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Figure 1. O'Farrell's 2-D gel technique

After lysis of specimen in a lysis buffer (8M urea, 2% NP-40}, 5% mercaptoethanol},
the sample undergoes separation on the basis of charge (isoelectric focusing). The
gel is then transferred to the SDS-PAGE step, in which the polypeptides are further
separated on the basis of size

New
Dimensions
in Protein
Analysis

Two-Dimensional Gel
Techniques Are Coming
of Age as Image
Processing Is Applied
to Computer Analysis
of the Data

Proteins occupy a central position
in the expression of genetic informa-
tion. They act as the major effectors of
cellular activity, since genetic infor-
mation is predominantly expressed in
the structures and activities of the
thousands of proteins coded for in
DNA and synthesized during the life of
a cell.

The individual mix of protein com-
ponents in a given cell determines, to
a very large extent, the state of differ-
entiation and level of functional activ-
ity of that cell. These proteins may
function as: 1) major structural ele-
ments in cells (e.g., microtubules); 2)
enzymes controlling the rates of bio-
chemical pathways; 3) receptors inter-
acting with exogenous stimuli; and 4)
extracellular products affecting other
cells. If one could precisely identify
and quantify the protein composition

Reprinted from Analytical Chemistry, 1981, 53, 390A. .
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of a particular ceil or population of
cells, then its state of differentiation
and function could be determined.
Two-dimensional polvacrylamide
gel elecirophoresis (2-D PAGE) is an
analytic biochemical technique that
represents a powerful tool for the eval-
uation of the polypeptide components
of complex mixtures of proteins, such
as cells or body fluids. Computer pro-
cessing of 2-D gel information will
ultimately be capable of producing a
complete catalog of the polypeptide
components of virtually all cells, #hus
permitting the precise definition of
cell types and activities. This article
provides a brief surnmary of the state
of the art of 2-D gels—the techniques
involved, their applications, and the
potential for future developments.

Basic Technique

The analytic resolution of a single
(one-dimensional} technique is vastly
increased when a second independent
analytic procedure is applied to com-
ponents separated by the first tech-
nique. This principle has long been
employed in areas such as thin-layer
chromatography, and is confirmed
again in 2-D PAGE. A major challenge
for the future is the addition of still
further dimensions to such tech-
nigues, as we shall see.

While a number of historical ante-
cedents can be traced, O'Farrell’s
paper in the Journal of Biological
Chemistry in 1975 was crueial to the
development of 2-D PAGE. It demon-
strated that two relatively high resolu-
tion one-dimensional techniques-—iso-
electric focusing in polyacrylamide
gels and sodium dodecylsulfate (SDS)
polyacrylamide gel electrophoresis—
could be combined into a single two-
dimensional technique. The combined
method was capable of simultaneously
resolving hundreds of individual poly-
peptide ceimponents of cells.

The essence of the technique is
quite simple and is outlined in Figure

1. The specimen to be analyzed (cells,
serum, etc.) is first treated with a de-
naturing and reducing buffer system
such as 8M urea, 2% nonionic deter-
gent, and 5% mercaptoethanol, thus
freeing the individual polypeptide
components. This sample is then
subjected to isoelectric focusing, usu-
ally in a thin polyacrylamide tube gel
alse containing 8M urea and nonionic
detergent in addition to carrier am-
pholytes {polyaminopolycarboxylic
acids that migrate i the gel to form a
pH gradient when subjected to an
electrical field). Components of the
sample are separated into discrete
bands in the gels on the basis of their
net intrinsic charges in the denaturing
medium. Each component migrates in
the pH gradient created in the gel by
the action of the electrical field on the
ampholytes until it reaches a pH at
which its net charge is zero.
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This focusing gel, containing the
separated polypeptides, is then posi-
tioned atop an SDS polyacrylamide
gradient slab gel and electrophoresed
at right angles to the first separation
dimension. SDS binds to the polypep-
tide components electrostatically,
masking any charge differences be-
tween polypeptides, causing them to
migrate through the second gel on the
basis of their apparent molecular
sizes. Thus two independent molecu-
lar parameters—charge and size—pro-
vide the basis for the two-dimensional
separation. The final result is dn array
of spots distributed throughout the
matrix of the slab gel (Figure 2}. Al-
though some proteins appear not to
focus well in the first dimension, re-
sulting in artifactual horizontal
smears, the technique is capable of a
high degree of precision and reproduc-
ihility,

