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Background: A major challenge in the post genomic era
is to map and decipher the functional molecular networks
of proteins directly in a cell or a tissue. This task requires
technologies for the colocalization of random numbers
of different molecular components (e.g. proteins) in one
sample in one experiment.

Methods: Multi-epitope-ligand-“kartographie” (MELK) was
developed as a microscopic imaging technology running
cycles of iterative fluorescence tagging, imaging, and bleach-
ing, to colocalize a large number of proteins in one sample
(morphologically intact routinely fixed cells or tissue).
Results: In the present study, 18 different cell surface
proteins were colocalized by MELK in cells and tissue sec-
tions in different compartments of the human immune
system. From the resulting sets of multidimensional binary

vectors the most prominent groups of protein-epitope
arrangements were extracted and imaged as protein
“toponome” maps providing direct insight in the higher
order topological organization of immune compartments
uncovering new tissue domains. The data sets suggest that
protein networks, topologically organized in proteomes in
situ, obey a unique protein-colocation and -anticolocation
code describable by three symbols.

Conclusion: The technology has the potential to coloca-
lize hundreds of proteins and other molecular components
in one sample and may offer many applications in biology
and medicine. © 2007 International Society for Analytical Cytology

Key terms: MELK/MELC; toponome; proteome; code;
fluorescence microscopy

Principally, a cell or a tissue can establish or alter function
by (@ regulation of proteins at the transcriptional or transla-
tional level; (i) modification of proteins, e.g. glycosylation,
limited proteolysis, folding, a.s.o.; (iii) spatial protein arrange-
ment forming networks, and (iv) protein translocation and
rearrangement. All current postgenomic technologies based
on large-scale protein-expression profiling as provided, for
instance, by microarrays (1), 2D gel electrophoresis, two
hybrid technology (2-5), and others (6,7) require the
destruction of cells to extract proteins, protein complexes,
or RNA, or establish molecular interaction assays. By aver-
aging over millions of cells, these methods address the first
two items (i and ii), but cannot address the arrangement of
proteins in intact individual cells or tissue, in which protein
regulation, translocation, and spatial arrangement all are inte-
grated into a highly specific, topologically structured protein
web that finally exerts all biological functions. Reasonably,
the ability to monitor all proteins in one cell in a single
experiment has been formulated as a major goal for future
functional genomics research (8), cytomics (9), and predic-
tive and preventive medicine (10-12).

Cells assembled in tissues can modify their structural
and functional activity to adapt to changing environmental

demands or internal and external stress. This facility is of
vital importance, and is often characteristically perturbed
in disease processes. Sometimes only a few cells, or even
a single cell are, of primary importance for histological di-
agnosis and disease classification (13,14). Understanding
the organization of the proteomes of cells in tissues and,
in particular, of such single key cells in disease processes
in their natural environment in situ, is an important future
challenge. A proteomic technology addressing such cells
directly must be nondestructive and alignable with rou-
tine histologic examination working on light-microscopic
scales. Although several methods have been described
increasing the number of different parameters observable
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Table 1
List of Protein Epitopes Localized by MELK

Antigen Lokus link symbol Lokus link name

CD4 [CD4] CD4 antigen (p55)

CD8 [CD8A] CD8 antigen, alpha polypeptide (p32)

HLADR [HLA-DRB1 (ns)] Major histocompability complex, class II, DR beta 1

HLADQ [HLA-DQA1] Major histocompability complex, class II, DQ alpha 1

CD3 [CD3E] CD3E antigen, epsilonpolypeptide (TiT3 complex)

CD26 [DPP4] Dipeptidylpeptidase 4 (CD26, adenosine deaminase complexing protein 2)

CD38 [CD38] CD38 antigen (p45)

CD45ra [PTPRC] Protein tyrosine phosphatase, receptor type, C

CD16 [FCGR3A and FCGR3E] Fc fragment of IgG, low affinity Illa, receptor for (CD 16)
and Fc fragment of IgG, low affinity IIIb

CD57 [CD57] CD57 antigen

CD56 [NCAM1] Neural cell adhesion molecule 1

CD7 [CD7] CD7 antigen (p41)

