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ABSTRACT

Title: Predicting function and structure using bioinformatics
protocols: study of the intracellular regions of the Jagged

and Delta protein families.

Author: Neli Ivanova, B.Sc.

Director of Studies: Sandor Pongor, Ph.D., D. Sc.

External supervisor: Martin J. Bishop

Study was carried out at: International Centre for Genetic Engineering and
Biotechnology (ICGEB), Trieste

The type I membrane-spanning proteins Jagged (Jagged-1 and -2) and Delta (Delta-1, -
3 and -4) are the human ligands of Notch receptors, which mediate key signaling events
in cell differentiation and morphogenesis. The Jagged and Delta proteins are composed
of a relatively large extracellular region and of a 100-150 residue, yet uncharacterized
cytoplasmic tail, which has been recently found to be important in Notch bi-directional
signaling. We applied bioinformatics methods to analyze the intracellular region of
human Notch ligands, and to predict their structural and functional properties. We
searched databases for orthologues, and found that while the intracellular region is
evolutionary well conserved within the same ligand type, a wide variability is observed
in different ligands. No significant similarity was found between the intracellular region
of Jagged and Delta and proteins of known 3D structure. Globularity and disorder
predictions indeed suggest that these regions are largely unstructured. However,
secondary structure predictions show that these regions have some propensity to form
local secondary structure elements. Functional predictions based on pattern recognition
imply that the specificity in the Notch machinery response might be related to specific

post-translational modifications and binding motifs in the ligand cytoplasmic tail,



rather than to specific interactions between the receptors and the extracellular region of
the ligands. We also speculate that, given the unusual amino acid composition, the

cytoplasmic tail of Jagged and Delta might be involved in zinc binding.



LIST OF ABBREVIATIONS

ADAM, a disintegrin and metalloproteinase
AF6, human afadin

AGS, Alagille syndrome

BLAST, basic local alignment search tool
BLOSUM, blocks substitution matrix

CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts

and leukoencephalopathy
DisEMBL, intrinsic protein disorder prediction
DisPhos, disorder enhanced phosphorylation sites predictor
Dlg1, human homologue of Drosophila Discs Large protein
DLL1-4, human homologues of Drosophila Delta
DSL, Delta/Serrate/Lag-2 domain
EGF, epidermal grthh factor
ELM, eukaryotic linear motif
GlobPlot, predictor of intrinsic protein disorder & globularity
HMM, hidden Markov models
Jagi-2, Jagged proteins
IUP, intrinsically unstructured protein
IUPRED, prediction of intrinsically unstructured regions
MAGI, membrane associated guanylate kinase with inverted architecture

MAGUK, membrane associated guanylate kinase



MIM, Mendelian Inheritance in Man

NetOGlye, predictions of B-N-acetylglucosamine O-glycosylation
NetPhos, neural network-based predictor of phosphorylation sites
NTCi-4, Notch receptors 1-4

PDZ, PSD-95/Dlg/Z0-1,2 domain

PONDR, predictor of naturally disordered regions

PSI-BLAST, position specific iterative BLAST

PSI-PRED, protein structure prediction

SD, spondylocostal dysostosis

SEG, filtering of low complexity segments

T-ALL, T cell acute lymphoblastic leukemia

TOF, familial form of tetralogy of Fallot

3D-PSSM, fold recognition using position specific scoring matrix



INTRODUCTION

Notch signaling

Mechanism of the core signaling pathway. Notch mediated signal
transduction controls cell fate (specification, differentiation, proliferation and
survival) and is a key process in tissue patterning and morphogenesis in
developing vertebrates and invertebrates (Artavanis-Tsakonas et ah, 1999;
Kadesch, 2004). The main players in this signaling network are Notch receptors,
four members of which have been identified in humans (NTCi, NTC2, NTC3,
NTC4), and their corresponding ligands, belonging to two distinct families:
homologues of Drosophila delta protein (DLLi, DLL3, DLL4) and homologues of

Drosophila Serrate, Jagged-i and -2 (JAGi, JAG2).
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Figure 1. Domain organization of Notch receptors. Human Notchi (NTCi) is shown as an
example. Proteolytic cleavage by furin at site Si produces two subunits, ECN and NTM, which
remain non-covalently associated at the cell surface. EGF4ike modules 11 and 12, implicated in
ligand binding in Drosophila Notch, are shaded. S2 and S3 identify the sites of proteolytic cleavage
induced upon activation by the ligand. ICN, intracellular domain of Notch; NLS, nuclear
localization signal; PEST, proline, glutamate, serine, threonine rich sequence; TAD, transactivation
domain; TM, transmembrane.