pH
A sl D £ ~
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T LI I F 1
Myosin 200 000
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BSA 68 000 -
R T - ., -
Ovalbumin 45 000 L= 5
Carbonic Anhydrase 30 000 5 & =
Soybean 21 000 - .
Trypsin inhib. 14 300 —é*
Lysozyme

Figure 2. 2-D gel of human lymphocyte proteins. Coomassie Biue stained pattern




The development of devices such as
the Iso-Dalt apparatus designed by
Norman and Leigh Anderson at Ar-
gonne National Laboratory, which can
focus 20 samples and run 10 slab gels
simultaneously on identical gels, has
permitted the analysis of large num-
bers of samples (See ANALYTICAL
CHEMISTRY, 1979, 51, 707-8 A). Even
with this high degree of reproducibili-
ty in the distribution of polypeptide
spots, it is usually wise to run each
sample in replicate gels to confirm
polypeptide differences between sam-
ples.

Technical Variations

Two-dimensional PAGE is suscepti-
bie to innumerable variations, summa-
rized in Table I. Some samples may be
better solubilized by the addition of
small amounts of the ionic detergent
SDS {e.g., 1.5%) to the lysis buffer.
Since the 8M urea in the focusing gel

*is capable of removing the SDS from
the surface of the proteins, this does
not interfere with their focusing. Ri-
bosomal proteins have often been ana-
lyzed in a 2-D system involving acid/
urea electrophoresis in the first di-
mension and SDS-PAGE in the sec-
ond dimension, as described by
Kaltschmidt and Wittman in 1970.
Basic proteins, such as histones, are
not resolved on standard O’Farrell
gels because of their alkaline isoelec-
tric points and the well-known degen-

eration of the cathodic region of iso-
electric focusing gradients. To avoid
this problem, one can reverse the posi-
tions of the acidic and basic buffer
baths and perform a nonequilibrium
electrophoresis in place of isoelectric
focusing. This, coupled with the use of
solubilizing agents such as salt, prota-
mine, or phosphatidyl choline has per-
mitted good resolution of basic nucle-
ar proteins. Another solution to this
problem has been to reverse the order
of the two electrophoreses—SDS-
PAGE first, followed by isoelectric fo-
cusing in a slab gel, since polypeptides
that will not enter a first-dimension
isoelectric focusing gel will nonethe-
less usually enter an SDS-PAGE gel.
Even with these variations, some sys-
tems, such as plant proteins, have not
been successfully analyzed on 2-D
gels, A variety of marker protein mix-
tures can be electrophoresed as stan-
dards to determine both the molecular
weight and relative charge of sample
polypeptides. Carbamylation of a pu-
rified protein provides a mixture of
charge variants differing by unit
charges for use in standardizing the
isoelectrie (charge) dimension. Often
the separation of polypeptides in a se-
ries of gels of similar samples (e.g., of
mammalian cells) is so reproducible
that there is no need to standardize
each gel.

High resolution 2-I gels can be
made even more informative by com-
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plementing them with a variety of
other techniques, either preprocessing
the samples or postprocessing the gels.
Staining with protein-binding dyes,
such as Coomassie Blue, represents
the simplest form of the latter (Figure
2}). The recent development of a silver
stain capable of visualizing far smaller
amounts of protein (well under 1 gg in
an individual spot) has permitied
analysis of trace protein constituents
both in cells and in body fluids, such
as unconcentrated cerebrospinal fluid.