CD62L [SELL] Selectin L (lymphocyte function-associated antigen 3)

CD71 [TFRC] Transferrin receptor (p90, CD71)

CD11b [ITGAM] Integrin, alpha M (complement component receptor 3, alpha; also known
as CD 11b (p170) macrophage antigen alpha polypeptide)

CD36 [CD36] CD36 antigen (collagen type I receptor, thrombosponding receptor)

CD19 [CD19] CD19 antigen

CD2 [CD2] CD2 antigen (p50), sheep red blood cell receptor

The corresponding lokus link data base annotations are indicated.

independently in one sample (15-19) and quantitative tis-
sue analysis has been reported (20,21), still far too few
proteins can be visually examined in parallel on the level
of single cells or single tissue-sections to map the contex-
tual patterns of proteins forming molecular network archi-
tectures in structurally preserved samples.

Here, a fluorescence imaging technology termed multi-
epitope-ligand-kartographie (MELK) is described using
fluorescently labeled antibodies as tag libraries to coloca-
lize a hitherto unaccessible large number of proteins in
fixed cells and tissue sections with photonic resolution by
using iterative rounds of protein localizations. While as-
pects of MELK have been described (22) and the principle
feasibility to colocalize 17 antigens in one tissue section
has been shown (23), the present study goes a step fur-
ther. By analyzing several tissue compartments of the cel-
lular immune system in parallel for 18 cell surface pro-
teins, the basic features of MELK are described in detail
showing that a three-symbol code can be derived from
MELK data sets uncovering new tissue domains. This
approach permits the mathematical description of the top-
ological organization of (sub) proteomes in single cells or
tissue sections, referred to as the toponome. The use of
MEILK to construct high dimensional toponome maps may
have broad implications in the life sciences.

METHODS
Antibodies and Reagents

Monoclonal antibodies (mAb’s, Table 1) used in the
present MELK procedures are highly standardized and
widely used to label cell surface antigens. They were pur-
chased from commercial suppliers (Beckmann-Coulter:
CD2, CD3, CD4, CD7, CD8, CD16, CD19, CD36, CD38,
CD45RA, CD56, CD57, CD71, HLADR; Becton Dickinson:
CD26, CDG62L, HLADQ) in conjugated form (PE- or FITC-
conjugated). Propidium jodide, purchased from Sigma
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(Germany) was used at a dilution of 0.1 pg/ml in PBS to
stain nuclei. For the MELK procedures mAb’s were diluted
at 1 pg/ml in PBS and applied at 20°C for incubations.

Preparation of Cells and Tissue Sections

Frozen tissue blocks from a human palatine tonsil (surgi-
cal sample) and a human muscle tissue specimen (diag-
nostic muscle biopsy) were sectioned in a cryo-microtome.
Five-micrometer thick cryosections were prepared accord-
ing to earlier protocols (24): fixed in ice-cold acetone at
—20°C for 20 min, air-dried, and then rehydrated in PBS
(pH 7.4) at room temperature. Peripheral blood mononu-
clear cells (PBMC) were prepared as described (25).
Briefly, PBMC were isolated from the blood of a healthy
volunteer by a Ficoll isolation procedure, placed on an
object slide, air-dried, and then fixed in ice-cold acetone
and rehydrated at room temperature as described earlier.
Both the PBMC and the tissue sections were incubated
with normal goat serum, washed in PBS, and then placed
on the object table of the imaging cycler microscope for
further processing using MELK (see result section).

RESULTS
Imaging Cycler Set Up

The principle configuration of an instrument perform-
ing MELK cycles (see below) on one biological sample is
given in Figure 1. The whole set up, termed imaging
cycler (IC), follows the MELK protocols for iterative label-
ing of proteins or other molecular classes in one biological
sample using dye-conjugated tags (antibodies or any other
affinity tag) without any further secondary labeling step.
By collecting nN signals, each signal comprising & bits per
pixel, for each of n proteins and each of N pixels, or any
other ligands, the IC device has a power of combinatorial
discrimination (PCD) of 2nN. The set up consists of a pip-
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Fic. 1. Schematic illustration of the imaging cycler set up running
MELK procedures.

ette handling unit, an antibody/tag, and reagent “hotel,” a
conventional bright field fluorescence microscope, and a
liquid-nitrogen cooled charge-coupled device (CCD) cam-
era for light detection of fluorescently labeled proteins/
ligands in cells or tissue sections.

