AIDS).

In about half of all schizophrenic patients two
polypeptide proteins were detected in cere-
brospinal fluid which were present much less
frequently in other neurologic or psychiatric
disorders [45]. These polypeptides were also
present in many patients with affective disorders
but were absent from cerebrospinal fluid of
patients without neurological disorders. One of
the two polypeptides has been confirmed as a
fibrin fragment: while the identity of the other
has not been established it probably also is a
fibrin degradation product.

2.6. Synovial fluid

In the studies of Fritz et al. [46] there was an
increase in the number of protein spots in the
synovial fluid of patients with rheumatoid arth-
ritis as compared with control patients. How-
ever, the number of protein spots was always less
in synovial fluid than in either serum or synovial
tissue. No rheumatoid arthritis-specific protein
was identifiable in either serum, synovial tissue
or fluid. The amount of IgG was greater in the
serum, synovial tissue and synovial fluid of
patients with rheumatoid arthritis compared with
those of patients with other types of arthritis and
healthy individuals, but there were no other
consistent patterns [46)].

2.7. Saliva

2D Electrophoresis has been used to demon-
strate proline-rich proteins that stain pink with
Coomassie Brilliant Blue (lumicarmines) [13].

2.8. Sweat

Marshall and Williams [13] have detected
more than 400 polypeptides in non-dialyzed
unconcentrated sweat. Lumicarmines, detectable
in saliva, are also observed in sweat and tears
{13]. Rubin and Penneys [47] have claimed the
absence of an acidic protein (M, = 60 000) from
the sweat of patients with cystic fibrosis.
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2.9. Tears

Sack et al. [48] demonstrated a diurnal rhythm
for proteins in tears with different compositions
for “reflex”, “open’’ and “‘closed eye” tears. The
concentrations of total protein, secretory IgA
and albumin increased in the order presented
above. The concentrations of lysozyme, lactofer-
rin and tear-specific prealbumin were unaffected.
Eye closure activated complement C,. Sack et
al. [48] speculated that eye closure induced a
subclinical inflammation and that the increased
albumin and secretory IgA concentrations may
play a role in protecting the closed eye environ-
ment from pathogens.

In tears from women there was a larger
amount of lactoferrin, and certain specific tear
proteins than in tears from men. In the tears of
patients with conjunctivitis haptoglobin and IgG
were detected whereas they were absent from
the tears of healthy individuals [49]. The proteins
were more prominent in the tears of patients in
whom the conjunctivitis was worst. However, in
the tears of the patients with conjunctivitis
secretory IgG, lactoferrin and five specific tear
proteins were stained less than in healthy in-
dividuals.

Baguet et al. [50] showed that protein G,
identified in tears is probably an in vitro artifact
due to denaturing conditions with sodium
dodecyl sulfate (SDS), arising from tear-specific
prealbumin (transthyretin).

In aqueous humor from humans there are
many polypeptides with molecular masses rang-
ing from 14 000 to 170 000 that are similar to
those identified in monkeys but the exact identity
and role of these compounds has still to be
determined [51].

2.10. Semen

In human sperm as many as 500 different
proteins have been resolved with molecular
masses ranging from 12000 to 105000 and
isoelectric points from 5.0 to 8.5 [52]. Although
previous authors attempted to correlate protein
patterns with fertility, Kritsas et al. [52] did not
attempt to do this. Frenette et al. [53] have

shown that an M, 34 000 prostate-specific antigen
(PSA) is the major protein binding diiso-
propylfiuorophosphate (DFP) in seminal plasma.
The concentration of this, and other DFP-bind-
ing proteins, is quite variable and is not corre-
lated with any specific sperm characteristics.
Most of these proteins have a prostatic origin, as
does annexin 1 (lipocortin 1 and p35) which is
secreted at a high concentration with a
proteolytic cleavage product, desl-29-annexin 1,
into seminal plasma [54]).