Notch receptors are membrane-spanning glycoproteins assembled in a non-
covalent heterodimeric complex. (Figure 1) The polypeptide encoded by Notch
genes is proteolytically cleaved in the Golgi during the transport to the cell surface,
to give an extracellular (ECN) and a transmembrane subunit (NTM). The ECN

contains an array of 29-36 EGF tandem repeats, followed by three LIN-12 repeats



that maintain Notch in a resting state. The intracellular region of the NTM
includes a RAM domain, followed by seven ankyrin repeats, a TAD domain, and a
PEST region. All the ligands of the DSL (Delta/Serrate/Lag-2) family share the
same architecture (Letunic et al., 2004) (Figure 2). They are type I membrane
spanning proteins composed of a N-terminal, cysteine rich region that includes a
DSL domain, a variable number of EGF-like repeats, a transmembrane segment,
and a relatively short (-100-150 amino acids) cytoplasmic tail. Ligands of the
Jagged group (JAGi and JAG2) have also ajuxtmembrane additional region that is

not present in the Delta group ligands.
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Figure 2. Domain architecture of human Notch ligands as depicted by SMART. MNNL, N-
terminal region of Notch ligands (Pfam); DSL, Delta/Serrate/lag-2 domain; EGF-like - epidermal
growth factor (EGF) domain, unclassified subfamily; EGF_Ca - Calcium-binding EGF-like
domain; VWC - von Willebrand factor (VWF) type C domain; the transmembrane region is shown
as a blue rectangle; low-complexity regions in magenta.

Notch signaling is initiated by receptor-ligand interactions between two distinct
cells. The receptor/ligand interaction has not been characterized in detail yet.
From deletion studies, it has been found that a couple of tandem EGF repeats in
the receptor (EGF-11 and -12) (Rebay et al., 1991) and the DSL domain in the
ligand (Shimizu et al., 1999) are the minimal requirement for the binding to occur.
In response to ligand binding, the transmembrane subunit of the receptor (NTM)
is cleaved by an extracellular ADAM type metalloproteinase, 12 residues upstream
of the membrane-spanning region. This cleavage facilitates a further cleavage of
NTM, on the cytoplasmic side. This cleavage is carried out by the presenilin/y-
secretase protease and releases the intracellular domain (ICN) from the membrane
(Weinmaster, 2000). This series of controlled proteolytic events is referred to as
"regulated intramembrane proteolysis" or RIP, and is a signal transduction
mechanism shared with the adhesion molecules CD44 and nectin-i, the amyloid 3
A4 protein, the ErbB-4 receptor tyrosine protein kinase, and others. Once
translocated into the nucleus, the ICN interacts with nuclear factors that activate
transcription, the main target being a transcription factor (CSL) called CBFi/RBP
in mammals, Suppressor of Hairless in Drosophila, and LAG-i in C. elegans

(Figure 3).

cleavage
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Figure 3. Keybiochemical events in the Notch signal transduction pathway.

Notch signaling is regulated at different levels (Figure 4): glycosylation of
receptors and ligands is tuning receptor/ligand recognition (Haines and Irvine,
2003), cytoplasmic proteins like Numb and Deltex play a role in suppressing
Notch signal, E3 ubiquitin ligases regulate the level of Notch signal by targeting its
components for degradation (Lai, 2002), and several nuclear proteins take part to

the activation of transcription.
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Figure 4. Regulation of Notch signaling.

Bi-directional signaling. Recent reports show that Notch ligands undergo a
proteolytic processing that is strikingly similar to that reported for Notch receptors

(Figure 5).
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Figure 5. Bidirectional signaling.
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Delta and Jagged undergo ADAM-mediated ectodomain processing followed by
presenilin/y-secretase-mediated intramembrane proteolysis to release signaling
fragments (Ascano et al., 2003; Ikeuchi and Sisodia, 2003; LaVoie and Selkoe,
2003; Six et al., 2003). In these events, Jagged and Delta compete with Notch and
might thus antagonize Notch signaling in vivo. The intracellular region of these
ligands released from the cell membrane can be found in the cytoplasm as well as
in the nucleus, where it can activate gene expression via the transcription factor
AP1 (p39 jun). Notch-related signal transduction pathways are thus active not only
in the receptor bearing cell, but also in the ligand bearing one. The molecular
mechanism of the latter, however, remains largely uncharacterized, and its role in

Notch signaling feed-back and cell differentiation is still unknown.