Principles of Multi-Epitope-Ligand-Kartograhie

The methodological principle of multi-epitope-ligand-
kartograhie (MELK) is based upon the view that a cell or a
tissue is essentially composed of highly conserved aque-
ous compartments and macromolecular complexes allow-
ing at least medium-sized macromolecules to diffuse freely
without significant hindrance. Provided that (i) this condi-
tion can be preserved by appropriate fixation methods,
(i) externally applied tag molecules (i.e. antibodies, lec-
tins, a.s.0.) can penetrate cellular membranes; and (iii) the
binding of tag molecules to their target structure within
the cell is not hindered and can be detected optically, it
should be possible to localize a very large number of pro-
tein species, or other molecular classes, in a cell by using
appropriate tag libraries run by IC’s. Given these require-
ments, a large scale tagging approach of a single cell or a
single tissue section should be possible by applying the
tag molecules, each of which is conjugated to the same
specific dye, sequentially on the sample, provided that af-
ter each labeling and optical imaging step, the dye is
bleached completely, so that the next tag can be applied,
and so forth. The resulting repetitive incubation-imaging-
bleaching cycles, permit the collection of large data sets

of protein distribution patterns with cellular or subcellular
light microscope-resolution, depending on the objective
and the numerical aperture used.

In experiments described below, monoclonal antibodies
(mAbs) were directly conjugated to fluoresceine-iso-thio-
cyanate (FITC) or phycoerythrin (PE) and assembled as a
library. The repetitive use of mAb sets, each set containing
two different FITC or PE-conjugated mAb’s, and the repeti-
tive cyclical spectral isolation of these fluorescent markers
leads to a collection of images (Fig. 2, forward cycle
images, runs A-C). Each image contains the fluorescence
distribution pattern of one single protein epitope. Overlay
of these images, based on precise geometric alignment,
provides the possibility to consider, for each pixel, the list
of its various fluorescence intensities expressed either in
terms of a vector of grey values, or, after the introduction
of appropriate threshold values for each signal, in terms of
a 0,1-vector, also called a combinatorial molecular pheno-
type (CMP), indicating absence or presence of the protein
in question at the pixel under consideration. Thus, each
primary data set (the grey-value images) gives rise to a col-
lection of pixel-CMPs. Each cell in a visual field can thus be
compared quantitatively with other cells displaying similar
or distinct CMPs. A collection of different CMPs represents
a momentary snapshot of a cell’s or a tissue’s phenotype.
By attaching CMPs to pixels of individual cells in a given bi-
ological sample, detailed somatotopic CMP maps, termed
toponome maps, can be constructed. Toponome maps are
considered to provide the basis for a mathematical and
computational exploration of the contextual nature of pro-
teins as a system in situ at the light-microscope level.

Performance of MELK

To run MELK on the biological samples used in this
study, mAb’s (Table 1) were used at a dilution of 1 pug/ml
in PBS. These standardized mAb’s recognize cell surface
proteins, which are highly characterized, widely used in
immunology, and known to interact in the cell surface
membrane to form cell-to-cell and cell-to-matrix adhesion
as well as signal transduction functions. A 40X phase con-
trast water objective with a numerical aperture of 0.9
(Zeiss) was used to visualize a tissue region of interest by
using PBS as optical immersion medium. To start the
MELK, the phase contrast image of a selected visual field
was registered in a first step, then followed by gentle re-
moval of the PBS. By avoiding any displacement of the
object and of the objective, the sample was incubated for
15 min “on stage” with a set of 2 mAb’s directed against
CD4 and CD8, conjugated to PE and FITC, respectively. Af-
ter 10 washing steps with PBS “on stage” the fluorescence
signals were registered selectively by using the following
filter sets: BP465/FT510/BP515-545 for FITC and BP546/
FT580/DEPIL575 = 8 nm for PE. Signals were digitized by
using a cooled CCD camera (photometrics). This was fol-
lowed by soft fluorescence bleaching at the same excita-
tion wavelengths for at least 10 min. The maximum
bleaching effect was registered as a “post bleach end point
image,” and a second phase contrast image was registered
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Fic. 2. Cyclical assessment of many protein sig-
nals in one sample. MELK data set illustrating the
simultaneous localization of 18 different cell-surface CD 38
differentiation marker proteins in three human g
immune compartments by using a library of mAbs
(Table 1). (A) Human palatine tonsil, extrafollicular
region; (B) Inflammatory infiltrate of the human CD45RA