Sutkowski et al. [S5] have incubated human
prostatic cells in culture with spermatocoele fluid
and used 2D electrophoresis to demonstrate two
separate growth factors responsible for the in-
creased growth of both prostatic stromal and
epithelial cells, whereas human serum had no
effect.

2.11. Other fluids

In gliomal cyst fluid five immunoreactive
bands were recognized with apparent molecular
masses of 50 000-75 000. Isoelectric focusing
suggested that these were due to a local immune
response and might be involved in peritumoral
events such as brain edema [56].

In developed countries about half the popula-
tion has bile supersaturated with cholesterol, yet
only about 10% of the population develops
gallstones. In human bile a protein has been
identified that inhibits cholesterol crystallization.
It is a glycoprotein comprising two subunits of
M, 63000 and 58 000 which have comparable
inhibitory activity [57]. The crystal growth-inhib-
iting activity of this protein may be important in
preventing gallstone formation in healthy
humans.

Signs of acute pancreatitis may occur after
pancreas transplantation. The pancreatic juice is
initially similar to that in normal pancreatic juice
but high concentrations of albumin are typically
present. Within two days of reperfusion of a
grafted pancreas the amount of proteins with
molecular masses of 17 000 to 20 000 increases
substantially [58]. The increase is largely due to a
new protein that comprises about 7.5% of the
total secretory protein and reaches a maximum
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five days after transplantation and thereafter
gradually decreases but still is detectable 45 days
after the transplant. The protein is believed to be
associated with the inflammation that follows
transplantation and is similar to a protein se-
creted in the rat under similar circumstances. It
has been designated human pancreatitis-associ-
ated protein.

Studies of human perilymph have shown sev-
eral proteins that are not present in plasma but
their clinical pertinence still has to be deter-
mined [59].

3. Solid tissues

3.1. Heart

Human heart muscle proteins have been ex-
amined by 2D electrophoresis [60]. In patients
with dilated cardiomyopathy 3 of 5 hearts
showed an additional spot in the myocardial
myosin light chain 1 area. The nature of this
protein is unknown.

3.2. Brain

The brains from six patients with Alzheimer’s
disease have been examined by 2D electropho-
resis [61]. A unique protein band, not observed
in control brains, was shown to be a constituent
of amyloid fibrils. Johnson et al. [62] have used
2D electrophoresis to identify elongation factor 2
(EF-2) in the brains of patients with Alzheimer’s
disease. Phosphorylation of EF-2 has been
shown to inhibit protein synthesis and thus the
increased phosphorylation of EF-2 in Alzheim-
er’s disease is possibly important in the causation
of the disease. Postmortem cortical tissue from
the brains of patients with Alzheimer’s disease
has been shown to contain significantly greater
amounts of the heat shock proteins hsp 72 and
hsp 73 than control cortical tissues [63]. Induc-
tion of these proteins appears to be associated
with the disease although the amount of the
proteins is not increased in the cerebella of
patients with Alzheimer’s disease.

3.3. Thyroid

Although it had previously been postulated
that differences from normal in the microsomal
antigen might be involved in the development of
autoimmune thyroid disease, Hamada et al. [64]
have used 2D electrophoresis to show that the
microsomal antigen in Graves’ disease does not
differ from that in normal thyroid. They con-
cluded that the microsomal antibodies in au-
toimmune thyroid disease probably do not arise
from differences in the antigen.

3.4. Muscle

Gel electrophoresis has shown that fetal and
fast myosin were the predominant isoforms of
myosin in children with congenital myotonic
dystrophy, whereas the pattern of expression of
myosin light chains, tropomyosin and troponin in
X-linked myotubular myopathy was comparable
to that of normal aged matched control muscle
165].

4. Malignant disease

Franzen et al. [66] have performed 2D electro-
phoresis of proteins in human lung cancers. They
noted that there may be considerable intersam-
ple variability, even in tumors of the same
histological type. Intrasample variability was
typically much less. Nevertheless, local homo-
geneity and a constant amount of connective
tissue are necessary if reproducible results are to
be obtained.