Cross-talk with other signaling pathways. A PDZ binding motif has
been identified in the cytoplasmic tail of some, but not all Notch ligands. The C-
terminus of Jagged-1 has a highly evolutionarily conserved sequence (RMEYIV)
that comprises a PDZ Class II recognition motif (¢p-X- ¢ -COOH, where ¢ is a
hydrophobic residue and X is any residue). Jagged-1 has been shown indeed to
interact with the PDZ domain of the protein AF6 in a PDZ-dependent manner
(Ascano et al.,, 2003). The C-terminal region of Delta-1 and -4 (VIATEV) also
contain a PDZ binding motif, although of a different type (S/T-X- ¢ - COOH, a
ligand for Class I PDZ domains). There is recent evidence that Delta-1 and -4
interact with the PDZ domains of Dlgi, the human homolog of the Drosophila
Discs Large protein (Six et al., 2004). In other studies, the interaction between
Delta-1 and members of the MAGUK family (Membrane Associated Guanylate
Kinases) has been reported (Pfister et al., 2003; Wright et al., 2004). In contrast,

the C-terminus of Delta-3 (ILSVK) and Jagged-2 (YAGKE) does not resemble PDZ
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ligands. The presence of PDZ binding motifs, together with the experimentally
confirmed interaction of Jagged-1, Delta-1 and -4 with PDZ containing proteins,
suggest that Notch ligands are involved in a cell-autonomous, Notch-independent
signal transduction pathway or, more intriguingly, that Notch signaling is coupled
to other signaling networks (Figure 5). DIg1 is a membrane-associated guanylate
kinase involved in the maintenance of cell adhesion, cell polarity, growth control
and cell invasion, and is essential for the assembly of multiprotein complexes at
cell-cell junctions. AF6, together with E-cadherin/catenin belongs to an adhesion
system that plays a role in the organization of cell-cell junctions. It can be then
speculated that Notch ligands might also be involved in the cell adhesion system.
How the RIP mechanism of proteolytic cleavage occurring in Jagged and Delta
proteins can affect their interaction with the partner PDZ proteins remains

unknown, as well as the role of Notch receptors in these interactions.

Notch signaling and endocytosis. The cytoplasmic tail of Notch ligands
is involved not only in bi-directional signaling and interaction with PDZ containing
proteins, but also in ligand internalization. Although in some instances soluble
forms of DSL ligands can activate Notch signals, normally an intact membrane
anchored ligand is required for full activation (Figure 6). The current hypothesis
is that after a receptor/ligand interaction is established, "receptor shedding" is
required to expose the juxtmembrane region of the receptor to proteolytic cleavage
(Kanwar and Fortini, 2004; Le Borgne et al., 2005; Le Borgne and Schweisguth,
2003). Receptor shedding would be promoted by endocytosis of the ligand/ECN
complex, which is in turn triggered by mono-ubiquitination of the Delta ligand by
the E3 ubiquitin ligase Neuralized. The precise role of ligand endocytosis in the
context of Notch signaling however remains unclear. More E3 ubiquitin ligases are

being identified, and it is possible that the different Notch ligands are specifically
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recognized by different E3 ubiquitin ligases.

NOTCH

Figure 6 . Ligand endocytosis.

Notch signaling and cell-fate decisions. Notch signaling can have
many different, if not opposite effects depending on the timing and the tissue
context (Radtke and Raj, 2003; Weng and Aster, 2004). For example, while the
maintenance of stem cells or progenitor cells in an undifferentiated state have
been observed in the hematopoietic system and in the pancreas, terminal
differentiation is induced in the skin by DLLi or Jagged. In general, Notch
signaling is acting on cell fate decisions either through lateral signaling or through
inductive signaling (Artavanis-Tsakonas et al., 1999). In lateral signaling,
equivalent, equipotent cells initially express both Notch receptors and their
ligands, but the concentrations of these proteins start to differ between
neighboring cells perhaps due to fluctuations in the steady-state expression levels.
Small differences in receptor and/or ligand concentrations in cells are amplified
over time, leading to cells that exclusively express either the receptors or their
ligands, thus guiding the specification of the cell fate and cell differentiation. In
inductive signaling, the interaction occurs between two developmentally distinct
cells expressing exclusively either the receptor or the ligand. The fate of the bi-
potential precursor cell is decided by the occurence of'this interaction, while in the
absence of Notch signal the precursor cell would follow another fate. The cell

expressing the receptor, and therefore the recipient ofthe Notch signal, is induced
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to differentiate into a particular cell lineage.