skeletal muscle; (C-C”) PBMC, sequentially labeled
by MELK using the same mAb library indicating
reproducibility of epitope patterns. Altogether nine
cycles, 2 mAbs per cycle, were run. (A)-(C), labeled CD 16
epitopes are specified on the right. (D) Magnifica-
tion of two differentially labeled PMBC. (A1) and
(B1) propidium jodide nuclear stains. (C1-C1")
phase contrast images of PBMC. Note that CD36 is . - CD 57
an antigen present in endothelial cells and in cross
sectioned muscle fibers (B, 17) (26). Scale Bars:
A/B, 50 pm; C, 20 pm.

CD 71

CDI1lb

CD 36

CD 15

to control the morphological integrity of the sample, was started in the same sequence of steps as described. Al-
thereby finalizing the first incubation-imaging-bleaching together nine cycles were run in the following sequence:
cycle of the MELK procedure (not shown). The next cycle CD4-PE/CDS8-FITC; HLADR-PE/HLADQ-FITC; CD3-PE/CD26-
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FITC; CD38-PE/CD45RA-FITC; CD16-PE/CD57-FITC; CD7-
FITC; CDG62L-PE/CD71-FITC; CD11b-PE/CD36-FITC; CD19-
PE/CD2-FITC (Fig. 2).

Image Processing and Construction
of Toponome Maps

The images of each MELK procedure were aligned
pixel-wise based on matching the phase contrast images
of each cycle. For each image a threshold was set to binar-
ize each fluorescence signal [0 = below threshold; 1 =
above threshold]. Thresholds were generally set below
the lowest fluorescence signal and above the background
signal of individual images. These criteria coincide largely
with threshold criteria determined by an independent
automated threshold setting method involving combina-
torial geometry and statistics (27) (not shown). The binar-
ized images were superimposed, and the resulting binary
CMPs were saved as a list. Fractions of this list—generally
the 30 most frequent CMPs (in this study)—were visua-
lized as an assembly of color-coded geometric objects in
the images defined as toponome maps.

Mapping Mononuclear Leukocytes in Multiple
Immune Compartments

To illustrate the working of MELK, protein labeling
cycles were run on samples from different human im-
mune compartments and then aligned (Figs. 2A-2C). First,
peripheral blood mononuclear cells (PBMC) from a
healthy donor were analyzed. Briefly, PBMC isolated from
the blood and fixed on cover slips by routine procedures
(25) were subjected to the MELK procedure. In the pres-
ent example, altogether nine cycles with 2 mAbs per cycle
were performed showing highly heterogeneous cell sur-
face protein-epitope distribution patterns (Fig. 2C) with
fluorescence intensities ranging from high to low (Fig. 2C,
2-18). Moreover, some epitopes were undetectable re-
flecting the fact that in the blood of healthy donors, PBMC
may not coexpress all the 18 cell-surface receptors.