SDS-PAGE has been used to study the cyto-
kine profiles in solid human basal cell ep-
theliomas and the outer root sheath of the
human hair follicle [67]. The cytokine profiles
were almost identical which led the authors to
speculate that the lower outer root sheath had a
role in a cellular pool for the generation of basal
cell epithelioma.

Hall et al. [68] have used 2D electrophoresis
to confirm the identify of protein in melanoma
cells as lipocortin 1.

Aoyama et al. [69] have used 2D electro-
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phoresis to show increased amounts of aB-crys-
tallin expression in glial tumors such as as-
trocytoma,  glioblastoma  multiforme  and
oligodendroglioma. In these tumors «aB-crys-
tallin is predominantly unphosphorylated. The
authors conclude that aB-crystallin may be a
useful biochemical marker for studying the
pathogenesis of various human brain tumors.
Brunet et al. [70] have used 2D electrophoresis
to characterize normal brain-reactive antibodies
in glioma cyst fluid. In white matter extracts cyst
fluids recognized five immunoreactive bands hav-
ing apparent molecular masses of 50 000-75 000.
Isofocusing experiments showed that these pro-
teins were largely related to a local immune
response.

2D Electrophoresis has been used to compare
proteins in normal uterine smooth muscle and
leiomyomas. A protein with M =27 000 was
selectively expressed in normal uterine smooth
muscle cells {71]. This protein is a low-molecu-
lar-mass variant of calponin but its function is
not known.

Adult granulosa cell tumors have been shown
to contain characteristic sets of proteins [72).
Twenty-three of 25 tumors showed strong
positivity for vimentin; 9 of 25 contained desmin.

2D Electrophoresis of the proteins in em-
bryonal carcinoma, endodermal sinus tumor,
choriocarcinoma and teratoma was used to iden-
tify cytokeratins 8 and 18 in all tumors, whereas
other cytokeratins were less constant. The ma-
jority of the germ cell tumors showed varied
amounts of vimentin, often in conjunction with
cytokeratins [73].

Williams et al. [74] have identified a novel
cyclin-like protein in bone tumors in children
differing from previously identified members of
the cyclin D family of proteins. This protein,
identified in Ewing's sarcomas and Wilms’
tumors, is electrophoretically and chromato-
graphically distinct from the previously identified
p36cyclin D1 and p34cyclin D2 proteins.

Nuclear matrix proteins in normal prostate,
benign prostatic hypertrophy and prostate cancer
have been studied using 2D electrophoresis [21].
Fourteen different proteins from nuclear matrix
preparations were common to prostate cancer

specimens but were absent from normal prostate
or prostates with benign hypertrophy.

Paradis et al. [75] observed a major M, 25 000
primary translation product in all renal cell
carcinomas removed at surgery. The product
appears to be a glycoprotein and has potential
value as a marker for the tumor.

Bartek et al. [76] have used a series of new
monoclonal antibodies to keratins to examine
histochemically malignant tumors from humans.
These were able to differentiate carcinomas from
gliomas and lymphomas. They also observed
decreased amounts of keratin number 7, includ-
ing absence in some cases, in small subsets of
breast cancers and induced expression of the
keratin in some cases of stomach cancer.

5. Tissue culture
5.1. Endometrium

Culture of endometriosis and endometrial
biopsy specimens has to be done to determine
the differences in polypeptide synthesis between
the two types of specimens [77]. Five major
deviations were noted in protein synthesis and
secretion. Endometriosis specimens showed two
proteins not present in normal endometrial spec-
imens which, in contrast, showed three proteins
not present in the endometriosis specimens. The
significance has yet to be determined, although
the differences may allow the development of
diagnostic markers.