Notch signaling in development. Notch receptors and ligands are widely
expressed during organogenesis in mammalian embryos, where they play a key
role in establishing cell-lineage decisions in tissues derived from all the three
primary germ layers: the endoderm (for ex. the pancreas), the mesoderm
“(skeleton, mammary gland, the vascular system and hematopoietic cells), and the
ectoderm (neuronal cell lines) (Harper et al.,, 2003). In the pancreas, where
different cell types appear with different timing, yet stemming from the same early
cells, Notch-1 appears to delay both endocrine and exocrine development trapping
progenitor cells in an undifferentiated state. In the presomitic mesoderm that will
differentiate into the axial skeleton, muscles, tendons and dermis, Notch signaling
plays a role as a molecular clock that controls regular segmentation of the
mesoderm. Notch is also required in the later steps of vascular development,
which includes proliferation and branching of the newly formed vessels. In the
hematopoietic system, enforced activation of Notch-1 suppresses the
differentiation of stem cells into myeloid, erythroid, or lymphoid lineages, and
plays a role at a number of stages of lymphocyte development in the bone marrow
and thymus. One of the essential functions of Notch-1 is the suppression of B cell
development in the thymus. In the nervous system, Notch activation is required
for the self-renewal of neural stem-cells, although it is not necessary for their
generation.

Furthermore, Notch signaling controls the differentiation of glial cells and the
length and organization of dendritic extensions from neurons (neurite

arborization).
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Notch signaling in cancer. At least two direct links between alterations in
Notch signaling and human cancer have been established to date. A rare form of T
cell acute lymphoblastic leukemia (T-ALL) is associated with a translocation that
fuses the intracellular portion of Notch-1 with the promoter/enhancer region of
the T-cell receptor beta locus, leading to constitutive activation of Notch-1
signaling (Screpanti et al., 2003). The majority of T-ALL cases have been recently
asssociated with activating mutations in Notch-1 (Pear and Aster, 2004; Weng et
al., 2004). Another chromosomal translocation, which is altering the function of
Mastermind, a nuclear regulatory protein in the Notch signaling pathway, has
been linked to mucoepidermoid carcinoma, a common type of malignant salivary
gland tumor. High levels of the Notch ligand DLL1 have been observed in
neuroblastoma cell lines. High expression levels of Notch have also been reported
in some breast cancers and in human colon adenocarcinomas. Intriguingly, Notch
can behave both as an oncogene or a tumor suppressor, depending on the cellular

context and on the interactions with other signaling pathways.

Notch signaling in genetic disorders. The importance of the Notch
pathway in cell fate control and development is further confirmed by the
association of several diseases with mutations in genes involved in this complex

signaling network (Gridley, 2003).

Alagille syndrome (AGS, MIM #118450) is a rare autosomal dominant disorder
characterized by a variety of clinical abnormalities, including a reduction in the
number of bile ducts eventually leading to the obstruction of biliary flow, and
cardiac, musculoskeletal, ocular, facial defects. Although no clear genotype-
phenotype correlation has been defined, AGS is caused by mutations in JAG1.
While the majority of the mutations causing AGS are related to the generation of

stop codons leading to unstable mRNA or truncated proteins, many missense
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point mutations either introduce or delete cysteine residues that are critical for
proper folding of the mature protein. Most of these mutations are located in the

DSL domain and in the EGF tandem repeats.

Familial tetralogy of Fallot (TOF, MIM #187500) is the most common form of
complex congenital heart disease (~1/3000 births). It is characterized by
ventricular septal defects, obstruction to right ventricular outflow, aortic
dextroposition and right ventriculat hypertrophy. A familial form of TOF was
found to be associated with a missense G274D mutation occurring in the second

EGF repeat of JAG1.