To examine the specificity and reproducibility (robust-
ness) of the single labeling patterns obtained during a
MELK procedure, MELK was performed on the same sam-
ple repetitively as internal control (Figs. 2C" and 2C"). Af-
ter RUN 1 (Fig. 2C), the same mAb library was applied
twice to the same sample at the same mAb concentrations
(RUN 2 and RUN 3, respectively). As illustrated by direct
comparison of the corresponding cellular epitope distri-
bution patterns (Figs. 2C-2C"; horizontal collection of
images), the cell-surface locations of the corresponding
epitope signals in all three runs are identical, although
the intensities of the signals may decline from RUN 1 to
RUN 3. This is due to the progressive mAb saturation of
the epitope-binding sites remaining free in the cells after
the preceding runs. This illustrates that the labeling proce-
dures of cycles 1 through 9 do not alter the localization
characteristics of the same mAbs applied in the consecu-
tive cylces 10 through 19, respectively (corresponding to
images 2-19 in Run 1 and 2-19 in Run 2, respectively). To
demonstrate this in detail, the CD4 signal was depicted as

a) CD4

RUN 1/ cycle 1

RUN 2/ cycle 10 RUN 3/ cycle 19

Fic. 3. Reproducibility of individual protein signals after multiple label-
ing cycles illustrates robustness of MELK. Micrograph illustrating the CD4
signal reproducibility through three sequential MELK runs on the same
cells (a—c corresponding to cycle 1, cycle 10, and cycle 19, respectively).
Note that the CD 4 images are depicted from Figure 3 (C2-C"2): the fluo-
rescence intensities per cell slightly decline in the second and the third
runs most likely due to a decrease of the number of remaining free non-
tagged epitopes after the preceding MELK runs. Note that the subcellular
locations of the signals are reproducible despite the preceding rounds of
mADb tagging procedures. Scale bar: 10 um.

an example: Figure 3 gives the CD4 cell-surface fluores-
cences of the RUN 1 through RUN 3, each of which was
registered using identical optical parameters including the
digital integration time of the CCD camera (2"”). While the
pattern of relative intensities of the CD4 signal remains
the same, the slight decline of the CD4 fluorescence inten-
sity may reflect the decrease of remaining free epitopes
for mAb binding. This indicates that the CD4 mAb recog-
nizes reproducibly the same subcellular sites irrespective
of the preceding cycles of labeling with the same and
other mAbs. Similar results were obtained, when the pri-
mary sequence of antibodies was randomly permuted (not
shown).

To examine the working of MELK on tissue sections, the
aforementioned mAb library was applied to map mononu-
clear leukocytes (ML) within two different immune tissue
compartments (human palatine tonsil and inflamed mus-
cle). The characteristic histologic feature of these com-
partments is the functional assembly of ML as lymphoid
tissue structures: (i) the extrafollicular, subepithelial site
of the human palatine tonsil (PT); (i) an inflammatory
infiltrate of ML in the human skeletal muscle located in
the endomysium. The latter is the hallmark of polymyositis
(PM) (14). PT is a lymphoepithelial secondary immune
organ belonging to the integrated mucosal immune sys-
tem of the pharynx (28) to protect the body from micro-
bial invasion (29). PM is a chronic inflaimmatory human
muscle disease, mediated by invasion, and accumulation
of T lymphocytes penetrating the basal lamina of muscle
fibres (14). The working of MELK applied to acetone-
fixed, 5-um-thick cryo tissue sections of these two lymph-
oid compartments is illustrated in Figs. 2A and 2B, show-
ing a unique distribution pattern for each of the 18 pro-
tein-epitopes in these tissue types, indicating selectivity
and specificity of the MELK procedures.

Formalization of MELK Data Sets
as Geometric Objects
Deriving CMPs from binarization of original MELK data
sets (Figs. 2A and 2B) was chosen as one possible formal-
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Table 2
Schematic Illustration of the Topological Hierarchies
of Proteins within the Toponome

Proteins
* m A @
Pixel 1 0 1 1 CMP1
Pixel 1 0 0 0 CMP2
Pixel 1 0 1 0 CMP3
1 0 * * CMP-Motif (Toponome motif)
T

Lead Protein (L); O = absent protein (A); * = wild card proteins (W)

Hierarchies are identified by setting a threshold for each protein
signal (1 = present, above threshold, 0 = absent, below thresh-
old; = 1 bit for each protein signal per pixel). Four proteins are
presented as symbols (upper line). The interrelationship of differ-
ent CMPs and a CMP motif (group of different CMPs having a
lead protein in common) is illustrated. CMP motifs, characterize
a functional state of a cell or a tissue, in which, formally, the lead
protein is hierarchically dominant.