Such staining procedures essentially
reflect the steady-state concentration
of the polypeptides visualized. Addi-
tional information about the synthesis
rates of cellular polypeptides can be
obtained simultaneously by incubat-
ing the viable cell population with a
radioactive amino acid substrate for a
brief period (e.g., 20 min) prior to dis-
ruption with lysis buffer. The radiocac-
tive polypeptides synthesized can be
separated on a 2-D gel and detected
and quantified autoradiographically,
providing a fingerprint that is specific
for the metabolic status of the cells
under study. Experimentai perturba-
tions of cellular metabolism involving
alterations in the synthesis rates of
specific polypeptides may thus be
studied with a previously impossible
level of precision. The use of high spe-
cific activity radioisotopes coupled
with autoradiography (or scintillant-
enhanced autoradiography, termed
fluorography, for 3H labals) permits
evaluation of up to approximately
1000 polypepiides simultaneously.
The use of very large 2-D gels may
ultimately provide resolution suffi-
cient to detect the majority of cellular
polypeptides.

Double labeling experiments with
8H- and either 14C- or 358-labeled
amino acids, which can be differential-
ly visualized by performing fluorogra-
phy followed by autoradiography on
the same gel sequentially, can be de-
signed to permit evaluation of individ-
ual polypeptide turnover rates. In ad-
dition, this type of double label visual-
ization permits coelectrophoresis of
control and experimental samples la-
beled with isotopes of differing ener-
gies (e.g., °H and 358). Differential vi-
sualization of the two samples in the
same gel removes the problem of arti-
factual variations in protein migration
in the gels. Any difference between
the 3H and 358 images must reflect a
real difference between the two sam-
ples.

A wide variety of other isotopically
labeled compounds may also be used
to study protein metabolism, particu-
larly posi-translational protein modi-
fications. Phosphoproteins are readily
visualized avtoradiographicaliy in
samples labeled with #2P. The %2P-la-
beled spots can then be further corre-



lated with the patterns of amino acid-
labeled proteins, permitting identifi-
cation of charge variants of specific
polypeptides created by phosphoryl-
ation. As another example, we have re-
cently demonstrated the covalent in-
corporation of labeled pelyamine into
a few specific low molecular weight
polypeptides in human Iymphocytes,
Surface membrane proteins can be la-
beled enzymatically with 1251 and dis-
played on 2-I) gels (Figure 3).

When 2-D gels are used in conjunc-
tion with other technigues, a poten-
tially infinite variety of n-dimensional
analyses are possible. A typiecal exam-

ple is the 2-D gel analysis of pulse-la-

. beled polypeptides from specific sub-
cellular fractions isolated by density
gradient ultracentrifugation. The
analysis of immunoprecipitates on 2-D
geis provides a particularly powerful
combination {Figure 4). With the ad-
vent of monoclonal antibody technolo-
gy, it is now only a matter of time be-
fore we possess “libraries” with specif-
ic antibodies for most, if not all, pro-
teing, It will then be 4 relatively sim-
ple matter to determine both the cel-
lular location (by imrnunomicroscopy)
and the metabolic status (by 2-D gels}
of a large number of polypeptides.
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Figure 3. 2-D gei pattern

25 labeled surface proteins of a human T lym-
phobiastoid cell tine, MOLT-4

Current Applications

Most published studies utilizing
2-D gels have sought to identify differ-
ences in the autoradiographic patterns
of pulse-labeled proteins from cells in
tissue culture either produced by
treatment with a hormone or similar
agent or occurring during differentia-
tion, Our studies are typical in that we
have used 2-D gels to identify human
lymphocyte polypeptides whose rela-
tive synthesis rates are altered during
the course of growth activation in-

dueced by mitogens, substances that
induce mitosis. Since we are examin-
ing only the 300—400 polypeptides
present in highest concentration in
lymphocytes, we are probably, for the
most part, examining changes in the
synthesis of major structural, or
“housekeeping,” polypeptides. None-
theless, we can identify both an in-
crease in the absolute synthesis rate of
most polypeptides as well as alter-
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Figure 4. Autoradiograph of 2-D gel
pattern