5.2. Fibroblasts

2D Electrophoresis of human fibroblasts incu-
bated with interferon showed that a common set
of proteins were induced, some of which were
also induced by dsDNA [78]. A greater number
of polypeptides had their synthesis specifically
induced by dsDNA. Guy et al. [79] have used
2D electrophoresis to analyze the signal trans-
duction pathways of tumor necrosis factor (TNF-
a) and interleukin-1 (IL-le and B). They were
able to show that the two cytokines activate
many protein kinases. McCarthy et al. [80]
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followed up on the known involvement by basic
calcium phosphate crystals in synovial fluid in
causing destructive arthropathies by incubating
fibroblast cultures with basic calcium phosphate.
Selective induction of two proteins consistent
with collagenase occurred. Culard et al. [81]
used SDS-PAGE of fibroblasts from normal skin
to demonstrate annexins I, II and V and possibly
VI and VII, also. This provides a basis from
which the role and regulation of these proteins
within the epidermis may be established.

Smith and Higgins [82] have shown that fi-
broblasts from the skin of the abdominal wall
and lower leg exhibit different patterns of pro-
tein expression and that their response to y-
interferon is different. Higgins and Smith [83]
have used 2D electrophoresis to demonstrate the
regulatory influence of y-interferon on the syn-
thesis of many specific proteins in orbital fi-
broblasts. Bai et al. [84] have used 4-nitro-
quinoline 1-oxide to immortalize normal human
fibroblasts and have used 2D electrophoresis to
show that the number of disappearing cellular
proteins was greater than the number of newly
appearing proteins after the cells became im-
mortalized.

Easty et al. [85] used 2D electrophoresis to
study the response of two melanoma cell lines to
cyclic adenosine monophosphate-stimulating
agents. The more malignant cell line showed
pronounced dendrification, decreased prolifer-
ation and a reduction in metastatic capacity
whereas the less malignant cell line showed little
effect. The stimulation of the more malignant
cell line induced several proteins not previously
present and were not present in the less malig-
nant cell line either before or after treatment.
The authors concluded that 2D electrophoresis
could be a useful tool in the study of cellular
differentiation.

5.3. Endothelial cells

Clarke and West [86] stimulated umbilical and
capillary endothelial cells with simple mitogens
and used 2D electrophoresis to study the induc-
tion of proliferation and tumor-related antigens
on the surface of the cells. They subsequently

used monoclonal antibodies to demonstrate that
tumor-specific surface proteins are present on
most tumor endothelium.

5.4. Bone

2D Electrophoresis of normal osteoblasts iden-
tified osteonectin, bone sialoprotein, the C-tele-
opeptide of collagen I as well as collagen L.
Osteoblasts from patients with Paget’s disease
secreted an altered M, 30 000 C-teleopeptide of
collagen demonstrating that osteoblasts from
patients with Paget’s disease are functionally
abnormal [87]. Hankey et al. [88] have used 2D
electrophoresis to investigate extracellular pro-
tein secretion by osteoblasts in vitro. They
showed one protein chain with posttranslational
modifications to be unique to osteoblasts, and
also the absence of the N- and O-glycoforms of
collagenase.

5.5. Lung

Mirski and Cole [89] used a small cell lung
cancer cell line to demonstrate resistance-associ-
ated proteins which may be useful as potential
markers in determining the mechanism for drug
resistance. 2D Electrophoresis of lung cancer
specimens showed that even with the same
histological type there was significant intersam-
ple variation although the intrasample variation
was low [90].