ism to assign a label to a local protein ensemble in biologi-
cal structures. This type of formalism is a relatively simple
way of describing the cocompartmentalization and ar-
rangement of proteins in subcellular and supracellular
contexts at once, although the information content of the
primary grey value images is strongly reduced. Conse-
quently, the resulting CMPs represent an approximation
of the relative abundances of proteins within a structural
data point (pixel). The identification of the combinatorial
organization of proteins per data point or sets of data
points in situ as CMPs requires “holistic” images contain-
ing the relevant information of the whole MELK data set.
Such images were constructed by associating one color
with the most prominent CMPs, coloring each pixel with
that color that displays this CMP. Several CMPs may be
grouped as CMP motifs. By definition, a CMP motif is the
formal description of a cluster of CMPs that have several
features in common: (i) one or more proteins that are
present in all CMPs of the motif, the lead proteins (Ls); (ii)
inversely correlated (anticolocalized) proteins, not pres-
ent in any of the CMPs of the motif (absent = A), and (iii)
variably associated or “wild card” proteins, e.g. proteins
that may not be present in all CMPs of the cluster (W). A
typical CMP-motif would then be denoted by a sequence
of 1s, 0s, and *s, or Ls, As, and Ws, indicating the lead, the
inversely correlated, and the wild card proteins, respec-
tively (schematically illustrated in Table 2).

Toponome Maps of Lymphoid Tissue: Direct Labels
of an Organized Cell Surface Proteome Fraction

The visualization of all, or fractions of all, detected
CMPs derived from the MELK data set shown in Figs. 2A
and 2B reveals a set of multidimensional binary vectors
represented as a toponome map (Fig. 4). It provides a
comprehensive view of protein cocompartmentalization
structures in the given visual field. Since the protein
cocompartmentalization machinery in cells and tissues
determines structure and function, toponome maps dis-
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sect a cell or a tissue into topologically confined func-
tional entities, or domains. The toponome maps shown in
Figure 4 are direct representations of the protein cocom-
partmentalization of the 18 cell-surface proteins in lymph-
oid tissue structures under investigation. One can easily
identify several CMPs, CMP clusters, and CMP motifs that
are signatures of different cell types/phenotypes delineat-
ing different spatially separated domains in the lymphoid
tissue: Figure 4, segments I-VI (Seg I-Seg VI). Interest-
ingly, the extrafollicular tonsil region (Figs. 4A-4C) and
the lymphoid infiltrate in muscle (Figs. 4D and 4E) are
clearly distinct by the presence of different CMPs, CMP
clusters, and CMP motifs, indicating tissue specific differ-
ent groupings of the same proteins.

Modes of the Toponome Described
by Three Letters

CMP motifs can be described by a simple three letter
code schematically outlined in Table 2. Concerning the
formal description of topologically separated tissue do-
mains, or toponome units (Seg I-Seg VD), the definition of
lead proteins (Ls) is extended to single CMPs denoting a
tissue region (e.g. Seg IV, V, and VI in Fig. 4): expressing
the 1s as Ls in the corresponding CMPs. Hence the binary
codes given in the boxes of Fig. 4 for Seg I-Seg VI can be
translated into a L, A, W-code (Fig. 5A), expressing the
topologically confined pixel groups of these segments as
graphs of a specific sequence of As, Ls, and Ws, in which
each of these letters denotes a specific protein (1-18).
This formalism readily shows that Seg I is isomorph to Seg
VI (Seg I ~ Seg VI), as these segments share protein 12
(CD38) as a lead protein (L), while all the other segments
are not isomorph. It may be an interesting further notion
that Ls can turn into Ws, and As can turn into Ls, as shown
for example for L12 — W12 (CD38) in (Seg I/Seg II), and
Al5 — L15 (HLADQ) in (Seg I/Seg IID), respectively. To
further indicate similar important interrelationships by
appropriate graphical representations of the binarized
protein signals, the three-letter graphs (Fig. 5A) are symbo-
lized as a simple tree (Fig. 5B), in which only the major
nodes linking the different graphs, are indicated. In this
regard, the node [L12/Seg I — L12/Seg VI] is an element
of the isomorphic graphs Seg I and Seg VI (Seg I ~ Seg VD),
while all the other nodes [A5/Seg I — L5/Seg IV; A7/Seg I —
L7/Seg V; L12/Seg I — W12/Seg II; A15/Seg I — L15/Seg ]
represent elements that switch from one letter to another
reflecting changes in abundance of this particular protein
relative to other proteins in the corresponding tissue re-
gions (Fig. 4).