Immunoprecipitate of antihurnan beta-2-microglo-
bulin and a detergent lysate of radiolabeled
human fymphocytes. The beta-2-microglobulin
spot is at lower left, below a line of coprecipitat-
ed human jeucocyle antigen {HLA) polypeptides

ations in the relative synthesis rates of
many specific polypeptides. Similar
results have been reported in associa-
tion with altered growth rates in clo-
nal rat cell lines. Alterations in the
synthesis rates of specific proteins
have been seen in hepatoma lines
treated with glucocorticoids, a mouse
lymphoma line treated with cyelic
AMP, fibroblasts in the presence of
interferon, and a variety of other sys-
tems.

Alterations in protein synthetic pat-
terns during differentiation have been
defined with 2-D gels during myogen-
esis in rabbits, in nerve cell lines treat-
ed with nerve growth factor, and ina
mouse myeloid leukemia that differ-
entiates in response to DMSO. Since
protein synthetic patterns seem to re-
flect both the tissue of origin and the
state of differentiation of the cell pop-
ulation studied, we and others have
begun to examine the potential clini-
cal applications of the technique. As
an oncologist, I (E.P.L.) would find it
particularly useful to be able to deter-
mine the precise cell type and state of
differentiation of the nialignancies 1
treat, and 2-D gels may make this pos-
sible in a single analysis of the tumor
tissue, The very large data base im-
plicit in a single 2-D gel pattern of
tumor cell proteins may further con-

tain a wealth of proghostic informa-
tion, clues to expected biological be-
havior, and indications of likely re-
sponses to therapy, once we learn to
interpret the data.

Yet another area in which 2-D gels
are finding important applications is
in genetics and the analysis of genetic
diseases. Two-dimensional gels can
readily detect shifts in the location of
a single polypeptide spot in mutant E.
coli straing known to differ from a
control strain in a single genetic locus
{protein). Studies are currently under-
way in our laboratory to identify mu-
tant or deleted gene products in
human genetic diseases such as cystic
fibrosis. _

At a more basic level, 2-D gel tech-
nology has shed light on one of the
central concerns of genetics—the ex-
tent of genetic polymorphism in pro-
tein gene products. Whereas classical
charge-dependent electrophoretic
studies of cellular enzymes have
shown a high frequency of polymor-
phism, 2-D gels, which visualize pri-
marily structural proteins when ap-
plied in the usual fashion to whole cell
extracts, show a very low frequency of
polymorphism. This implies a high de-
gree of evolutionary conservation of
structural, as opposed to enzymatic,
gene products.

Computerized 2-D Gel Image
Analysis

Simple inspection of a 2-D gel
image may often be adequate to pro-
vide an important experimental result,
such as detectian of an alteration in
the synthesis rate of a specific poly-
peptide of interest. Such a result, of
course, largely ignores the ofien im-
mense amount of data about other
polypeptides visualized concurrently.
Furthermore, simple inspection leads
to essentially qualitative rather than
quantitative conclusions.

We, and others, have been primarily
concerned with the computerized
analysis of 2-D gels of biosynthetically
pulse-labeled polypeptides, since
these provide information about the
relative synthetic rates of a large num-
ber of polypeptides, potentially very
useful data for a wide variety of bio-
logical problems. Here we shall con-
fine our discussion to this prohlem, al-
though analysis of other types of 2-D
gel data (e.g., stained patterns) is
quite analogous. We have called our
system GELLAB—a software lahora-
tory for gel analysis.