Spondylocostal dysostosis (SD, MIM #277300) is a vertebral malsegmentation
syndrome characterized by multiple hemivertebrae, rib fusions and deletions.
Mutations correlated with autosomal recessive SD have been identified in DLL3.
Two of these mutations are expected to lead to truncated forms of the protein,
while the third is a missense mutation in one of the EGF tandem repeats, G385D.
Interestingly, this is the same kind of mutation observed in JAG1 and for which the

genotype has been correlated to the TOF phenotype.

Cerebral autosomal dominant arteriopathy, with subcortical infarcts and
leukoencephalopathy (CADASIL, MIM #125310) is associated with strokes and
dementia. It is caused by mutations in the NTC3 member of the Notch receptor
family. Most of the mutations involve the removal or insertion of cysteine residues
in the EGF repeats and are likely to affect receptor folding, trafficking, maturation,

or signaling.

_ Disease : Description _
Tetralogy of Fallot heart malformation: ventricular septal defect,
pulmonary  stenosis, displaced aorta, right

ventricular hypertrophy ‘
arteriohepatic dysplasia: paucity of biliary ducts in

| Aagilesyidions

e liver, cardiovascular abnormalities affecting the .
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leukemia

vertebrae and

syndrome:
malformations

_cerebral  autosomal dominant ar
o __subcortical infarcts, dementia
T-cell acute lymphoblastic = NTC1 chromosomal translocation:

Structural biology of Notch signaling. Very little is known about the

detailed molecular mechanisms involved in Notch signal transduction. The
structure of a NL (Notch/Lin12) repeat (Vardar et al., 2003), and the structure of
the ligand binding region of Notch, encompassing three epidermal growth factor
repeats (Hambleton et al., 2004), have been determined by NMR. The structure of
Notch ankirin repeats have also been solved (Ehebauer et al., 2005; Lubman et al.,
2005). Of the effector proteins, the structure of CSL bound to DNA has been
recently solved by X-ray crystallography (Kovall and Hendrickson, 2004). Notch
ligands are still awaiting structure determination. Most of the structural aspects
that determine Notch functions remain as well uncharacterized. The interaction of
Notch ligands with their receptors requires the DSL (Delta/Serrate Ligand)
domain, but neither the structure of this domain nor the mechanism of binding
has been determined. Notch signaling is sensitive to the concentration of
extracellular calcium, but the effect of calcium ions on receptor and ligand
structure have not been studied yet. Notch receptor/ligand recognition is
modulated by glycosylation, but the structural determinants that regulate this
interaction are not known. Other post-translational modifications, like beta-
hydroxylation at aspartic or asparagine residues have been identified, but their

role remains unclear.
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AIM OF THE WORK

The signal transduction cascade initiated in the Notch bearing-cell by the
proteolytic cleavage of the receptor and the release of the ICN from the membrane
has been studied in detail, and several regions of Notch receptors, as well as some
of the binding partners have been structurally characterized. On the contrary, very
little is known on the side of the ligand-bearing cell. Most recent work has raised
many issues about the role of the ligand-bearing cell in Notch signaling, and on the
role of the cytoplasmic tail of Notch ligands in bi-directional signaling, in the
cross-talk with other signaling pathways, in cell-autonomous, Notch-independent
signaling, and in endocytosis-mediated receptor shedding. As experimentally
derived structural data that could be give insight into the role of the Notch ligands
intracellular region in signaling are still lacking, we applied bioinformatics

methods to predict their structural and functional properties.
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METHODS

General description of prediction approaches

Most problems in biological sequence analysis are related to the general approach of
“prediction” in which we attempt to predict a property of a new sequence given a set
of (positive and negative) examples. From the logical point of view this is a
classification problem. Early methods of protein classification relied on pair-wise
comparison of sequences, based on the alignment of sequences using exhaustive
dynamic programming methods (Needleman-Wunsch, Smith-Waterman), or faster,
heuristic algorithms (FASTA, BLAST). Pair-wise comparison yields a similarity
measure that can be used to classify proteins on an empirical basis. The next
generation of methods used generative models for the protein classes and similarity
of a seqilence to a class was assessed by a score computed between the model and
the class. Hidden Markov Models (HMMs) are now routinely used in protein
classification (SAM, HMMER). Discriminative models (such as artificial neural
networks, support vector machines etc.) are used in a third generation of protein
classification methods in which the goal is to learn the distinction between class
members and non-members. Roughly speaking, 80-90 % of new protein sequence
data can be classified by simple pair-wise comparison. The other, more complicated
techniques are used mostly to verify if a new sequence is a novel example of an
existing class or it represents a truly new class in itself. As the latter decisions refer
to the biological novelty of the data, there is a considerable interest in new,

improved classification methods.