DISCUSSION

The characteristic property of the MELK technology,
presented here, is its independence of the limitations of
multispectral fluorescence-isolation procedures. Thereby,
it provides the degree of freedom necessary to explore
the organization of proteomes (or subproteomes) in
morphologically intact cells and tissues on a broad scale:
It works at photonic resolution; is independent of the
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Fic. 4. Toponome maps of lymphoid tissue uncovering spatially separated tissue domains. Lymphoid tissue structures of the tonsil (a-f) and the inflamed
muscle (d—f) are organized into three different spatially separated domains, or segments, as defined by single CMPs, CMP clusters, or CMP motifs (white
regions in the images a-f, denoted as segments, Seg I-VI, respectively). These toponome maps were constructed from MELK data shown in Figures 2A and
2B. The 30 most frequent CMPs indicated in different colors have been localized simultaneously (lists al-f1). Lined boxes: specific groups of pixels high-
lighting different segments of the tissue structures (Seg I-Seg VD). These toponome units (a2-f2) have been extracted from the lists (al-f1) to link the topo-
nome binary code with the corresponding tissue structure as geometric objects (white regions in a-f). Top horizontal line of every CMP list (al-f1): specifi-
cation of the epitopes. Scale bars: 20 pm.
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Proteins 1 - 18
a
1 2 3 4
FiG. 5. A three symbol-code describ- Segl | 4 A | A | A
ing toponome units as graphs. The seg- Seg 1l | A p 5 =

ments (Seg I-Seg VD) signifying sub-
regions in the tissue sections (Fig. 4)
are described by a threeletter code.
L = lead proteins; W = wild card pro-
teins; A = absent proteins (for defini-
tions see Table 2). The resulting combi-
natorial graphs for Seg I-Seg VI are
derived from the sequences of 1s, 0s,*s Seg VI
outlined in the lined boxes (Fig. 4) indi-

cating toponome units confined to

their corresponding tissue subregions

(groups of white pixels). (a) List of

graphs giving the sequence of Ls, As,

and Ws corresponding to proteins 1-18.

(b) Line graph illustrating the nodes b
(small boxes) by which the six graphs

are linked: small arrows indicate to

which graph the corresponding letters

belong. Numbers 1-18: 1 = CD19,

Segmmj & | & [:&: |8
Sep v a A A A
Seg V| A A A A

A A A A

L3 Ld Lg
A5 A7 L7 L1ZL12 A1§ LIS
] s |

A A W A A W ! A W A A A W
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A A A A A W A W A L A A A
A A A A A A A A A A A A A |
A 1 A A A A A A A A A A A |
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SegV  SegVI Seglll

& Y A

2 = CD2, 3 = CD36, 4 = CD11b,
5 =CD71,6 = CD62L, 7 = CD7, 8 =
CD56, 9 = CD57, 10 = CD16, 11 =
CD45RA, 12 = CD38, 13 = CD26,
14 = CD3, 15 = HLADQ, 16 = HLADR,
17 = CD8, 18 = CD4.

kind and number of parameters (i.e. proteins) to be
observed independently; works, as shown here, on routi-
nely fixed cells and tissues; allows for a direct alignment
of CMPs with known biological structures necessary for
the integration of cell-biological and histo(patho)logical
interpretations; and covers the whole spectrum from the
localization of single proteins (or other molecular classes)
to higher-order contextual molecular patterns in one ex-
periment.