To realize the true potential of 2-D
gels we must have an analysis of these
images that is at once comprehensive,
covering all polypeptides visualized,



Table il. Computer Analysis of 2-D Gels of Radiolabeled

Polypeptides

Probtems

Sohstions

Data acquisition

Scintillation counting of excised spots

“Seiniiliationscanning’ of intact gels (theoretical)
Autoradiography/fluoragraphy with image digitization by
television or optical density scanning

Spot detection Image filtering
and Background subtraction
quantitation Spot detection
+ Thresholding

* Peak detection

+ Central core detection and propagation

* Curve fitting

Integration of spot density

Gel comparison

“Landmarking” reiative to reference gel (R-gel)

and Coordinate transformation

spot mapping

Spot pairing by empirical criteria

Statistical measures of surety of pairing

Data base
. construction

“R-spot’’ sets

and quantitative. For this, a comput-
erized analysis of these images is
clearly required. The quantities of
data are too vast for any other ap-
proach unless the number of gels or
polypeptides analyzed is severely lim-
ited.

The difficulties involved in comput-
er analysis of 2-I) gel data can be sub-
divided into a number of problems
(see Table IT). These are: 1) raw data
acquisition; 2) initial polypeptide spot
detection and measurement, which we
term “segmentation”; 3) comparisons
of the same spots in replicate or simi-
lar gels, or spot mapping between gels;
and 4) construction and analysis of a
unified data base encompassing all
spots in all gels in an experimental se-
ries. From this last level, we may fur-
ther conceive of the construction of a
theoretical “canonical” gel in which
the location of each species of poly-
peptide from any and all sources is
specified. Such a location, a function
of isoelectric point and size, would be
unigue tor sach polypeptide in nature.

Data (Image) Acquisition

While portions of gels containing in-
dividual polypeptides may be excised
from gels and subjected to scintilla-
tion counting to aceurately quantitate
radioactivity {proportional to that
polypeptide’s synthesis rate), such a
procedure is feasible enly for a small
proportion of the total data on a 2-D
gel. It may, nonetheless, previde an
important means for checking other
methods of gquantitation. In general,
data aequisition must be accom-
plished by first producing an autora-

Statisticat anaiyses

diographic (or fluorographic) image on
X-ray film, followed by digitization of
this image. Digitization requires either
a high-quality television system (capa-
ble of a minimum of 500-1000 nonin-
terlaced line resolution} or a rotating
drum optical density scanner (such as
an Optronics P-1000 high-speed drum
densitometer). We have utilized a Vid-
icon television camera at a resolution
of 170-250 microns per picture point
{pixel) to convert 2-I) gel autoradio-
graphs into 512 X 512 matrices of gray
values. Of course, with a television
system, an optical density scale must
be included in each scanned image to
permit conversion of gray scale values
to optical density values. Further-
more, the autoradiographic image
must itself be calibrated by exposure
of the film to gel segments of known
radioactivity in order to permit esti-
mation of polypeptide radioactivity
from optical density values. This sec-
ond calibration applies to all images
regardless of the method of digitiza-
tion.

During each of thése steps, care
must be taken to remain within the
dynamic range of both the film and
the digitization hardware. For this
purpose, a graded series of film expo-
sures of a single gel may be necessary.
While some workers have used “pre-
flashed” film in an attempt to linear-
ize the lower range of the film re-
sponse curve, sich an approach is not
necessary if radioactive standards are
exposed with each film. It may ulti-
mately be possible to obviate these
difficuliies by the development of in-
strumentation capable of scanning {or

and quantitating radioactive emis-
sions, or photons if fluorography is
used, directly from intact 2-I) gels.
This would allow direct quantitation
of radioactivity at each picture point.

Spot Detection and Quantitation-
Segmentation

The first crucial task in analyzing
the digitized image (regardless of its
method of acquisition) is the detection
of its component spots. A variety of
approaches have been employed by
various groups. Most begin with one or
more filter algorithms that are de-
signed to reduce image noise. A typical
3 X 3 pixel convolution filter for image
smoothing is shown below:

1 21
2 4 2
1 21

In convolution fiitering, the value of a
“central” pixel is multiplied by, in this
case, four. Its eight neighbor pixels are
each multiplied X 1 or X 2, according
to their positions relative to the cen-
tral pixel. The nine products are
summed and the total value is divided
by 16,since (1 + 2+ 1 4+24+44+ 241
4+ 2 4 1) = 16. The original value of
the central pixel is then replaced by
this normalized value. This process is
repeated for each pixel in the image.
Background values are then usually
obtained by estimaiing the first peak
of a density histogram of each of 64
subregions of the.entire image, and
subtracting an interpolated value from
each spot measurement. Actual spot

| Gray Value

l

+ Direction of the
- Sazcond Derivative of
the Gray Value.