5.6. Head and neck

Ramsamooj et al. [91] used 2D electrophoresis
to compare the protein profiles of three rela-
tively radioresistant and three relatively
radiosensitive head and neck squamous car-
cinoma cell lines. They were able to show that
the radio-resistant cell lines preferentially ex-
pressed 14 proteins. Fifteen proteins were pref-
erentially expressed in the radio-sensitive cell
lines. The authors concluded that 2D electro-
phoresis could characterize the proteins that
correlate with the radiation response-specific
phenotype.
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5.7. Brain

Muller et al. [92] studied nuclear proteins from
human brain tumor cell lines and found that
their composition was quite similar but that there
also was a high degree of similarity between the
proteins of glioblastomas and other human
tumor cell lines. Nevertheless, they observed
several proteins enriched in glioblastomas that
were totally absent from low-grade astrocytomas
and non-glial tumors.

6. Malignant cells

The growth and spread of tumors depends on
the proliferation of the endothelial cells in their
vasculature. Clarke and West [93] stimulated
cultured human umbilical and capillary endo-
thelial cells with mitogens and tumor-con-
ditioned media. They used [’*S]methionine to
demonstrate the induction of proliferation and
tumor-related antigens on the surface of the
endothelial cells. Specific monoclonal antibodies
showed that tumor-specific proteins are present
on most tumor endothelium.

Menzel and Unteregger [94] have used de-
tergent-lysed nuclei from several human tumor
cell lines to analyze the nuclear protein pattern.
Certain proteins were common to all cell lines.
but marked differences were also observed be-
tween cell lines when visualized with silver
staining. Quantitative variations of the nuclear
phosphoproteins 23/4 were detectable. This sug-
gests a possible correlation between their syn-
thesis and phosphorylation and the proliferation
behavior of the tumor cells. They concluded that
the distinct heterogeneity and tissue specificity
may be of value in determining tumor-specific
proteins.

7. Bacterial proteins

Norris [95] has used 2D electrophoresis to
show that the protein profiles of the Treponema
pallidum subspecics that cause syphilis, yaws and
endemic syphilis are virtually indistinguishable

from one another, but differ considerably from
those of other treponemal species. Among the
most abundant polypeptides are a group of
lipoproteins of unknown function that appear to
be important in the immune response during
syphilitic infection. The amounts of 40 proteins
increased in Salmonella typhimurium during
their growth in eukaryotic cells, whereas the
amounts of another 100 proteins decreased [96].
It is presumed that the intracellular environment
imposed stress on the bacteria which accounted
for these changes.

Abu Kwaik et al. [97] have shown that at least
35 proteins are induced in Legionella pneumo-
philia during infection of macrophages with
selective repression of at least another 32 pro-
teins. Wallis et al. [98] have identified a novel M,
58 000 protein of Mycoplasma tuberculosis which
induces production of tumor necrosis factor by
human monocytes. They postulate that the pro-
tein may have an important role in the immuno-
pathogenesis of tuberculosis and in mycobacteri-
al immunity.

Cultivation of Campylobacter jejuni with epi-
thelial cells resulted in the new or enhanced
synthesis of several proteins that did not occur in
the absence of the epithelial cells, suggesting to
Konkel et al. [99] that they may have a role in
facilitating internalization.

8. Technology

Endler et al. [100] have summarized the mile-
stones in the development of high-resolution 2D
electrophoresis and presented their technique for
the analysis of biological specimens.

Dunbar [101] has summarized how high-res-
olution 2D-PAGE can be combined with staining
and immunochemical methods to provide exquis-
ite tools to analyze and dissect complex bio-
logical systems.

Hochstrasser et al. [102] have modified the
technique of 2D electrophoresis by increasing
the pore size in isoelectric focusing and by
replacing most of the Nonidet P-40, a non-ionic
detergent, with a zwitterionic detergent. They
also eliminated the equilibration step between
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the first- and second-dimensional separation. By
improving the cooling for the molecular mass
separation faster migration could be obtained at
a higher current. By using diacrylylpiperazine as
a cross-linker protein separation was improved
and detection with ammoniacal silver staining
was enhanced [102]. Using these modifications
and computer analysis of autoradiographs after
the separation of identical liver cells the authors
were able to increase the number of spots
detected from 1100 to more than 1600. When
they used silver staining the number of spots
detected was increased from less than 300 to
more than 950.