While multiple-alignments, HMM models are immensely useful for analyzing
evolutionarily related sequences, other fields of pattern classification mostly use

simple vector/based descriptions. In this generalized framework a property is called
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a “feature”, and feature vectors are the structures that summarize the frequency (or
% frequency [0,1], occurrence [0 or 1]) of the selected property within an object. As
opposed to sequences and 3D descriptions, vectors provide an unstructured
description of the objects, which is highly dependent on the — often arbitrary —
choice of the components. Nevertheless, vector computations are fast and well
elaborated, so vector descriptions are used for problems where structured
descriptions can not be provided. Simple descriptions like amino acid composition
or dipeptide compositions give surprisingly good classification performance in a

number of applications.

The general scheme followed in this work is depicted in Figure 7.
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Figure 7. A flowchart for predicting structure and function from protein sequences by using

bioinformatics techniques.
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Identification of Jagged and Delta ligands.

The intracellular region of the human proteins (SW: DLL1_HUMAN,
DLL4_HUMAN, DLL3_HUMAN, JAG1_HUMAN, JAG2_HUMAN) were used as
seeds for BLASTP searches in the genomic databanks at NCBI and EMBL to find
mammalian homologues (Mus musculus, Rattus norvegicus, Bos taurus, Pongo
pygmaeus, Pan troglodytes, Macaca fascicularis, Felis catus, Canis familiaris,
Ovis aries). Other entries were found searching organism-specific (Gallus gallus,
Xenopus laevis, Cynops pyrrhogaster, Brachidanio rerio, Tetraodon nigroviridis,
Drosophila melanogaster, Glomeris marginata, Apis mellifera, Anopheles
gambiae, Strongylocentrotus purpuratus, Lytechinus variegatus, Ciona savignyi,
Halocynthia roretzi) protein databases (RefSeq at NCBI; Swiss-Prot + trEMBL at
EXPASY) using default BLASTP paré\meters (BLOSUMG62 score matrix (among the
best for detecting most weak protein similarities), SEG filter for low complexity
regions (Low-complexity sequence can often be recognized by visual inspection.
Filters are used to remove low-complexity sequence because it can cause
artifactual hits), Expect value cut-off: 10. This setting specifies the statistical
significance threshold for reporting matches against database sequences. The
value (10) means that 10 such matches are expected to be found merely by chance,
according to the stochastic model of Karlin and Altschul (1990). If the statistical
significance ascribed to a match is greater than the EXPECT threshold, the match
will not be reported. Lower EXPECT thresholds are more stringent, leading to
fewer chance matches being reported). Only sequences that could be aligned over
the full length of the intracellular region were retained. Additional entries were
found searching the Pfam database for all proteins containing either the MNNL
(Notch ligand, N-terminal) or the DSL (Delta/Serrate/Lag-2) domain and cross-

checking with the entries found in the sequence databanks (Appendix 1).
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Multiple sequence alignment and phylogenetic analysis.

The intracellular regions of Jagged and Serrate proteins were aligned using
ClustalW (score matrix: Gonnet 250, penalty for gap opening, -10; penalty for gap
closing, -1; penalty for gap extension, 0.2; penalty for gap separation, 4) run from
the EBI web server (Appendix 1). Phylogenetic trees were generated using the
neighbor joining algorithm as implemented in ClustalW and drawn using

PhyloDraw (Choi et al., 2000).

PhyloDraw is a unified viewing tool for phylogenetic trees. PhyloDraw supports
various kinds of multi-alignment formats (and pairwise distance matrix) and
visualizes various kinds of tree diagrams, e.g. rectangular cladogram, slanted
cladogram, phylogram, unrooted tree, and radial tree. By using several control
parameters, users can easily and interactively manipulate the shape of

phylogenetic trees.

Cellular localization.

The prediction of cellular localization is a very typical example of a difficult
biological prediction problem. Sorting of proteins into cytoplasmic, membrane-
bound or extracellular compartments has different rules in various organisms, and
there is no reason to suppose that proteins targeted to the same compartment
would share evolutionary origins. So from this point of view, this is a typical field
where high-dimensional unstructured descriptions can be used, and