Careful calibration procedures are required to establish
antibody- or any other affinity tag-libraries for MELK. The
procedure involves: (i) characterization of each antibody/
tag selectively (both biochemically and histologically); (ii)
finding its optimal concentration for incubations related
to tissue type of interest, fixation method used, fluores-
cence signal range, and dynamic range of the CCD camera;
(iii) combining the so-selected antibodies/tags in a MELK
procedure comparing their signal patterns qualitatively
and quantitatively with those obtained by single staining
experiments (above 1); (iv) identifying or excluding signifi-
cant sterical hindrances of antibody/tag-epitope binding
by using repetitive MELK runs (Figs. 2C-C"), optionally
including, inversions and permutations of the MELK runs,
e.g. changing the sequences of antibody labeling proce-
dures; (v) potentially, as a result of (iv): changing the
sequence of antibody labeling steps to correct for possible
mutual inhibitions. If this regimen is carefully followed, it
appears to be possible to colocalize at least 100 different
tissue components successfully. Moreover, multiple mAbs
against different epitopes of one given protein can be
used to substantiate the identity of this protein in ques-
tion. A tissue section, which is fixed in acetone, as shown

Cytometry Part A DOI 10.1002/cyto.a

Segl
L5 w12 s
v v
Seg IV Seg I1

here, or in paraformaldehyde (not shown), and which is
progressively labeled by MELK at 20°C, remains well pre-
served for at least 2 weeks. The present MELK runs com-
prised less than 1 day on one instrument. The morphologi-
cal integrity of the tissue over the whole measuring period
can—in addition to visual control—be quantified by (i)
registering one phase contrast image per cycle, (i) generat-
ing a last cycle image by using the first cycle antibody, and
(iii) then match these signals to compare the grey value
data for correspondences.

The toponome maps of lymphoid tissue (Fig. 4) suggest
that the differential combination (local relative abun-
dances) of the 18 cell-surface proteins under investigation
plays a crucial role in the hierarchical organization of lym-
phocytes into functionally different compartments and tis-
sue domains, and similar combinatorial rules may govern
lymphocyte homing (30). The resulting CMPs and CMP
motifs give the relevant coding structures at a higher level
of abstraction.

The present data sets suggest a hierarchical order of
proteins and of their combinatorial patterns (CMPs and
CMP motifs). The resulting lead proteins (Ls) may be of
importance as putative elements controlling the function-
ality/structural integrity of molecular networks. Although
analysis of physical protein-protein interactions is beyond
the scope of the present study, it is interesting to consider
that lead proteins may represent the interaction hubs typi-
cal for scale-free networks (31,32). Supporting this view,
MEILK has already been used to identify FcyRIII receptor as
a lead protein and potential target in amyotrophic lateral
sclerosis (33), a prediction that has been confirmed by the
phenotype of an Fcry receptor knock-out mouse (34).



360

The entirety of CMP motifs is considered to represent
the total functional plan of a cell or a tissue. The corre-
sponding geometric features, assembled as toponome
maps, are likely to focus our attention on hierarchical pat-
terns of proteins that are associated with given functional
states of cells or tissue (e.g. in disease) escaping detection
by protein-profiling techniques averaging protein abun-
dances over millions of cells, or by tissue-destructing
methods like laser capture microdissection (35) and scan-
ning mass spectrometry (36,37). On the other hand,
MELK combined with these technologies might provide a
challenging future option.

Together, the present findings indicate that MELK is a
powerful way to analyze protein organization in cells or
tissue, describable by a three-symbol code. This makes
structurally bound protein systems amenable to mathe-
matical analysis using methods of combinatorial statistics
and geometry. The present data suggest that every protein
network in a cell or a tissue obeys a unique protein colo-
calization and anticolocalization code, a hypothesis that
can now be systematically addressed using biological model
systems by selectively inhibiting or deleting lead- and wild
card proteins and the resulting consequences on CMP motifs
and cell/tissue functionalities observed. Another challenging
option will be to search for toponome “fingerprints” distin-
guishing diseases at an early time point of pathogenesis.
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