H’ansler et al. [103] have improved the detec-
tion of human pancreatic proteins by using
double staining with Coomassie Brilliant Blue
followed by silver stain. The technique appeared
to be up to twenty times more sensitive than
conventional Coomassie Brilliant Blue staining.
The fluorophore, monobromobimane, was used
by Urwin and Jackson [104] to label proteins
containing a sulfhydryl group prior to the iso-
electric focusing step of 2D electrophoresis. In a
lymphoid cell line they were able to show an
approximate 10% increase in the number of
spots compared with conventional silver staining.

9. Databases

Celis et al. [105] have discussed how it is now
possible to reveal phenotype-specific proteins, to
microsequence them and to search for homology
with previously identified proteins, and to clone
the cDNAs, to assign partial protein sequences
to genes for which the full DNA sequence and
the chromosome location is known. This enables
the regulatory properties and function of groups
of proteins that are coordinately expressed in a
given biological process to be determined.
Human 2D electrophoretic protein databases are
becoming increasingly important with the current
attempts to map and sequence the entire human
genome.

Anderson and Anderson [106] have published
an updated 2D gel database of human plasma
proteins. They provide a map together with a

complete listing of the individual protein spots,
with their locations, size and isoelectric points
relative to internal charge standards [106]. A
map of the proteins in human cerebrospinal fluid
has also been published [107]. The authors
provided maps of normal cerebrospinal fluid as
well as separate maps of cerebrospinal fluid from
patients with schizophrenia and Creutzfeldt—
Jakob disease. Golaz et al. [108] have recently
provided an updated map of polypeptides in
erythrocytes. Twelve proteins or enzymes were
localized on the map.

Grover and Resnick [39] have produced a map
of proteins derived from unprocessed urine from
10 healthy men and 10 women. They observed
more proteins that had been reported previously
although the majority remain unidentified. They
noted that women typically had more spots and a
greater proportion of low-molecular-mass pro-
teins than men. Tracy et al. [38] have also
updated their own map of urinary proteins.

Hochstrasser et al. [109] have published a map
of human liver proteins. They commented that
the same map can be used to identify protein
spots in other specimens such as rectal cancer
biopsies.

Hanash et al. [110] have developed a database
of lymphoid proteins detectable by 2D electro-
phoresis. The database comprises 2D electro-
phoretic patterns and information relating to
polypeptide constituents of unstimulated and
stimulated mature T cells and immature
thymocytes, single-cell-derived T- and B-cell
clones, leukemia cells and lymphoid cell lines.
Celis et al. [111] have published a map of cellular
proteins from transformed human epithelial
amnion cells (AMA) and normal peripheral
blood mononuclear cells. Madsen et al. [112]
have documented the major proteins in normal
human lymphocyte subpopulations.

Rasmussen et al. [113] have microsequenced
145 proteins in a master human keratinocyte 2D
gel database. This database contains 2980 cel-
lular proteins (2098 visualized by isoelectric
focusing and 882 by non-equilibrium pH gradient
electrophoresis). About 20% of the proteins
have been identified [114].

Burggraf et al. [115] have constructed a 2D
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database from five cell lines of different germ
layers. The database was developed from the
proteins in total cell lysate and the isolated and
purified nuclei of each cell line. The database
comprises the common proteins in the master
protein patterns of each of the cell lines.

Ali et al. [116] have developed a sophisticated
computerized laboratory processing system for
2D electrophoresis data. Appel et al. [117] have
developed a set of computer programs which
they entitled ELSIE/MELANIE to detect,
quantify and compare protein spots on high-
resolution 2D-PAGE. Their goal was to use the
system to make automatic diagnoses from 2D
gels. The diagnostic rules that they built into the
system have enabled them to successfully diag-
nose cirrhosis of the liver and to determine a
variety of types of cancer.
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