Figure 5. Central core and its propaga-
tion for a theoretical spot



{a)

(b}

Figure 6. Computer processing a 2-D gel image . (a} Native image: {b) Computer-generated image

detection may be performed by
thresholding, i.e., setting an empirical
value to determine a spot boundary—
but this is often unsatisfactory be-
catse of the marked variation in spot
intensity and background. An alterna-
tive approach involves detection of
density peaks followed by evaluation
of adjacent inflection points {points of
maximum rate of density change) to
determine spot houndaries. Qur ap-
proach has utilized detection of the
central core of each spot, which is de-
{ined as those pixels having negative
second derivatives of the density. This
is because the rate of increase of den-
sity as the spot is scanned from its
edge to its center is less in the central
core than at the preceding inflection
point {Figure 5). Once the central core
has been found, adjacent pixels may
be added to it {propagation of the cen-
tral core) on the basis of ancillary al-
gorithms {e.g., monotonically decreas-
ing values moving out from the central
core are included until background
values or an adjacent spot is reached).
An example of an original and a “seg-
mented” 2-D gel is shown in Figure 6.
The superimposition of two such im-
ages is represented schematically on
the cover of this issue.

Yet another approach involves the
fitting of Gaussian or skewed Gauss-
ian curves to the detected peaks. The-
oretically, it should be possible to *“de-
convolve” the entire image into its
component overiapping density
curves, thus permitting precise mea-
surement of each spot in spite of over-

lapping. Such a possibility, however,
would potentially require large in-
creases in computation, and even cur-
rent methods are relatively costly
since each image has about 250 000
pixels that must be evaluated by suc-
cesgive algorithms. No single set of al-
gorithms has proven ideal for all areas
of all images, and direct comparisons
of the various programs now available
are needed. It may ultimately be best
to combine these various approaches,
using one set of algorithms for certain
areas of a gel and applying a second
set to other areas not well segmented
by the first method.

Gel Comparison

Having achieved, by whatever
means, an adequate detection and
measurement estimate of the spots in
a gel, it is next necessary to compare
that gel with its control gel to deter-
mine experimentally induced varia-
tions. Segmentation algorithms output
a list of spots, with associated densi-
ties, X and Y coordinates, and per-
haps other data. Such lists must be
matched with lists for similar gels,
mapping each spot from one gel onto
its counterpart in another gel.

Qur approach here is typical. We
landmark each gel by comparing it
with a reference gel from the same se-
ries and noting the X, Y coordinates of
a set of 15-24 easily identifiable spots
matched between both gels. The same
set of spots is used for comparisons
between the reference gel and all gels

that are paired to it. The X, Y coordi-
nates of these landmark spots are used
by a set of gel comparison algorithms
to map all of the spots in one land-
mark region in one gel onto the spots
in the same region of the reference gel.
While some groups have used these
coordinates to transform the coordi-
nates of all the spots in the gel, we
have simply used empirical criteria
based on spot distance from the land-
mark spot and distance between mem-
bers of a pair to accomplish pairing
{Figure 7). Our final output consists of
a series of gel comparison files, each of
which consists of a list of spots paired
with the spots present on the refer-
ence gel,

We have found it particularly useful
to develop software that allows us to
rapidly compare (flicker} two gel im-
ages on a video display and interac-
tively landmark them. The use of
video display or plotter output to vis-
ually evaluate the gel analysis process
at each step is essential.

An additional feature needed in gel
comparisons is an estimate of the reli-
ability of each spot pair detected. This
estimate is a function of the distance
of the pair from the relevant landmark
spot (dL, Figure 7) as well as the dis-
tance between the spots in the pair
(dP, Figure 7}, and is essentially a sta-
tistical measurement. It must be de-
termined experimentally by compar-
ing replicate gels of the same sample
and is, of course, profoundly affected
by the quality ahd repreducibility of
spot detection.
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Figure 7. Spot pairing parameters. A = landmark spot; dL, dP—see text

Data Base Consivuction and the
Canonical Gel

Once a series of gel comparison files
has been constructed, the final stage
of gel analysis can begin with the con-
struction of a unified data base en-
compassing all of the valid data on all
of the gels in an experimental series.
The essential element in such a seties
is what we call an R-spot set. This
consists of a given spot on the refer- -
ence gel (the gel to which all of the
other gels were compared) and the -

spot paired with it in each of the other

gels in the series. Ideally, if this poly-
peptide was present in each sample,
correctly electrophoresed on each gel,
visualized on each autoradiograph,
correctly segmented by the spot detec-
tion algorithms, and correctly paired
1o the R-spot by the gel comparison
algorithms, then there will be one
member of the R-spot set for cach gel
in the series (Figure 8). Such an ideal
is currently achievable in only a frac-
tion of the R-spot sets in our current
data bases. However, the current abili-
ty to include over 100 gels, with thou-
sands of spots from each gel in a single
daia base, allows statistical determi-
nation of the level of error inherent in
the system. Such statistical analysis
may define spots that change signifi-
cantly in response to the initial experi-
mental manipulation of the cellular
samples. T'o evaluate such a result, it
is very useful to have a 2-D gel image
displaying these spots with markings
(Figure 9).

Many computerized 2-D gel analysis
systems currently perform in the opti-
cal density mode, rather thanina
mode representing actual radioactivity

in each polypeptide. In the density
mode, the value of each spot must bhe
normalized and may be expressed ei-
ther as a percent of the total density
of all the spots or as a ratio to the den-
sity of one or more selected polypep-
tides. Our current system flexibly al-
lows reexamination of the entire data
base after normalizing it in a variety
of ways. :

. A large data base such as this per-

mits detailed and sephisticated statis-
tical dissection to evaluate unsuspected
interrelations between polypeptides

- and alterations in rates of polypeptide

synthesis induced by a variety of ex-
perimental manipulations. We have
been particularly careful to build a
software system that will output data
into files that may be independently
analyzed by the powerful statistical
software packages currently available
in most computer centers. Even in its
current developmental state, our sys-
tem, GELLAB, appears significantly
more effective than visual analysis in
detecting experimentally induced al-
terations in polypeptide synthesis
rates. Since each of the four steps in
2-D gel analysis is accomplished sepa-
rately (data acquisition, Image seg-
mentation, image comparison, and
data base construction) we can substi-
tute and compare various hardware
and software components at each step
unti! the system is optimized.

By appropriately combining such
data bases, it will someday be possible
to create a true canonical gel, by which
we mean an idealized gel image in
which the location of each polypeptide
found in any and all experimental se-
ries is specified within statistical lim-
its. Such a theoretical image may then
be used recursively to guide hoth the
spot detection and gel comparison al-
gorithms. Ultimately, it may provide
an intellectual framework and nomen-
clature by which the state of differen-
tiation and-activity of any cell popula-
tion may be defined.

Thus the coalescence of a variety of
techutiques from such disparate disci-

. plinés as tissue culture, biochemical

analysis, image processing, and statis-
tical computer analysis of large data
bases has produced a powerful new
system for the evaluation of guestions
that arise in fields such as human ge-
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Figure 8. The dafinition of an R-spot set
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Figure 9.A 2D gel image with labeling
of spots found by statistical analysis of
a data base

netics and developmental biology, and
in the study of disease.
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